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ABSTRACT

In this thesis, I have investigated the ivhibitory effects of
activators of guanylyl cyclase and adenylyl cyclase on rabbit platelet
and rat vascular smooth muscle (VSM) function, with particular reference

to the synergistic Interactions between these two classes of compounds.

In platelets, the activators af gua;ylyl cyclase used were
sodium nitroprusside (SNP) and SIN-1 (the active metabolite of
molsidomine). PGEl, a functional analogue of prostacyclin (PGIz),
and adenosine were the activators of platelet adenylyl cyclase studied.
Changes in cyclic [3H]nuc1eotides were measured in platelets
prelabelled with [3H]guanine and [3H]aden1ne. Incubation of
labelled platelets with SNP or SIN-1 caused inhibitions of platelet
function which were associated with large dose-dependent increases in
[3H]cGMP and 1.4 to 3.0-fold increases in [3H]cAMP. However,
addition of either SNP or SIN-1 with PGE, or adenosine, at
concentrations of the latter that had little effect alone, caused much
larger increases in [3H]cAMP and a greatly enhanced the inhibition of
platelet function. Experiments with an adenylyl cyclase inhibitor,
2',5'-dideoxyadenosine (DDA}, suggested that these synergistice
interactions depend on an enhanced accumulation of cAMP. Hemoglobin
inhibited all nitrovasodilator-mediated effects. Cilostamide, a

selective inhibitor of platelet cGMP-inhibited cAMP phosphodiesterase
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(cGI-PDE), had effects identical to those of SNP, suggesting that the
actions of the latter depend on inhibition of the same enzyme. Also,
the results obtained with M&B 22,948, a cGMP-selective PDE inhibitor,
strongly suggest that the increases in platelet [3H]cAHP caused by
nitrovasodilators, in the presence or absence of activators of adenylyl

cyclase, are mediated by the inhibition of cAMP breakdown by cGMP.

To determine if a similar synergism is seen in vascular smooth
muscle (VSM), the interactions between isoproterencl and either
nitrovasodilators or cAMP-PDE inhibitors were studied. Although both
SNP and SIN-1 and cAMP-PDE inhibitors caused significant reductions in
the ICgy value for relaxation of precontracted rat aortic smooth
muscle by isoproterenol, more marked effects were observed when these
compounds were added prior to induction of contraction (by
phenylephrine). Thus, synergism between nitrovasodilators and
isoproterenol could be detected in VSM. This action of the
nitrovasodilators resembled that of inhibitors of cAMP PDE. Consistent
with this, concentrations of SNP that caused synergistic inhibitions of
contraction with isoproterenol enhanced the increases in cAMP caused by
the latter. Although a low concentration of SNP increased cGMP but not
cAMP, &« higher concentration caused a significant increase in the levels
of both cyclic nucleotides. However, the increases in cGMP caused by
SNP were unaffected by isoproterenol. From these studies, I conclude
that the synergistic inhibitory effects of activators of guanylyl and

adenylyl cyclases observed in platelets and VSMC are likely to be
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mediated by cAMP, and that the synergistic accumulation of cAMP results
from an inhibition of ¢AMP breakdown by cGMP, probably acting at the

¢GI-PDE.

A fast and sensitive prelabelling method was established for the
measurement of cyclic nucleotides in cultured vascular smooth muscle
cells (VSMC) from rat aorta. Using this method, agonist-induced changes
in the ecyclic nucleotide levels of two different aortic VSMC lines were
studied. However, the effects of activators of adenylyl and guanylyl
cyclases observed in these cell lines differed from those seen in intact
aorta, probably as a result of the loss of key regulatory enzymes during

culture.
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Chapter 1. Introduction



1.1, Platelet structure

Blood platelets are small anucleate discoid cells. These cells
have an extensively invaginating plasma membrane that forms what is
referred to as a surface-commected open canalicular system (reviewed by
White, 1987). Platelets have many plasma membrane-associated
glycoproteins, most of which are involved either directly or indirectly
in adhesion to the subendothelium or the platelet aggregation response
(reviewed by Baumgartner and Muggli, 1976). These have been designated
GPIa, Ib, Ic, IIa, IIb, IIla, IIIb, IV, V and IX in order of decreasing
molecular mass (Clemetson and Ldscher, 1988). Immediately beneath the
plasma membrane lies the platelet membrane cytoskeleton (reviewed by
Fox, 1987). This cytoskeleton is composed of short actin filaments
cross-linked by actin-binding protein (ABP)} which is also bound to
GPIb. Other proteins are associated with the platelet cytoskeleton and
participate in linking actin filaments to the membrane (talin, vinculin,
a-actinin and spectrin). Additional proteins are involved in the
contractile response of the platelet (myosin, tropomyosin and caldesmon)
(reviewed by Fox, 1987). Platelets also contain an circumferential band
of microtubules which run around the perimeter of the platelet (reviewed
by White, 1987). This equatorial band of microtubules is involved in

maintaining the platelet discoid shape.
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Platelets possess an extensive intracellular membrane network.
This structure, the dense tubular system, is involved in the control of

intracellular Ca.2+

concentration ([Ca2+i]) {reviewed by Zucker and
Nachmias, 1985; Kroll and Schafer, 1989; Siess, 1989). Platelets also
contain a large number of mitochondria, glycogen granules and three
distinct types of secretory granule. Platelet dense granules contain
ADP, ATP and 5-HT, whereas the a-granules contain proteins,

including fibrinogen, fibronectin, thrombospondin, platelet factor 4,
f-thromboglobulin and platelet derived growth factor. The third

type of granule contains lysosomal enzymes (i.e. acid hydrolases)

(reviewed by Zucker and Nachmias, 1985; Kroll and Schafer, 1989; Siess,

1989),
1.2. Platelet physiology and pharmacology

Blood platelets play an integral role in thrombosis and
hemostasis. By adhering to sites of vessel wall damage, these cells
form a physical barrier. Also, when activated they release factors that
stimulate the deposition of other platelets, as well as the recruitment
of inflammatory and other cells necessary for vessel wall repair
(reviewed by Baumgartner and Muggli, 1976). The subendothelium may be

exposed as a result of damage or the formation of gaps attributable



to endothelial cell retraction. The proteins present in the
subendothelium with which platelets interact are collagen and von
Willebrand Factor (VWF) (reviewed b: Baumgartner and Muggli, 1976;
Siess, 1989). There are at least foﬁr types of collagen present in the
subendothelial space (type I, III, IV and V) but only types I, III and
IV can promote adhesion (reviewed by Siess, 1989). Results of recent
work suggest that the receptof for ;ollagen is GP Ia and that for VvWF is
GPIb (reviewed by Siess, 1989). GP Ib is composed of two distinct
subunits (GP Iba and GP IbB) (reviewed by Siess, 1989). In

addition to thelr ability to promote platelet adhesion, collagen and vWF
at sufficiently high concentrations will promote release of platelet

granular contents and cause platelet aggregation.

There are many other physiological agents which are known to
cause platelet aggregation and numerous other agonistic effects in other
cells, particularly smooth muscle. These agents include thrombin,
platelet-activating factor (PAF), ADP, 5-HT, [8-arginine]vasopressin and
epinephrine. The first effect of many aggregating agents (but not
epinephrine) is the shape change reaction. During this process the
platelet becomes more spherical, pseudopods form and GP I1b/I1Ia, which
has been identified as the fibrinogen receptor, is exposed (reviewed by
Zucker and Nachmias, 1985; Kroll and Schafer, 1989). The shape change
reaction involves major restructuring of the platelet cytoskeleton
(reviewed by Fox, 1987). One of the first steps In this process is the

phosphorylation of the myosin light chain (MLC), by the
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Caz+/calmodulin-dependent myosin light chain kinase (MLCK) (Daniel
et al., 1984). This phosphorylation event allows inactive myosin to
interact with actin and thus activate the myosin ATPase activity and the
contractile response (Adelstein and Conti, 1975). The contractile
action of platelet actomyosin brings ebout granule centralization which
is followed by fusion of the granules with the open canalicular system,
so allowing the granular contents to be expelled from the platelets
{reviewed by White, 1987}, Many of the actin-associated proteins are
also redristributed during platelet aggregation. Tropomyosin, caldesmon
and ABP all become concentrated in the pseudopodia (reviewed by Fox,

19873 .

The release reaction is necessary for the establishment of
irreversible aggregation (reviewed by Zucker and Nachmias, 1985; Kroll
and Schafer, 1989; Siess, 1989). Thus, thrombospondin, an a-granule
product released from stimulated platelets, binds to activated platelets
and is required for irreversible aggregation. Also, ADP and 5-HT
released from the platelet dense granules, and fibrinogen and
fibronectin released from the a-granules, are involved in the
recruitment of other platelets to the platelet aggregate (reviewed by

Zucker and Nachmias, 1985).

Although aggregating agents cause platelet activation by
interacting with specific platelet membrane receptors, the identity of

some of these receptors (e.g. for thrombin) is still not clear. Also,
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only some of the mechanisms by which platelets are activated by these
agents have been elucidated. 1In this section, I will introduce the two
aggregating agents that I used in my work (thrombin and PAF). Whereas
thrombin causes platelet aggregation in most species, PAF is a

particularly potent activater of rabbit platelets.

1.2.1, Thrombin

Thrombin is a serine protease formed from circulating
prothrombin. Protease inhibitors, such as diisopropyl fluorophosphate
(DFP), have been shown to inhibit thrombin-induced platelet aggregation
(reviewed by Majerus et al., 1976). Platelet responses to low
concentrations of thrombin are dependent on the release of arachidoni;'
acid and its metabolism to TXA, (see Section 1.3.4.). However, higheé
concentrations of thrombin cause full platelet aggregation and release
of granule constituents in the total absence of TXAp or ADP (reviewed
by Zucker and Nachmias; Kroll and Schafer, 1989; Siess, 1989). Binding
experiments have suggested that there may be at least two types of
thrombin receptors on platelet membranes (Harmon and Jamieson, 1986).
The putative vWF receptor, GP Iba, has also been proposed to be a
thrombin receptor (Larsen and Simon, 1981). This conclusion was based
on the formation of a 200 kDa complex following cross-linking of
thrombin to platelet membranes. In identical experiments using
platelets lacking GP Ib (Bernard-Soulier patients), nn such complex

was formed. However, the response of Bernard-Soulier
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platelets to maximum concentrations of thrombin are virtually normal
(George et al., 198l). Also, since platelet aggregation by thrombin
involves the activati;n of platelet phospholipase C (see Section
1.3.3.), and this process is GTP-dependent (Hrbolich et al, 1987),
the receptor mediating the effects of thrombin will likely have seven
membrane spanning domains (see Section 1.10.1.), which GP Iba does
not (Lopez et al., 1988). Thus, another membrane protein may be
invelved in mediating the effects of thrombin. The relationship between
binding of thrombin to GP lba and the interaction of thrombin with
the receptor that is coupled to activation of platelet phospholipase C

is not clear,
1.2.2. Placelet activating factor

Platelet activating factor (PAF, 1-0-alkyl-2-acetyl-sa-
Blycero-3-phosphocholine) (Demopoulos et al., 1979), is one of the
most potent aggregating agents known. Although PAF causes full
aggregation of platelets from most species (i.e shape change,
aggregation and gelease), mouse and rat platelets do not have PAF
receptors (reviewed by Siess, 1989). Upon platelet activation, PAF is
synthesized and released from rabbit platelets (Chignard et al.,
1980). Human platelets do not make appreciable amounts of PAF, but PAF
is also synthesized and released from activated neutrophils, basophils,
macrophages, mast cells and endothelial cells (reviewed by Braquet et

al., 1987). Although PAF alone will cause complete aggregation and
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release of granule constituents from rabbit platelets (Cazenave et
al., 1979), irreversible aggregation of human platelets by PAF
requires the formation of TXA, (Section 1.3.4.) and the release of ADP
(Osterman et al., 1983). PAF receptors have been studied in both
human and rabbit plutelets (reviewed by Siess, 1989). Rabbit platelets
have been shown to have high affinity binding sites (Kg=1.4 nM) for
PAF (Hwang et al., 1983). GTP inhibited PAF binding and PAF
stimulated a membrane-bound GTPase actlvity (Hwang et al., 1986).
Thus, PAF receptors must be coupled to effector enzymes through one or

more GTP-binding proteins.

1.3. Signal transduction pathways in platelet activation
1.3.1. General considerations

Platelet aggregation can be initiated by a variety of different
converging pathways (Fig. 1.1). Most aggregating agents act by
increasing intracellular Caz+ ([Ca2+i]) (Rink and Sage, 1990).
Increases in platelet [Ca2+i] can be stimulated by at least two
different pathways (Fig. 1.1.). Thus, agonist-induced activation of

platelet phospholipase C (PLC) stimulates the hydrolysis of phosphatidyl



Fig. 1.1. Signal transduction pathways in platelet activation

The diagram depicts the major signal transduction pathways which

are known to be involved in agonist-mediated platelet activation.
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inositol 4,5-bisphosphate (PIP,) with the formation of inositol
1,4,5-trisphosphate (Ins(1,4,5)P3), which is known to cause release of
ca?* from intracellular stores, including the dense tubular system
(reviewed by Haslam, 1987; Berridge, 1987) (Fig. 1.1). Although
activation of platelet PLC is GTP-dependent, the GTP-binding protein
(G-protein) involved, which has been designated Gp’ is still unclear
(reviewed by Haslam, 1987: Brass, 1989). Platelets also have

2+ 2+ entry, notably in

receptor-operated Ca“’ channels that allowlCa
response to stimulation by ADP (reviewed by Rink and Sage, 1990) (Fig.
1.1.). ca?* acts at many points in the signal transduction pathways
involved in platelet aggregatiomn. A Caz+/calmodu11n complex has been
shown to activate platelet MLCK (reviewed by Haslam, 1987; Siess, 1989)
(Fig. 1.1.). Also, Ca?* facilitates the activation of platelet

2+

protein kinase C (PKC). Although high concentrations of Ca“" alone

can activate PKC, the 1,2-diacylglycerol (DAG) formed as a result of the

2+ concentration

hydrolysis of phosphoinositides by PLC reduces the Ca
required for activation of PKC to physiological levels (reviewed by
Nishizuka, 1984). Relatively little is known about the role(s) of PKC
substrates In platelet function but phorbol esters, which are
pharmacological activators of PKC, do cause platelet aggregation and
release of granule constituents (reviewed by Haslam, 1587; Siess,
1989). The Ca2+-mediated activaticn of MLCK and the

Caz+-independent stimulation of PKC can act in concert to bring about

secretion of granule constictuents and with it irreversible platelet

aggregation (Nishizuka, 1984). Activation of platelet
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phospholipase A, (PLAy) releases arachidonic acid (AA). PLA, can

be activated either by receptor-G-protein interactions (Silk ec al.,
19689) or by an increase in [Caz+i] {reviewed by Haslam, 1987: Siess,
1989). Thromboxane A, (TXA,) is foimed from AA by the sequential
actions of cyclooxygenase and thromboxane synthase and is a potent
activator of platelet PLC by a receptor-G-protein dependent mechanism
(reviewed by Brass, 1989; Siess, 1989). Since aggregating agents cause
increases in [Caz+i] and these increases in Cat concentration can

in turn activate PLA,, platelets possess a mechanism whereby
amplification of the initial aggregating stimulus can occur,
Epinephrine, which greatly potentiates the effects of other aggregating
agents and under some conditions causes aggregation alone, may exert

important effects through activation of phospholipase Ay (Limbird,

1988)
1.3.2. G6TP-binding proteins

There is increasing evidence that many of the receptors involved
in signal transduction in platelets are coupled to effector enzymes by
GTP-binding proteins (G-proteins). A class of G-proteins that has been
extensively studied are the heterotrimeric G-proteins which contain
a, g and v subunits (reviewed by Freissmuth et al.,

1989; Birnbaumer, 1990). 1Initially, the GTP-binding subunits, Ggq

and G;,, were identified in platelets on the basis of their

specific ADP-ribosylation by cholera and pertussis toxins, respeciively
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(reviewed by Freissmuth er gl., 1989). Using molecular biological
approaches it has been shown that there exist at least 9 and possibly
12-15 distinet G-protein a-subunits (Birnbaumer, 1990). In addition
to G; and three forms of Gy (Gil' Gy9 and G;3), platelets
possess a novel G-protein of unknown function, G, (Casey et al.,
1990). Many lower molecular mass GTP-binding proteins have also been
identified (Hall, 1990). Recently, it has been suggested that these
smaller G-proteins may operate in concert with the larger G-proteins to
control effector function (Yatani et al., 1990). _Platelets contain
ras, ral, rac, rap and other low molecular mass GTP-binding proteins

(Bhullar and Haslam, 1988; Polakis et al., 1989; Lapetina, 1990).

1.3.3, Phosphelipase €

Since the initial discovery of Hokin and Hokin (1955) that
agonists could alter the incorporation of phosphate into membrane
phospholipid, there has been considerable interest in the role of
membrane phospholipid in cellular signalling. More recently, the focus:
has been on the hydrolysis of polyphosphoinositides by phospholipase C.
In platelets this is due in part to the early studies of Rittenhouse-
Simmons (1979), in which thrombin was shown to cause a rapid increase in
the amount of 1,2-diacylglycerol (DAG) in platelets. DAG is a
relatively short-lived compound in platelet membranes and is quickly

converted to phosphatidic acid (PA) by diglyceride kinase. It is now
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well established that in platelets mest of the DAG/PA formed in response
to an agonist is the result of the action of PLC on phosphatidyl
Inositol-4-phosphate (PIP) and phosphatidylinositol 4,5-bisphosphate
(PIPZ) (reviewed in Siess, 1989; Rhee et al., 1989). Many
platelet aggregating agents, including thrombin, vasopressin and PAF,
have been shown to cause transient increases in DAG/PA formation in
platelets (reviewed by Siess, 1989). Also, platelet aggregation by
agents that activate platelet PLC have been associated with transient
decreases in the levels of platelet PIP, (reviewed by Siess, 1989).

Some agonists induce platelet aggregation without the activation of

platelet PLC (e.g. epinephrine or ADP) (reviewed by Siess, 1939),

The products of the PLC reaction are DAG and inositol phosphates
(reviewed by Berridge, 1987). DAG is an important regulator of the
activity of a Ca2+/phosphatidylserine-activated protein kinase (PKC)
(see Section 1.3.5.). The type of inositol phosphate formed will
necessarily depend on the nature of the phosphoinositide substrate.
Polyphosphoinositides, which make up only a small percentrge of the
total membrane phospholipids, are the preferred substrates. Thus, the
Inositol phosphate formed will be inogitol 1,4-bisphosphate
(Ins(l,a)Pz) and inositol 1,4,5-trisphosphate (Ins(l,&,S)P3) when
PIP and PIP, are the substrates, respectively, Ins(l,Q,S)P3 has
been shown to stimulate the release of Calt from internal stores in

many cells (reviewed by Berridge, 1987). Formation of Ins(1,4,5)P,
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following incubation of intact human platelets with many aggregating
agents, including thrombin and PAF, is well-established and has been
extensively studied (reviewed by Haslam, 1987; Siess, 1989). The
formation of inositol cyclic 1,2-phosphates following activation of
platelet PLC has been reported (Majerus et al., 1990). However, the
role(s) of these inositol cyclic phosphates in cell signalling iz not

yet clear.

In platelets, there are soluble and particulate isozymes of PLC.
The cytosolic isozyme (PLCv) is activated by increases in
[Ca2+i] (reviewed by Rhee et al., 1989), It is generally
accepted that the receptor-mediated activation of the particulate
form(s) of platelet PLC mediates the effects of activators of pldtelet
aggregation (reviewed by Haslam, 1987; Rhee et al., 1989). Also,
activation of the platelet particuiate PLC has been shown to be
GTP-dependent {Hrbolich er al., 1987). However, the identity of the
G-protein(s) that regulate PLC activity in platelets is uncertain

(reviewed by Haslam, 1987; Brass, 1989; Siess, 1989).
1.3.4. Phospholipase Ay
In addition to the receptor-mediated hydrolysis of

phosphoinositides by PLC, activation of phospholipase A, (PLAy) is

often observed during cellular activation. In platelets, PLA; cleaves
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phosphatidylcholine (PC) and phosphatidylethanolamine (PE) at the C-2
position to release arachidonic acid (AA) (reviewed by Haslam, 1987;
Krell and Schafer, 1989; Siess, 1989). The AA released by the action of
FLA; on these phospholipids is rapidly converted to a large number of
eicosanoids. In platelets, one of the most important products formed is
thromboxane A4, (TXA,). The conversion of AA into TXA, is
catalyzed by the sequential action of both cyclo-oxygenase and
thromboxane synthasg. TXA, is a potent activator of platelet PLC, and
when released by activated platelets, participates in the aggregation
and secretion responses (reviewed by Zucker and Nachmias, 1985: Kroll
and Schafer, 1989; Siess, 1989). AA is also converted to
12-monohydroperoxy and 12-monchydroxy derivatives by 12-lipoxygenasa
(reviewed by Krol} and Schafer, 1989; Siess, 1989). Platelet PLAy can
be activated by a G-protein-dependent mechanism and by increases {n

intracellular Ca2t (Ca2+i) (Silk ec al., 1989).
1.3.5. Protein kinase C

Certain serine-threonine protein kinases, the protein kinase C
(PKC) family are activated by phosphatidylserine and ca?t (Kikkawa
et al., 1989). During platelet aggregation, a DAG-dependent
translocation of PKC to the plasma membrane occurs and DAG reduces the

concentration of Ca2+

required for enzyme activity to physiological
levels (reviewed by Siess, 1989; Kikkawa et al., 1989). Much of the

information available concerning PKC activity comes from studies in
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which platelets were treated with phorbol esters (e.g. phorbol
12-myristate 13-acetate, PMA}, which are pharmacological activators of
PXC and cause platelet aggregation. Platelet PKC can also be activated
by proteolysis (reviewed by Kikkawa et al., 1989). In platelets,
the major substrate for PKC is a 47 kDa cytosolic protein (Imoaka et
ai., 1983). This platelet protein was recently cloned and has been
called pleckstrin (Tyers et al., 1988). Phosphorylation of
pPleckstrin is observed in the presence of stimuli that cause the
platelet release reaction (reviewed by Haslam, 1987; Kroll and Shafer,
1989; Siess, 1989), but its function remains elusive. Other platelet
substrates of PKC that may be of importance in signal transduction
Include the G-proteins, Gz and possibly Gy (Katada et al., 1985;
Williams et &l1., 1987; Carlson et al., 1988). The PKC-induced
phosphorylation of G; can inhibit its ability to modulate adenylyl

cyclase activity.
1.4, Role of Caz+ in platelet aggregation

Most aggregating agents (with the exception of epinephrine) bring

about transient increases in the level of intracellular Ca2+

([Ca2+i]) as measured by fluorescent probes, such as quin2 and
fura-2 (reviewed by Haslam, 1987; Kroll and Schafer, 1989; Siess,

1989). Measurement of [Ca2+

;] in unstimulated platelets using
fura-2 gives a value équal to or even slightly below 100 nM (reviewed by

Rink and Sage, 1990). Upon platelet stimulation, the [Ca2+i] can
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increase to values as high as 1 uM. Initial attempts to measure the
Ca?* transients that occurred during agonist-induced platelet
activation were impajired by the extensive caZ* buffering capacity of
the fluorescent indicators used in these studies (e.g. quin-2) (reviewed
by Haslam, 1987; Rink and Sage, 1990). It is generally accepted that
agonist-induced increases in [Ca2+i] play an important rele in
platelet responses to certain agonists. However, there are some
indications that platelet reactions (shape-change, release of granular
constituents and MLC phosphorylation) can occur without any measurable
increase in [Ca2+i] {reviewed by Haslam, 1987; Siess, 1989). Some
of these effects may be mediated by the activation of PKC. How do
increases in platelet [Caz+i] occur? GCa?t can be mobilized from
intracellular storage sites (the dense tubular system) by activation of
the phosphoinositide/Ca2+ mobilization pathway (see Section 1.3.3.).

2+

The free Ca®" in the dense tubular system has been estimated at

several hundred micromolar (Sage and Rink, 1989). Since the

2+

extracellular Ca“" concentration is three orders of magnitude greater

than [Ca2+i], Ca2+ lons can also enter from the extracellular

medium.

1.4,1 Ca2+ influx

2+

Most cells have both voltage-operated Ca“” channels and

2+

receptor-operated Ca“®" channels. The most important voltage-operated

ca?* channels in many cells are blocked by dihydropyridines (DHP},
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have relatively high conductances and inactivate very slowly (L-type

Ca2+ 2+

channels). However, platelets do not possess L-type Ca
channels (Rink and Sage, 1986). Thus, incubation of platelets with
depolarizing concentrations of KCl does not cause a significant increase
in [Caz+i] (Rink and Sage, 1986). Moreover, membrane depolarization

was shown to inhibit thrombin-induced platelet aggregation and reduce
the influx of Ca2+ into these cells (Kovacs et al., 1990). Using
patch-clamping techniques, Kawa (1990a) identified T-type calt

currents in guinea-pig megakaryocytes. In the latter report,

Caz+-dependent action potentials were recorded when the patch was

2+

depolarized beyond -55 mV. The presence of T-type Ca*" channels has

not yet been described in platelets. However, voltage-dependent K

2+-activated K* channels have both been studied in

channels and Ca
platelets (Maruyama, 1987; Fine et al., 198%) and in megakaryocytes
(Kawa, 1990b). In the latter cell, an ADP-induced Ca2+ infilux was

shown to activate the K channel.

ADP has been shown to induce increases in platelet [Ca2+i]
without any measurable delay, whereas delays of 200-300 ms are usually
associated with the transient increases in platelet [Ca2+i} caused
by other aggregating agents (Sage et al., 1989; Sage et al.,

1990). The cal* channel activated by ADP was not affected by changes
in membrane potential. A similar channel has also been studied in
megakarocytes by Kawa (1990b). Sage et al. (1990) have suggested

that the amount of Ca2‘t that enters the cell via the ADP-coupled
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channel is dependent on the amount of ca?t in the dense tubular system

(i.e. related to refilling of internal stores).

1.4.2. ¢a?* release from the dense tubular system

It is well established that Ins(1.4,5)P3, formed by the action
of PLC on PIP2 (Section 1.3.3.), can stimulate the release of Ca2+
from intracellglar stores in many cell types (reviewed by Berridge,
1987). Ins(l,h,S)P3 has been shown to release Ca2+ from
450a2+—loaded platelet vesicles (Brass and Joseph, 1985: O'Rourke
et al., 1987), Also, addition of Ins(1,4,5)P3 to permeabilized

platelets induces significant cal*

mobilization and causes platelet
aggregation and the release reaction (O'Rourke et al., 1987). The
similarity in the amount of ca?* released by thrombin or calt
ionophore indicates that all the intracellular ca?* can be released-
upon platelet activation (Rink et al., 1982). However, the amount
released by Ins(l,&,S)Pa is not equivalent to that released by
thrombin or ionophore (Authi et al., 1986). A role for inositol

1,2-cyclic 4,5-trisphosphate in mediating intracellular cal*

mobilization has also been proposed (Majerus et al., 1990).

1.5. 1Inhibition of platelet function by cyclic nucleotides

It is now well established that increases in intracellular cAMP

and cGMP inhibit platelet aggregation (Zucker and Nachmias, 1985; Kroll



- 21 -
and Schafer, 1989; S5iess, 1989). 1In early experiments, increases in
platelet cGMP that correlated well with aggregation were reported
{reviewed by Walter, 1989). However, it was found that the formation of
c¢GMP is a consequencz of rather than a cause of platelet aggregation
(Haslam et al., 1978; Haslam et al., 1960). The most probable
molecular basis for this effect has recently been elucidated. Nitric
oxide (NO*) synthase, an enzyme that catalyses the formation of NO°
from L-arginine (Palmer et al., 1988) has been shown to be a
Ca2+/calmodulin stimulated enzyme (Bredt and Snyder, 1990)}. Since
this enzyme is present in platelets (Radomski et al., 1990a,b), and
NO- activates soluble guanylyl cyclase, the increase in ca?* which
occurs upon platelet activation could cause a transient increase in cGMP
in these cells. Thus, as initially suggested (Haslam et =21., 1978),
cGMP formed in this manner may have Iinhibitory feedback effects

(Radomski et al., 1990a).
1.5.1. cAMP and cGMP-mediated phosphorylation of platelet proteins

A relatively large number of platelet proteins are phosphorylated
when intact platelets are incubated with agents that increase the levels
of cAMP or cGMP (Haslam et al., 1978; Fox et al., 1979; Haslam
et al., 1980; Waldmann et al., 1987). Thus, treatment of
[32P]Pi-1abelled platelets with agents that increased platelet cAMP
levels (PGEl) inecreased the amount of [32P]Pi incorporated into 82

kDa, 50 kDa, 49 kDa, 36 kDa, 24 kDa and 22 kDa proteins (Fox e tal.
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1979; Haslam et al., 1980). The 22 kDa and 24 kDa proteins were
membrane-bound and phosphorylation of the latter correlated with
sequestration of ca?t by platelet membranes. Incubation of
[32P]Pi-labelled platelets with agents that increase cGMP levels
(SNP) cause phosphorylation of these same platelet proteins. However,
the level of phosphorylation of both the 24 kDa and the 22 kDa were
markedly less when SNP was used compared to PGE;. This may reflect
the fact that SNP caused only small increases in cAMP in these
experiments (Haslam et al., 1980). Consistent with this, 8-BreGMP,
which does not increase cAMP, did not induce the phosphorylation of the
latter proteins (Haslam et al., 1980). Addition of cAMP analogues
to these platelets caused phosphorylation of the same proteins as
PGEI. In very similar work, Waldmann et al. (1987) reported that
PGE, increased the phosphorylation of 240 kDa, 68 kDa, SO kDa, 24 kDa,
22 kDa proteins. Also, a high concentration of SNP increased the
[32P]P; incorporated into 50 kDa, 49 kDa, 24 kDa and 22 kDa
proteins. 1In broken cell preparations, addition of either cAMP or cGMP
also causes the phosphorylation of these same proteins. However, in the
latter preparations, the actions of both cyclic nucleotides were much

less cpecific (Waldmann et al., 1986).

Recently, the 50 kDa platelet protein that is phosphorylated by
both cAMP- and cGMP-dependent mechanisms was purified to homogenelty
(Halbrigge and Walter, 1989; Halbrigge et al., 1990). Although this

protein migrates with an apparent molecular mass of 50 kDa in its
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phosphorylated form, in its non-phosphorylated form the protein has a
molecular mass of 46 kDa. Based on an analysis of tryptic fragments of
the phosphorylated protein, it was concluded that both the cAMP and cGMP
stimulated phosphorylation at a common site. Also, it was concluded
that the 49 kDa and 50 kDa proteins identified in the earlier studies
were the same protein, at different levels of phosphorylation (Halbrugge
and Walter, 1989; Halﬁrﬁgge'ec al., 1990). Although these authors
speculated that this protein is involved in the cAMP- and cGMP-mediated

inhibitions of platelet function, its role is still unknown.

Initial studies had proposed that the 22 kDa protein
phosphorylated in response to increases in cAMP (later called

thrombolamban) stimulated Ca2+

-uptake by the dense tubular system
(Kdser-Glanzmann et al., 1979). Although there was little evi&ence
to support this hypothesis, it quickly gained acceptance (see Kroll and
Schafer, 1989; Siess, 1989). Recently, another role for this protein
has been proposed {(Lapetina, 1990). Using specific monocclonal
antibodies, White et al. (1990) have shown that thrombolamban is
Llmmunologically identical to rap 1b, a member of the ras family

of low molecular mass GTP-binding proteins, that is phosphorylated by
cAMP-PK (reviewed by Lapetina, 1990). It has been suggested that the
phosphorylation of rap 1b, followed by its tramslocation to the
cytosol, may be responsible for the inhibition of PLC by increases in

cAMP (reviewed by Lapetina, 1990). However, this hypothesis is

difficult to reconcile with the slow time course of cAMP-mediated
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phosphorylation of this protein (Haslam ec al., 1980; Siess and

Lapetina, 1990).

The 24 kDa protein phosphorylated in platelets in response to
incubation with agents that increase cAMP levels, has been identified as
the g-subunit of GP Ib (Fox et al., 1987). Moreover,
cAMP-mediated phosphorylation of this protein has been correlated with
Inhibition of collagen-induced actin polymerization (Fox and Berndt,
1989). The absence of an effect of cAMP-mediated phosphorylation of GP
iIb on actin polymerization in Bernard-Soulier platelets, which lack GP
Ib, was consistent with this (Fox and Berndt, 1989). Although the site
that is phosphorylated has been determined (Wardell et al., 1989),
the molecular basis of this effect is not clear. The fact that ABP,
which cross-links GP Ib (Fox, 1987) is also phosphorylated in response
to increases in platelet cAMP may be of some- importance in this regard

{Cox et al., 1984),
1.5.2 Effects of cAMP and cGMP on platelet [Caz+i]

ca?* ions play a very important role in platelet aggregation
(see Section 1.4.) and there are many different mechanisms by which
[Ca2+i] can be regulated (reviewed by Kroll and Schafer, 1989; Rink
and Sage, 1990). There are several intracellular pools of calt
including: 1) the dense tubular system; 2) mitochondria; 3) dense
granules; 4) membrane phospholipid-associated calt, Also, calt can

enter from the extracellular medium (reviewed by Rink and Sage, 1990).
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Given the complexity of [Ca2+i] homeostasis in platelets, there are
several sites at which the cyclic nucleotides could act to inhibit

2+i]'

increases in [Ca Mechanisms that have been investigated as

possible sites of cyclic nucleotide action include: 1).binding of
agonists to their receptors; 2) operation of plasma membrane Ca2+

channels: 3) polyphosphoinositide hydrolysis by PLC; 4) effects on

Ca2+ kinetics; 5} effects on the function of the contractile proteins,
1.5.2.1. Effects on agonist binding

Increases in platelet cAMP and particularly cGMP inhibit the
platelet adhesion reaction (Moake et al., 1981; Radomski et al.,
1987b). Although the molecular basis for these effects is not clear,
the phosphorylation of ABP (Cox et al., 1984) and GP IbS (Fox
et al., 1987) are possible sites of action for cAMP. However, these
proteins are not phosphorylated in response to cGMP. Also, inhibition
of thrombin and vWF binding to GP Ib could result from cAMP-mediated
phosphorylation of this glycoprotein (reviewed by Fox, 1987).

2+

1.5.2,2. Effects on platelet plasma membrane Ca“’ channels

calt 2+

can enter activated platelets via receptor-operated Ca
channels (reviewed by Rink and Sage, 1990). Incubation of platelets
with cAMP analogues inhibits thrombin-induced uptake of 43ca2+ (Imai

et al., 1983). Similar results were obtained when platelets were
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incubated with agents that increased cAMP levels (Feinstein et al.,
1983). Compounds that increase intracellular cGMP also affect

agonist-induced calt

-influx (Kawahara et al., 1984; Nakashima ec

al., 1986; Simon et al., 1988; Morgan and Newby, 1989: Rink and

Sage, 1990). 1In a recent report, Morgan an& Newby (1989) showed that
agents that increase cGMP may Inhibit calt influx components that are
unaffected by cAMP. Thus, platelet aggregation responses that are

entirely dependent on Ca®* farlux may be differentially inhibited by

agents that increase either cAMP or cGMP.
1.5.2.3. Effects on phosphatidylinositol hydrolysis

Both cAMP and cGMP inhibit thrombin-induced increases in placelet
DAG (Rittenhouse-Simmons, 1979; Takai et al., 1981; Imai et al.,
1983; Simon er al., 1988). Also, cAMP and <GMP inhibit
agonist-induced formation of inositol phosphates (Nakashima et al.,
1986; Simon et al., 1988). Although both cyclic nucleotides alse
inhibited the formation of inositol phosphates induced by direct
G-protein activation of PLC (Haslam et al., 1988; Deana et al.,
1989; Yada et al., 1989), they were less potent inhibitors of the
effects of guanine nucleotides. The molecular basis for th: effects of
the cyclic nucleotides on the G-protein-activated PLC is not clear, but
in the case of cAMP may well be related to a phosphorylation event (Yada
et al., 1989). Lapetina (1990) has proposed that the substrate

phosphorylated in response to cAMP that regulates PLC may be rap 1B.
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1.5.2.4. Effects of cyclic nucleotides on ca?* kinecics

[Ca2+i] can be reduced by either active transport of the ions
out of the platelet, or by the sequestration of cat by the dense

tubular system. There are many reports of cAMP- and cGMP-mediated

2+

effects on Ca“" transport by isolated platelet membrane vesicles.

2+

Ageﬁts that increase cAMP in intact cells increases Ca“’ uptake by

vesicles isolated from treated platelets (Fox et al, 1979; Haslam
et al., 1980; Le Peuch et al., 198l). 1In addition, caMP has

been reported to stimulate ca?t

sequestration by wvesicles from
untreated platelets (Takai et al., 1981; Enouf et al., 1987;

Hettasch and LeBrun, 1987; Adunyah and Dean, 1987). Also, this increase
2+

in Ca®" uptake has been correlated to an increase in ca?t ATPase
activity (Adunyah and Dean, 1987). Since cAMP-PK inhibitors reversed
the effect of cAMP, it has been suggested that a cAMP-mediated

phosphorylation event is responsible for the increased ca?t

uptake
(Hettasch and LeBrun, 1987). Recent studies have shown that
ATP-dependent caZ* uptake is exclusively present in the intracellular
platelet membranes (Hack et al., 1986). Thus, the cAMP-mediated

effects are presumably attributable to an effect on the membranes of the
dense tubular system. Although earlier studies had implicated the
phosphorylation of 22 kDa ox 24 kDa proteins in this process (see
Section 1.5.1), this hypothesis now seems less probable (Fox et al.,

1987; Siess and Lapetina, 1990). cAMP has also been reported to inhibit

Ins(l,&,S)P3-induced Ca2+ release from permeabilized platelets
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(Enouf et al, 1987). In a recent paper, O’'Rourke et al. (1989)
failed to observe an effect of ¢AMP on either Ca2t uptake or
Ins(l,h,S)P3-induced ca* release from platelet membrane vesicles.
However, most of the evidence indicates that cAMP can inhibit platelet

aggregation by inhibiting ca?*-release.
1.5.2.5. cAMP and cGMP and the function of contractile proteins

MLC phosphorylation by MLCK is an early step in the platelet
response to most aggregating agents and is thought to be responsible for
initiating contractile processes including shape change and
centralization of granules. Incubation of platelets with agents that
cause increases in CAMP or cGMP levels inhibit this phosphorylation
reaction (Haslam et al., 1980; Hathaway et al., 1981; Cox et
al., 1984; Nishikawa et al., 1984), This effect of cAMP could
reflect a cAMP-mediated phosphorylation of MLCK (Conti and Adelstein,
1981). The effects of these cyclic nucleotides thus lead to a reduced
interaction of myosin with actin and the platelet cytoskeleton (Cox et
al., 1984; Nishikawa et al., 1986). However, only phosphorylation
of MLCK that is not already bound to Ca2+/calmodulin affects enzyme
activity (Conti and Adelstein, 1981). Thus, the relationship of this
phosphorylation reaction to the inhibition of platelet aggregation is
not clear. It may be that the effect of cAMP on [Caz+i] plays a
more important role in inhibiting MLC phosphorylation. The

cAMP-mediated phosphorylation of ABP and of the f-subunit of
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GP Ib have also been reported (Section 1.5.1.). Thus, increases in cAMP
may Inhibit several of the changes in cytoskeletal structure that are

involved in platelet aggregation (reviewed by Fox, 1987).

1.6. Structure of large elastic arteries

Arteries are composed of three histologically distinct layers
(reviewed by Rhodin, 1980). The innermost is the intima, composed
mostly of endothelial cells and connective tissue. The outermost, the
adventia, is composed of connective tissue elements. The medial layer
is usually the thickest of the three and it is here that most of the
VSMC are found. The VSMC. in this area are anchored to elastin fibres
and have a spiral orientation around the vessel. The internal elastic
lamina, the boundary between the Intima and the media, is composed
mostly of elastin. Also, the internal elastic lamina has been shown to
have fenestrations that may allow communication between the lumen and

the VSMC in the media (reviewed by Rhodin, 1980).

VSMC are long and narrow and have a large surface to volume
ratio. The cytoplasm of VSMC has a large centrally located nucleus.
The plasma membrane has extensive invaginations called caveolae. These
caveolae are grouped in rows and lie close to the tubules of the
sarcoplasmic reticulum (reviewed by Somlyo, 1980; Gabella, 1984). The

sarcoplasmic reticulum tubules are important in VSMC calt handling.



- 30 -
These cells do not have the striatinns characteristic of skeletal and
cardiac muscle. In VSMC, the myosin (thick filaments) and actin {(thin
filaments) are organized in bundles of microfilaments. Also, these
bundles are arranged along the long axis of the VSMC (reviewed by
Somlyo, 1980; Gabella, 1%44). VSMC also contain intermediate filaments,
but the function of these is not yet clear. Dense bodies are attached
to the plasma membrane., These stuctures, which contain a-actinin
and vinculin, are thought to be juportant in anchoring actin to the
plasma membrane (reviewed by Gabella, 1984). There are also dense
bodies present in the cytoplasm of V$.C but the role of these dense
bodies in cell function is not clear. Two dense bodies from adjacent
VSMC can form cell-to-cell junctions (intermediate junctionms). These
junctions, which are approximately 50 nm wide, are thought to have a
purely mechanical function. Also, gap junctions are formed by the
aggregation of chanmnels in the membranes of adjoining VSMC. The
proteins involved in this gap junction have recently been under intense
study and are now called connexins (reviewed by Beyer et al.,
1950). These types of junctions are believed to participate in the
propagation of action potentials between the adjacent VSMC (reviewed by

Beyer et al., 1990).

1.7. Vascular smooth muscle physiology and pharmacology

The VSMC of the vasculature play an important role in the control
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of blood flow. This effect is brought about by changes in the
contractility of these cells. Since they form a spiral coil around the
vessel, a decrease in their length will result in a decrease in the size
of the vessel lumen. VSMC either contract or relax, and hence either
decrease or increase the luminal volume of blood wvessels, in response to
many different factors. A partial list of the agonists capable of
altering vascular tone is presented in Table 1.l1l. (Rasmussen, 1987;
Bean, 1989; Lincoln, 1989; Lischer, 1990; Murray, 1990). However, the
ability of each of these to increase or decrease the level of
contraction will depend on the presence of approprilate receptors or

intracellular enzymes, and varies with the source of the VSM.

Table 1.1. Agonist capable of affecting VSM tone

Contraction Relaxation
Phenylephrine Isoproterenol
Norepinephrine Epinephrine
4cetylcholine PGI5/PGEq
Histamine ViP

Serotonin CGRP
Endothelins EDRF/NO"
PCF2q SNP/SIN-1

Angiotensin ANP
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Physiological regulators of tone may act on VSMC after they are
released from nerve endings or the vascular endothelium, or may enter
the vessel wall from the circulation. However, the most important site
for the synthesis and release of compounds that regulate VSMC tone is
probably the vascular endothelium, which is the principal source of

PGI,, EDRF and endothelins (Lischer, 1990).
1.8. Contraction of vascular smooth muscle

The process of VSMC contraction is not as completely understood
as that of skeletal muscle and there are many differences between these
two types of musecle. Inm this section, I will discuss the different

components involved in VSMC contraction.
1.8.1. Role of Caz+ in smooth muscle contraction

One of the earliest intracellular events in VSMC contraction is a

transient increase in [Ca2+i]. As was the case for platelets (see

2+

Section 1.4.), increases in [Ca i] can occur either as a result of

a Ca2+

influx from the extracellular fluid or by an
Ins(1,4,5)P3-induced CaZ+ release from an intracellular store
(reviewed by Bean, 1989). In VSMC the intracellular ca?* store that
is involved in this agonist-induced release of ca?* is the
sarcoplasmic reticulum. Fluorescent indicators have been used

successfully to measure basal and stimulat -4 levels of VSMC [C32+1]
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(reviewed by Bean, 1989). Using fura-2 the basal [Caz+i} in
arterial smooth muscle was estimated to be about 100 nM (Goldman et
al., 1989). . Also, calt ions are uniformly distributed in smooth
muscle cells at rest (Goldman et al., 1989). This resting level of
[Caz+i] is very similar to that found in platelets (Section 1.4.).

2+

Upon stimulation of VSMC with agonists or Ca“" ionophores, the

[Caz+1] levels can increase to levels exeeding 1 uM in a very

short time (Goldman et al., 1989; reviewed by Bean, 1989).
1.8.2. Caz+-inf1ux

ca?* influx in VSMC can occur by the actions of agonists on

2+

receptor-operated Ca“" -channels or via voltage-operated

ca?*-channels upon depeclarization. VSMC have different types of

2+

receptor-operated Ca“" channels but very little is known about the

2+

mechanisms by which VSMC receptor-operated Ca“" channels are regulated

(reviewed by Hosey and Lazdunski, 1988). Using patch clamp techniques,

ATP has been shown to open a calt

-channel in rabvit ear artery (Benham
and Tsien, 1987). These ATP-regulated channels were shown to be
selective for bivalent cations, and could be opened when the membrane
was depolarized. Similarly, norepinephrine was shown to depolarize
guinea-pig pulmonary artery (Byrne and Large, 1987). In the latter
study, the depclarization was shown to result from an increase in
membrane conductance. In a more recent report, Byrne and Large (1988)

demonstrated that norepinephrine activated an inward current in VSM from

the rabbit portal vein. Also, Raiegg et al. (1989) have shown that
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norepinephrine induces a depolarization of rat mesenteric artery. Thus,
ca?t channels can be regulated directly by agents that cause VSMC
contraction. However, given the substantial increase in Ca2+ that
occurs as a result of the activation of PLC by some of these agents, the
importance of these receptor-mediated effects to contraction caused by

these agonists is not clear. ca?t

channels that are directly

regulated by G-proteins have alsoc been described (reviewed by
Birnbaumer, 1990). The mechanism by which these channels are coupled to
the G-proteins, and their importance in VSMGC activation has not yet been
fully assessed.

2+

The voltage-operated Ca“” channels of VSMC can be subdivided

Into two different types. One type, the L-type caZt channel, is a

slowly inactivating calt

channel that has a large conductance
(approximately 25 pS). These channels can be regulated by
dihydropyridines (DHP). The second type of voltage-operated ca’*
channel (the T-type ca2* channel) is a rapidly inactivating caZ*
channel of low conductance (approximately 9 pS) (reviewed by Hosey and
Lazdunski, 1988). As their name implies, the voltage-operated Ca2+
channels open upon VSMC depolarization. Depolarizations to > -10 mV
cause the opening of L-type caZt channels, whereas depolarizations
beyond -70 mV will activate T-type channels. Voltage-operated calt
channels can be activated by agonists that increase VSMC tome. Thus,

receptor-mediated increases in cat. or Na+-permeability could

depolarize the membrane and activate the voltage-operated channels.
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Behman and Tsien (1988) reported that norepinephrine increased the

2+ current in rabbit ear artery VSMC. This effect was

L-type Ca
enhanced by addition of GTP but was not abolished by prior treatment of
the cells with propranolol, prazosin or phentolamine. Thus, the
receptor involved in this effect of norepinephrine was not a classical
a- or f-adrenergic receptor. Also, Riegg et al. (1989)

reported that norepinephrine-induced depolarization of rat mesenteric

2+ channels, Also, it is perhaps

artery could open L-type Ca
significant that Byrne and Large (1988) have reported a
norepinephrine-induced increase in membrane conductance and suggest that

2+

this effect may be mediated by Ca“" -activated Cl~ channels, but do

not provide any evidence for this conclusion,

1.8.3. Caz+ release

A large number of agents that cause VSMC contraction do so by
activating VSMC PLC and generating Ins(l.a,S)P3 and DAG (see Section
1.3.3.). Agonist-stimulated PLC activity has been reported in many
different VSM types (Smith et al., 1984; Hashimoto et al., 1986;
Rapoport, 1986; Lang and Lewis, 1989; Hirata et al., 1990). For
example, norepinephrine induced a concentration-dependent increase in
the inositol phosphate content of rat aorta (Rapoport, 1986) and both
GTP and nonhydrolysable GIP analogues have been shown to stimulate VSM

PLC activity (Hirata et al., 1990). The formation of DAG in VSM
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following incubation with angiotensin II has also been reported
(Griendling et al., 1986). In the last study, the increase in DAG
formation correla;ed with reductions in PIP and PIP;. Much less is
known about the subcellular localization of the PLC involved in signal
transduction in VSM. However, Hirata et al. (1990) demonstrated a
membrane-associated, G-protein-activated PLC activity in cultured bovine
aortic smooth muscle cells. This enzyme is probably responsible for the

increased Ins(l,a,S)P3 formation in response to most agonists.

Ins(l,a,S)P3 causes a release of Caz+ from Intracellular
non-mitochondrial stores (reviewed by Berridge, 1987). An
Ins(l.h,S)P3 receptor has recently been purified from bovine aortic
smooth muscle (Chadwick ec al., 1990). This Ins(1,4,5)P3 receptor
was shown to contain a 240 kDa polypeptide. Although this receptor is
structurally similar to the ryanodine chamnel of cardiac and skeletal
muscle, these two receptors shared only very limited homology (Chadwick
et al., 1990). Ins(1,4,5)P5-induced Caz+ release has been
reported in skinned VSM (Suematsu et al., 1984) and was shown to be
increased by GTP (Saida and van Breemen, 1987; Saida et al., 1988).

In skinned smooth muscle, there is also evidence that Ca2+ itself can

2+

mediate Ca“" release. In addition, this Ca2+-induced Ca2+ release

can reduce the Ins(l,h,S)P3-induced Ca2+ release (reviewed by Bean,

1989). Also, PKC has been suggested to stimulate ca?*

release, since
a DAG analogue can mimic the effects of agonists in VSM (Clapp et

al., 1987). The time course of release of Ca2+ by photoactivation
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of caged Ins(l.&,S)P3 in skinned VSM is consistent with a direct

2+ channels (reviewed by Somlyo and Somlyo,

effect by this agent on Ca
1990). Agonist-induced calt release has also been studied using
photoactivable caged compounds. The time course of.the release of
intracellular CaZ* by caged phenylephrine and caged GTPyS is

consistent with their need to activate smooth muscle PLC before they

release Ca’* (reviewed by Somlyo and Somlyo, 1990).
1.8.4, Role of MLC and MLCK in vascular smooth muscle contraction

A rapid, though transient, increase in [Caz+i] is very
important for the contraction of VSM (see Section 1.8.2.). Ca2+ does
not regulate the formation of tone-generating myosin crossbridges by the

same mechanism as in skeletal muscle. Rather, this Ca2+

, upon binding
to calmodulin, is responsible for the activation of VSM MLCK (Dabrowska
et al., 1977). Smooth muscle myosin has 2 heavy chains (200 kDa)

and 2 pairs of light chains (20 kDa and 17 kDa) and the MLCK
specifically catalyses the phosphorylation of the 20 kDa light chain
(reviewed by Kamm and Stull, 1985; Hai and Murphy, 1989). The
interaction between myosin heads and actin that occurs following the
MLCK-induced phosphorylation of MLC is the basis of VSM contraction and
has been extensively studied. Myosin Hg2+ATPase can only be activated
by actin when the MLC is phosphorylated (reviewed by Kamm and Stull,
1985; Hai and Murphy, 1989). Thus, by this mechanism of myosin

phosphorylation, the number of myosin heads interacting with actin and
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the rate at which these crossbridges cycle is greatly increased.
Several studies have demonstrated a good correlation between the
Caz+-dependent phosphorylation of myosin and the initial generation of
isometric force (reviewed by Kamm and Stull, 1985; Hai and Murphy,
1989). Thus, contraction of the VSM occurs as a result of the fqrce

generated by the cyecling crossbridges.

Based on this model, relaxation might be expected to re;ult when
the [Ca2+i] decreases tec a point that could no longer maintain a
sufficlently high level of phosphorylated MLC. Dephosphorylation of the
MLC by a specific phosphatase would then return the system to the basal
state. Such phosphatases have been described in VSM (DiSalvo et
al., 1983). However, in most smooth muscle, MLC phosphorylation
returns to values indistinguishable from its pre-stimulated level
shortly after the establishment of a stable contraction, with little of
no effect on the level of tone. [Ca2+i], though decreased, remains
somewhat above basal levels. To account for this phenomenon, a
Caz+-dependent, dephosphorylated latch state has been proposed, known
as the latchbridge (Dillon et al., 198l; Kamm and Stull, 1985; Hai
and Murphy, 1989). This would allow a constant tension to be malntained
with little or no need for work to be performed. Also, this latch state
is similar to the catch state, proposed to account for the low amounts
of energy required by the muscles that keep molluscan shells closed

(Ruegg, 1986).
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1.8.5. PKC-mediated phosphorylation and sustained VSM contraction

Recently, PKC-induced phosphorylation of VSM proteins has been
proposed to account for the sustained contraction observed with many
contractile agents (reviewed by Rasmussen et al., 1987). The
proteins involved in this process could include intermediate filament
broteins such as a-desmin, f-desmin, and synemin (Rasmussen et
al., 1987) and thin filament regulatory proteins, such as caldesmon
(Tanaka et al,, 1990) and calponin (Winder and Walsh, 1990). Thus,
incubation of bovine carotid artery with histamine or a phorbol ester
for one hour results in the establishment of a stable contraction and
the phosphorylation of a large number of cellular proteins (Takuwa et
al., 1988). The proteins phosphorylated after this one hour
incubation are called "late proteins", (Takawa et al., 1988). 1In
contrast, anglotensin II, which induced only a transient increase in
smooth muscle DAG and did not promote the PKC-mediated phosphorylation
of these late proteins, did not cause a sustained contraction (Takawa
et al., 1988). Similar results were obtained in experiments with

tracheal smooth muscle (Park and Rasmussen, 1986).

The phosphorylation by PKC of caldesmon (Tanaka et al., 1990)
and calponin (Winder and Walsh, 1990) may also have effects on muscle
tone. Thus, the actin-binding proteins caldesmon and calponin have been
shown to inhibit crossbridge formation in the absence of ca?* and

calmodulin (Adam et al., 1989)., Sustained PKC-mediated
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phosphorylation of these proteins in the contracted muscle may therefore
inhibit their reassociation with actin and assist in the maintenance of

a stable contraction.

1.9. Inhibition of VSM function by cyelic nuclectides

In a situation analogous to that discussed for platelets (see
Section 1.5.), cGMP was initially thought to be involved in smooth mucle
contraction and cAMP in relaxation. This conclusion was based on
correlations between contractions of VSM and tissue c¢GMP content
(Schultz et al., 1973). However, it is now generally accepted that
both cGMP and cAMP are mediators of VSM relaxation, rather than

contraction (Lincolq. 1989; Walter, 1989; Murray, 1990).

1.9.1. cAMP- and cGMP-mediated protein phosphorylation in VSMC

There is surprisingly little information concerning the
phosphorylation of cellular proteins in response to increases in elther
cyclic nucleotide in VSM. Earlier work utilizing crude particulate
fractions of smooth muscle had shown that ¢GMP could alter the level of
phosphorylation of certain membrane proteins (Casnellie et al.,

1980). Rapaport et al. (1982) was the first to demonstrate that
compounds that increase cGMP in Intact cells altered the level of
phosphorylation of cellular proteins. In this work, SNP and EDRF caused

phosphorylation of four proteins, and decreased the level of
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phosphorylation of two others. Although it is now clear that one of
these proteins was MLC (Draznin et gl1., 1986), the identity of the
others remains unknown. Also, isoproterenol and cAMP analogues
increased the level of phosphorylation of many of the same proteins
(Rapaport et al., 1982). A 135 kDa membrane protein shown to be a
cGMP-PK substrate by Casnellie et al. (1980) was also phosphorylated
by cAMP-PK (Parks et al., 1987). There has been considerable
speculation over the identity of this phosphoprotein. Early work using
purified VSMC plasma membrane (Furukawa and Nakamura, 1987) or VSMC
microsomal fractions (Rashatwar et al., 1987) had shown that
Phosphorylation of a 135 kDa protein correlated with an increased Ca2t
uptake in both systems. Also, an antibody to the platelet cGMP-PK was
shown to inhibit this effect (Popescu et al., 1985). However, the
cal*ATPase and the cGMP-PK substrate have been shown to have different
electrophoretic mobilities (Baltensperger et al., 1988). Moreover,
purified Ca2+ATPase is not a substrate for purified VSMC cGMP-PK
(Lincoln, 1989). However, it is possible that during the purification

of the Caz+

ATPase (Lincoln, 1989) an important regulatory component
was lost. The activation of the Ca2+ATPase from skeletal muscle by
phosphorylation of protein-bound phosphatidylinositol (Varsanyi et
al., 1983) is consistent with this possibility, Vrolix et al.

(1989) have recently reported a similar effect in VSH.,
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1.9.2. Effects of cAMP and cGMP on [Ca’*;] in VSHC

A transient increase in [Caz+i] is central to the contraction
of VSM. Increases in [Caz+i] can arise as a consequence cf

increased Ca2+

uptake from the extracellular space (see Section
1.8.2.), or increased Ca2+ release from the sarcoplasmic reticulum
{Section 1.8.3.). There are many mechanisms by which [CaZ+i] is
regulated in VSMC and these are similar to those studied in platelets
(Sectioﬁ 1.5.2.). The transient increase in [Ca2+i] (Morgan and
Morgan, 1982) is inhibited by agents that increase intraceliular cGMP
(Morgan and Morgan, 1984; Hassid, 1986, Rashatwar et al., 1987).
Similarly, agents that increase the intracellular level of cAMP also
inhibit the increases in [Ca®*;] (Kai et al., 1987; Felbel et

al., 1988; Abe and Karaki, 1989: DeFeo and Morgan, 1989). Thus, both
cyclic nucleotides can inhibit VSMC contraction through effects on

calt movements.
1.9.2.1. Effects of cAMP and cGMP on Ca’' entry into VSMC

The uptake of ca?t into VSMC is inhibited by ¢GMP (Taylor and
Meisheri, 1986) and cAMP (Meisheri and van Breemen, 1982). Also,
analogues of either cyclic nucleotide inhibit Ca?™* currents in
cultured VSMC from both rat and rabbit aorta (Qusterhaut and Sperelakis,
1987; Bkaily et al., 1988). The L-type Ca2+ channel isolated and

purified fron cardiac and skeletal muscle is a substrate for cAMP-PK and
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this phosphorylation reduces its frequency of opening (Curtis and
Catterall, 1985; Flockerzi et al., 1986). Whether the VsM Ca®®
channel is a substrate for either of‘the cyclic-nucleotide activated

protein kinases is not known.

1.9.2.2, Effects of cAMP and cGMP on phosphatidylinositol hydrolysis

and the mobilization of Caz+ by Ins(l,d,S)P3

Ins(1l,4,5)Py-induced release of Ca2+ from the sarcoplasmic
reticulum i{s an important component of many agonist-mediated
contractions (Section 1.8.3.). Agents that increase the levels of cGMP
have been shown to inhibit the formation of inositol phosphates in VSM
(Rapoport, 1986; Chuprun and Rapoport, 1987; Fijil et al., 1986;

Lang and Lewils, 1898; Hirata et al., 1990). In early work, the
effects of these agents on the total inositol phosphates formed in
response to contractile agents were measured (Rapoport, 1986; Chuprun
and Rapoport, 1987). More recently, nitrovasodilators, EDRF and <¢GMP
analogues have been shown to reduce the Ins(l,h,S)P3 formation in VSMC
stimulated with norepinephrine and other contractile agents (Lang and
Lewis, 1989; Hirata et al., 1990). Although the molecular basis for
the ¢CMP-mediated inhibition is not clear, an effect on the G-protein
that couples the receptors to the PLC is likely. Thus, Hirata et

al. (1990) showed that cGMP also inhibited the response to
non-hydrolysable GTP analogues. These workers also investigated the

: Tzets of cAMP on the PLC activity of VSMC and showed that, though
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inhibitory, this cyclic nucleotide was much less effective than cGMP.

Cyclic nucleotide-mediated inhibition of the Ins(l,h.S)P3-
induced release of Calt from the sarcoplasmic reticulum has been
described (Meisheri et al., 1986; Collins et al., 1986).

Although the mechanism involved was not elucidated, the cyeclic
nucleotides were also able to inhibit the caffeine-induced release of
Caz+. The Ins(1,4,5)P3 receptor purified from brain Iis a cAMP-PK
substrate and phosphorylation of this protein reduced its ability to
mediate the release of Ca2+ (Supattapone et al., 1988). Recently,
the Ins(l,a,S)P3 receptor isolated from bovine aortic smooth muscle
was shown to be structurally and functionally similar to the brain

receptor (Marks et al., 1990). Thus, cAMP and perhaps cGMP may be

able to reduce Caz+

mobilization by Ins(l.&.S)P3 receptors in VSMC,
1.9.2.3. Effects of cAMP and cGMP on Ca ' removal from the
cytosol
[Ca2+i] can be reduced by either active transport of calt
ions out of the cell or back into the sarcoplasmic reticulum, There are

2+ removal, the

two plasma membrane systems that can particlpate in Ca
Ca?*ATPase and the Na+/Ca2+ exchanger. The relative contributions
of these two systems is a matter of contention (Schatzmann, 1989; van

Breemen and Saida, 1989).
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Agents that increase cGMP have been reported to increase ca2t

efflux from VSMC (Itoh et al., 1983; Collins et al., 1986;

Rashatwar et al., 1987; Furukawa et al., 1987, 1988). Although

2+ATPase activicy

this effect was associated with an increased Ca
(Rashatwar er al., 1987), and the effect was blocked by an antibody

to ¢GMP-PK (Popescu, 1985), the caltATPase itself was not
phosphorylated (Baltemsperger et al., 1988). However, the increased
cal*ATPase activity could be related to the phosphorylation of
phophatidylinositols by a PI kinase (see Section 1.9.1.). Agents that

2+

increase cAMP and cAMP analogues have no such effect on Ca“’ efflux or

on Ca2+ATPase activity (reviewed by Murray, 1990).

There are many reports of cAMP- or cGMP-induced increases in
o2+ uptake by the sarcoplasmic reticulum, or by vesicles prepared
from these membranes {(Saida and van Breemen, 1984; Hwang and van
Breemen, 1987: Twort and van Breemen, 1988; Komori and Bolton, 1989).
However, the molecular basis of these effects is not clear. Although
phospholamban has been reportedly purified from VSM, and is a substrate
in vitro for both cyclic nucleotide-activated kinases (Watras, 1988;
Raeymaekers et al., 1988; Huggins et al., 1989), this protein is
not phosphorylated as a result of increases in cGMP in intact tissue
(Huggins et al., 1989). cAMP-PK and cGMP-PK-mediated ir:reases in
calt uptake by sarcoplasmic reticulum vesicles from porcine coronary

artery have been reported (Suematsu et al., 1984). The

cAMP-mediated event was associated with the phosphorylation of 22 kDa
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and 28 kDa proteins. In this system, cGMP-mediated phosphorylation of a

35 kDa protein was also reported (Suematsu et al., 1984).
1.9.2.4. Effects on the contractile apparatus

Phosphorylation of MLC by MLCK is central to contraction of VSMC
(Section 1.8.4.). The VSM MLCK is phosphorylated at a common site by
both cAMP-PK and cGMP-PK (Adelstein et al., 1978; Johnson and
Lincoln, 1985; Hathaway et al., 1985; Paglin et al., 1988).

Since this phosphorylation reaction has been shown to reduce the
affinity of MLCK for Ca2+/ca1modulin. it was suggested that it may
mediate relaxation of VSMC by reducing the MLC phosphorylation.
However, since only phosphorylation of MLCK in the absence of
Ca2+/ca1modulin affected enzyme function, this effect is of uncertain
physiological relevance in relaxation (Miller et &l., 1983;

Gerthoffer et al., 1984; Sellers and Adelstein, 1987). However, it

is established that increases in cAMP in VSM block phosphorylation of
MLG (Rapoport, 1982; Silver, 1985) and a role for phosphorylation of
MLCK in this effecl cannot be ruled out., Thus, cyclic nucleotides have
been shown to regulate VSM tone without affecting [Ca2+1] (Nishimura
and van Brecemen, 1989). This was demonstrated by using permeabilized
VSMC containing a buffered [Ca2+i]. The authors concluded that the
cyclic nucleotides affect function by decreasing the sensitivity of the

contractile proteins to [Ca2+i].
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1.10, Adenylyl cyclase system

Adenylyl cyclase catalyses the conversion of ATP to cAMP. There
are probably several forms of adenylyl cyclase, and most have molecular
masses of 120-150 kDa (Smigel, 1986). It is now generally accepted that
at least three functionally distinct classes of proteins interact in the
adenylyl cyclase system. These components are receptors, GTP-binding
proteins (G-proteins), and the catalytic unit. Extensive purification
and reconstitution studies have demonstrated that all three components
are required for the normal activation of the enzyme (Ross and Gilman,

1980; May et al., 1985; Feder er al., 1986).

1.10.1. Receptors

Much of the earlier work on receptors coupled to adenylyl cyclase
was carried out with adrenergic receptors (reviewed by Lefkowitz and
Caron, 1988). Whereas both the ﬁl and the ﬂ2~adrenergic
receptors are coupled to adenylyl cyclase through G., the a; and
as-adrenergic receptors have different mechanisms of action.
ay-adrenergic receptors are coupled to phospholipase C through an
as yet unidentified G-protein, and @,-adrenergic receptors are

negatively coupled to adenylyl cyclase through Gy, most probably Gy,
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(Lefkowitz and Caron, 1988, Freissmuth et gl., 1989; Simonds et

al., 1989). From detailed analysis of the deduced sequences of these
receptors many common features have been noted. First, all the
receptors have the potential, based on hydrophobicity calculations, to
form 7 membrane-spanning domains (Lefkowitz and Caron, 1988). The
homology of the different receptors is greatest in these putative
transmembrane sequences (Lefkowitz and Caron, 1988). Based on analysis
of point mutations and a/f-adrenergic receptor chimeras, it has

been suggested that these transmembrane sequences are important in
agonist binding. The third cytoplasmic loop, as well as the cytoplasmic
C-terminal segment, appear to be involved in the interaction of the
receptor with the G-protein (Lefkowitz and Caron, 1988, Ccllins, et
al., 1989). It is now clear that all receptors coupled to effectors
through G-proteins show structural characteristics similar to those of

the e- and S-adrenergic receptors.

Several different types of receptors activate or inhibit adenylyl
cyclase in platelets and VSMC. These receptors are all coupled to
adenylyl cyclase through G, or G;, respectively (reviewed by
Freissmuth, 1989; Birnbaumer, 1990). Receptors coupled to adenylyl
cyclase through G, include those for PGEy and PGI, (IP receptors},

PGD, (DP receptors) and adenosine (A, receptors) (reviewed by
Williams, 1987; Halushka et al., 1989). Receptors coupled to
inhibition of platelet adenylyl cyclase through G; include those for

thrombin, PAF and epinephrine (az-adrenergic receptors) (reviewed
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by Lefkowitz and Caron, 1988; Siess, 1989), Similarly, adenosine,
PGE;, PGI,, PGE,, vasoactive intestinal peptide (VIP) and
calcitonin-gene related protein (CGRP) activate VSMC adenylyl cyclase
through specific receptors and G,, whereas ag-adrenergic

agonists inhibit VSMC adenylyl cyclase through G; (reviewed by

Lefkowitz and Caron, 1988; Murray, 1990).

Platelet receptors of particular importance in this thesis are
the receptors for PGE; and prostacyclin (PGI,) and the Ajp-
adenosine receptor. Based on results of binding experiments and preotein
purification, Dutta-Roy and Sinha (1987) showed that PGEl and PG12
activate platelet adenylyl cyclase through the same receptor. This
PGE,/PGI, receptor is an IP type of receptor (reviewed by Halushka
et al., 1989). Also, the PGEl/PGIz receptor, as purified from
NCB-20 somatic hybrid cells, has a molecular mass of 83 kDa (Leigh er
al., 1989). Ashby, has proposed that platelets have two distinct
PGE| receptors coupled to adenylyl cyclase; one activates the enzyme
(the IP receptor) whereas the other slowly inhibits it (Ashby, 1988;
1989a). Alcthough some thromboxane A, antagonists have been shown to
have inhibitory effects similar to that of PGEl {Ashby, 1989b), there
is no established molecular basis for the presense of an inhibitory
receptor with these characteristics. There are many purinergic
receptors on mammalian tissues and these have very distinct mechanisms
of actlon (reviewed by Williams, 1987). An Az-adenosine receptor was

recently purified from bovine brain and shown to be a 45 kDa protein
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(Barrington et al., 1989). Since neither the PGE| or the
Aj-adenosine receptors have yet been cloned, very little information
is available on their structures. However, several reports have
demonstrated that the activation of adenylyl cyclase by PGI, or
adenosine is GTP-dependent (Murray et al., 1989; reviewed in

Freissmuth et al., 1989).
1.10.2. Receptor-G-protein interactions

The G-proteins involved in the regulation of adenylyl cyclase are
membrane-associated heterotrimeric proteins (reviewed by Freissmuth et
al., 1989, and Birnbaumer, 1990). One of the subunits, «a, binds
GTP and has GTPase activity, whereas the § and v subunits have
regulatory roles. When agonists activate adenylyl cyclase in a
receptor-dependent manner, the receptors interact with Gg, the
G-protein that stimulates adenylyl cyclase. Upon binding of an agonist
to its receptor, the rate at which GDP dissociates from Ggax is
increased. Although the mechanism of this increased dissociation is not
clear, it results in an exchange of bound GDP for GTP (reviewed by
Freissmuth et al., 1989; Birnbaumer, 1990). Once the Gea |
subunit is occupied by GTP, the ternary complex (agonist-receptor-
G-protein) dissociates and the affinity of the receptor for its agonist
is reduced. It is generally agreed that the "free" receptor 1s then
available to bind to another molecule of Gg and then to interact with

another molecule of agonist. Upon dissociation of the ternary complex,
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the a-subunit (containing bound GTP) is free to interact with and
activate the catalytic subunit of adenylyl cyclase. Activation of the
enzyme is terminated by the intrinsic GTPase activity of G_.a,
which then reassociates with fSy. 5So far as is knowm, the
interactions of receptors with other heterotrimeric G-proteins all

conform to this same model,

1.10.3. Interactions of G, and G; with the catalytic subunit of

adenylyl cyclase

Very little is known about the mechanism by which the
Gqa-GTP causes activation of adenylyl cyclase. What is clear,
howeve;, is that this subunit activates adenylyl cyciase until the GTP
is hydrolysed to GDP. Thus, the GTPase activity of the G-protein is the
rate-limiting step in the activation process. Since the rate of GTP
hydrolysis by G.ax is slow (<10 min'l), the rate of inactivation
ls equally slow (reviewed in Levitzki, 1987). However, when the agonist
In question mediates a receptor-dependent inhibition of adenylyl
cyclase, rather than activation, the G-protein involved, probably Gyn
(Simonds et al., 1989), and the mechanisms by which it interacts
with adenylyl cyclase are different and complex. Although the first
step in the process, GDP-GTP exchange, is ldentical to that involved in
enzyme activation, and the Gja-subunit probably dissociates from

the heterotrimeric G;, it may be the gy subunits of this complex

that exert most of the inhibitory effect by interacting with and
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inhibiting activated G,a-subunit (reviewed by Freissmuth et
al., 1989). The precise mechanism by which the gy from G4
brings about this inhibition is not clear, but one possibility would
involve stabilizing of the GTP-bound form of G,. However, direct
effects of the Gja or the fy-subunits on adenylyl cyclase

activity are also likely (reviewed by Birnmbaumer, 1990).

1.10.4. Catalyst

Forskolin, a diterpine that has been extensively used to study
the effects of cAMP, activates adenylyl cyclase (Seamon and Daly, 1981)
by interacting directly with the catalytic unit (Laurenza et al.,
1989). Recently, the purified 120 kDa adenylyl cyclase catalyst was
cloned from bovine brain and expressed in C0S-mé cells, Transfection of
the full length cDNA elevated the adenylyl cyclase activity in these
cells (Krupinski et al., 1989). The deduced amino acid sequence
predicts a 124 kDa polypeptide with potentially 12 membrane-spanning
domains (Krupinski, et al. 1989)., Two intracelliular domains within
the protein sequence are highly homologous to each other and to the

catalytic domain of guanylyl cyclases (Krupinski, et al., 1989).

1.11, cAMP-dependent protein kinase (cAMP-PK)

cAMP-activated protein kinases (cAMP-PK) have been described in

almost every cell type studied. c¢AMP-PK catalyses the transfer of the
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gamma-phosphate of ATP to protein Ser or Thr residues. The enzyme is
tetrameric with separate regulatory (R) and catalytic (C) subunits,
which dissociate in the presence of cAMP (reviewed in Beebe and Corbin,
1986; Edelman et al., 1987).

—
—
The free catalytic subunit catalyses the phosphorylation reaction., It
is generally accepted that there are two main types (Type I and Type II)
of cAMP-PK based on elution profiles from ion exchange columns and
sequence data (reviewed by Beebe and Corbin, 1986; Edelman et al.,
1987). The Type I enzyme has a molecular mass of 167 kDa and the Type
I1 kinase a molecular mass of 172 kDa. Both types of cAMP-PK have very
similar catalytic subunits. The molecular mass of the catalytic subunit
isolated from different sources is 38 kDa. The regulatory subunits have
been shown to differ significantly (reviewed by Beebe and Corbin, 1986;
Edelman et al., 1987). The molecular masses of the two regulatory
subunits, as deduced from sequence data, are 43 kDa (RI) and 45 kDa
(Rry). Also, the catalytic and regulatory subunits can be further
subdivided, based both on sequence data and tissue distribution
(reviewed in McKnight et al., 1988). There are no differences in

the catalytic activities of any of the different isozymes of the cAMP-PK
(reviewed in McKnight, et al., 1989), although there are differences

in the kinetics of subunit dissociation (reviewed by Edelman et al.,

1987). 1In platelets (Salama and Haslam, 1984) and in VSM (Silver et
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al., 1987), both soluble and particulate cAMP-PK activities have been
reported. In platelets, the Type I enzyme is membrane-bound and the
Type II enzyme is soluble (Salama and Haslam, 1984), whereas the
subcellular distribution.of these isozymes in VSM is variable (Edelman

et al., 1987).

The cyclic nucleotide binding sites of cAMP-PK are located on the
C-termini of the regulatory subunits. There are subtle differences in
the affinities of these sites (reviewed by Beebe aud Corbin, 1986;
Edelman et al., 1987). The site from which cAMP dissociates more
slowly is referred to as site I and that for which cAMP dissociates more
quickly is referred to as site II. Activation of the kinase by two
analogues, each selective for only one site, is synergistic. This is a
consequence of the positive cooperativity exhibited by the two sites
(reviewed by Beebe and Corbin, 1986; Edelman et al., 1987). Each
subunit of both the Type I and Type II enzymes can be phosphorylated by
various kinases (reviewed by Beebe and Corbin, 1986; Edelman et al.,
1987). Also, Ryy 1s autophosphorylated at Ser 95. This
autophosphorylation has been shown to inhibit reassociation of Ryg
with € (reviewed by Beebe and Corbin, 1986; Edelman et al., 1987).
Although Ry can be phosphorylated at Ser 99 by the c¢GMP-PK, the
physiological relevance of this effect is not clear (reviewed by Edelman

et al., 1987).
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1.12. Synthesis and function of cGMP
1.12.1. Synthesis of cGMP

The enzyme responsible for the formation of cGMP is guanylyl
cyclase. This enzyme catalyses the metabolic conversion of GIF to cGMP
and pyrophosphate. It is clear that up to three types of guanylyl
cyclase are present in many mammalian cells (reviewed by Waldman and
Murad, 1987). These enzymes can be separated on the basis of their
sub-cellular distribution, their kinetic parameters, and the different
mechanisms by which they are regulated (reviewed by Waldman and Murad,
1987; Tremblay et al., 1988; Shulz et al., 198%). Although
almost ail cells contain both soluble and particulate guanylyl cyclase
activities, and some a form that is bound to the cytoskeleton, the
amount of each type is cell specific. Platelets are unusual in that
they contain only the cytosolic guanylyl cyclase activity (Adams and
Haslam, 1978). Most types of smooth muscle contain both soluble and
particulate guanylyl cyclase activities (reviewed by Waldman and Murad,

1987).
1.12.2. Soluble Guanylyl Cyclase
Soluble guanylyl cyclase is a heterodimer with a molecular mass

of 150 kDa. The subunits of the dimer have masses of 70 kDa and 82 kDa,

respectively. Recently, a substantial amount of progress has been made
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in elucidating the structure of the enzyme (Kamisaki et al., 1986;
Koesling et al., 1988; Nakane et al., 1988; Nakane et al.,
1990). Both the 70 kDa and the 82 kDa subunits of the heterodimer have
been purified and cloned (Nakane et al., 1990; Harteneck et al.,
1990) and are coded for by different genes. A 200 amino acid domain in
the carboxy-terminal region of each subunit was homologous to the
putative catalytic domain of the adenylyl cyclase (Krupinski et al.,
1989). Although transfection of L-c.lls with either of the subunits
alone did not increase guanylyl cyclase activity, simultaneous
transfection with both subunits did so (Nakane et al., 1990;
Harteneck et al., 1990). Thus, expression of both subunits was

required for guanylyl cyclase activity.

The active form of guanylyl cyclase contains a heme residue.
Loss of this prosthetic heme group reduces the basal activity and
renders the enzyme unresponsive to nitric oxide (Cerzer et al.,
1981; Ignarro et al., 1989), 1Iron (Fe2+) and copper (Cu2+) are
both necessary for enzyme function (Gerzer et al., 1981), and
activation of the enzyme by nitric oxide is dependent on the oxidation
state of the iron (reviewed by Ignarro, 1989). However, the role of
copper in the catalytic activity of this enzyme remains unclear.
Activation of the enzyme requires GTP in a bivalent cation-complexed
form (reviewed by Waldman and Murad, 1987). Although in vitro many
bivalent cations can be used, Mg2+ is most probably the physiological

ion. However, most experiments are carried out with MnGTP because of
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the higher rate of catalysis that caiu be obtained with MnZ+ (reviewed
by Waldman and Murad, 1987). 1In addition, excess free bivalent metal
ions are also required for catalysis. Again, Mg2+ is thought to serve
this function (reviewed by Waldman and Murad, 1987). Activators of
soluble guanylyl cyclase are numerous and include nitric oxide and other
free radicals, oxidized fatty acids, and protoporphyrin IX. Although
there is a large amount of Iinformation available concerning activation
of soluble guanylyl cyclase by oxidized fatty acids and protoporphyrin
IX (reviewed by Waldman and Murad, 1987), the physiological relevance of

these effects is unclear.

Activation of soluble guanylyl cyclase by nitric oxide involves a
complex series of interactions between the free radical and the iron
containing heme-enzyme complex (reviewed by Ignarro, 1989). These
interactions, which are still poorly understoed, bring about a marked
change in the kinetic properties of the enzyme. The largest effect, and
that thought to be the basis for the increased catalysis, is an increase
in the Vmax (reviewed in Waldman and Murad, 1987; Ignarro, 1989).

While the basal activity follows Michaelis-Menten kinetics, once
activated, the enzyme shows a more complex kinetic behaviour (reviewed
by Waldman and Murad, 1987). A recent model of the nitric oxide-induced
activation of guanylyl cyclase proposes that the interaction of nitric
oxide free radical with the iron causes the iron to move out of the
plane of the porphyrin ring (reviewed by Ignarro, 1989). Since heme

containing displaced iron is structurally similar to protoporphorin IX,
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Ignarro (1989) concludes that this displacement is necessary for

activation,

There are a large number of compounds that can activate soluble
guanylyl cyclase by releasing nitric oxide, including NaNO,,
hydroxylamine, nitroglycerin, SNP, isosorbide dinitrate, SIN-1,
nitrosamines and amylnitrite (reviewed by Waldman and Murad, 1987). The
largest and best chavacterized group of pharmacological agents that act
in this manner are the nitrovasodilators. These compounds have been
shown to have significant effects on many cell types, including smooth
muscle and platelets (reviewed by Murad, 1986; Lincoln, 1989; Walter,
1989)., It is now widely accepted that the nitrovasodilators act by
releasing nitric oxide, either spontaneously or enzymatically, and that
their effects are the result of activation of soluble guanylyl cyclase
by nitric oxide. The physiological counterpart to the nitrovasedilator
is endothelium-derived relaxing factor (EDRF) (reviewed by Angus and
Cocks, 1989). This factor, initially described by Furchgott and
co-workers (Furchgott and Zawadzki, 1980) as a highly labile factor
produced and released by endothelial cells, has been the focus of much
study. The release of EDRF from endothelial cells can be stimulated by
a broad range of agents including acetylcholine, ADP, ATP, adenosine,

serotonin, bradykinin, substance P, thrombin and Ca2+

ionophore
(A23187) (reviewed by Angus and Cocks, 1989). Although the mechanism by
which the release of EDRF is coupled toc receptor activation is uncertain

a rise in [Ca2+i] has been shown to be of central importance
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{reviewed in Angus and Cocks, 1989). EDRF has been identified as nitric
oxide (Palmer et al., 1987) or S-nitrosocysteine (Myers et al.,
1990) and is synthesized from L-arginine. EDRF is constantly released
at low levels from vascular endothelium, even in the absence of specific
stimuli (reviewed by Angus and Cocks, 1989). The enzyme that catalyses
the conversion of L-arginine to nitric oxide is called nitric oxide
synthase. This enzyme is activated by Caz+/ca1modulin {Bredt and
Snyder, 1990) and similar activities have been reported in endothelial
cells (Palmer et al., 1988), smooth muscle cells (Woods et al.,
1990), platelets (Radomski et al., 1990 a,b), and many other types

of cells (reviewed in Angus and Cocks, 1989).

1.12.3. Particulate guanylyl cyclase

Inconsistent activation of guanylyl cyclase by nitric oxide led
investigators to propose that distinct regulatory mechanisms might
control the different isozymes (reviewed by Waldman and Murad, 1987).

In the early 1980s, factors that were isolated from medium in which sea
urchin eggs had been placed (egg-conditioned medium) were shown to be
potent activators of particulate guanylyl cyclase in these cells
(Hansbrough and Garbers, 198l; Garbers et al., 1982). Two of these
factors were called speract and resact. Shortly after the discovery
that speract and resact were small peptides, a 28 amino acid peptide
released by the atria of rat and human in response to increases in blood

volume, and capable of controlling blood pressure, was shown to
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stimulate increases in cGMP in many tissues (Hamet ec al., 1984
Waldman et al., 1984). This atrial-derived patriuretic factor (ANF)
is now called atrial natriuretic peptide (ANP). More recently, other
natriuretic peptides have been isolated from brain and heart (Sudoh et
al., 1988, 1990; Furuya et al., 1990). All these peptides are
structurally very similar, but they have been shown to act in a specles
and tissue-specific manner. Three peptides (speract, resact and ANP)
were specifically crosslinked to membrane-bound proteins that were shown
to co-purify with guanylyl cyclase activity (Paul et al., 1987:
Shimomura et al., 1986). Based on the co-purification of the 120
kDa ANP-receptor and particulate guanylyl cyclase, Kuno and colleagues
concluded that "both ANF binding and guanylyl cyclase activities reside
in the same macromolecular complex” (Kuno et al., 1986). However,
ANFP also binds to a protein with a molecular mass of 70 kDa. This
ANP-receptbr has been termed the "clearance receptor" and is thought to
control the plasma level of ANP by removing the hormone from the

circulation (Fuller et al., 1988).

Over the last 10 years, much progress has been made in the
elucidation of the structure and function of the particulate guanylyl
cyclase. Purification of the enzyme from sea urchin sperm, as well as
from rat lung, showed that both enzymes are glycoproteins with molecular
masses of 120-150 kDa (Garbers and Radany, 1981; Kuno et al., 1986).
Recently, the membrane-bound guanylyl cyclases from sea urchin

spermatozoa, rat brain, and human kidney have been cloned (Thorpe and
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Garbers, 1989, Chinkers et al., 1989, Lowe et al., 1989). The
deduced amino acid sequences indicate that all these enzymes have highly
homologous cytoplasmic regions, but that their extracellular
ligand-binding domains are very different. Garbers and colleagues have
deduced that there are two cytoplasmic demains (Schulz ec al.,
1989). One, near the carboxy-terminus, 1s homologous to the putative
catalytic domains of soluble guanylyl and adenylyl cyclases (Schulz et
al., 1989). The second, which is more N-terminal, shows homology with
the catalytic domain of the receptor family of tyrosine kinases (Schulz
et al., 1989). Although protein tyrosine kinase activity has not
been demonstrated, deletion of this region inhibited stimulation of
guanylyl cyclase activity by ANP but not the basal catalytic activity of
the enzyme (Chinkers and Garbers, 1989). Transfection of C0S-7 cells
with cDNA encoding the ANP-receptor/guanylyl cyclase polypeptide
resulted in a 1afge increase in both ANP binding and guanylyl cyclase
activity in the transfected cells (Lowe et al., 1989). Recently,
based on results obtained with specific antibodies and from radiation
inactivation experiments, an inhibitory component of this system has
been suggested (Ishido et al., 1989, Ohuchi et al., 1989). The
nature of this component, and its relationship to the ANP/GC molecular

complex is not clear.
1.13., cGMP-dependent protein kinase (¢GMP-PK)

The first mammalian cGMP-stimulated protein kinase activity was
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isolated from rat cerebellum by Hofmann and Sold (1972). Although this
kinase is not as ubiquitous as the cAMP-PK (see Section 1.11.), it has
been described in many mammalian tissues. Also, it is present in
significant amounts in platelets, smooth muscle and liver (reviewed by
Beebe and Corbin, 1986; Edelman et .al., 1987; Tremblay et

al., 1988; Walter, 1989). Although cGMP-PK activity is usually

soluble, particulate forms have been described (e.g. platelets and VSM)
(reviewed by Walter, 1989). Although more than 80% of the cGMP-PK
activity of platelets is associated with a particulate fractisu, much
less (25%) of the enzyme present in rat and rabbit aortic smooth muscle
is particulate (Ives et al., 1980; Walter, 1981). Another cGMP-PK
that is membrane-bound is the Type 1I enzyme found in the porcine
intestinal brush border (DeJonge, 1981). Whether the platelet enzyme

and the Type II enzyme are related has not been investipgated.

The bovine lung soluble cGMP-PK is the most extensively studied
iscenzyme and is referred to as Type I. This enzyme is a homodimer with
a native molecular mass of 150 kDa (reviewed by Beebe and Corbin, 1986;
Waldman and Murad, 1987). The monomer has been sequenced and contains
two cGMP-binding sites, as well as a catalytic domain (Takio et al.,
1984). cGMP-PKs isolated from other sources are both immunologically
and structurally similar to the bovine lung enzyme (reviewed by Edelman
et al., 1987). 1In contrast to activation of cAMP-PK, activation of
the cGMP-PK does not involve dissociation of the homodimers (reviewed by

Beebe and Corbin, 1987; Edelman et al.. 1987).
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Recently, two different isozymes of the Type .I enzyme have been

described in bovine aorta (Wolfe et al., 1989a). These enzymes have
been called Type Ix and Type If; the monomer of Ix has a
molecular mass of 78 kDa, whereas that of the I8 isozyme has a
molecular mass of 80 kDa. The Ia monomer was indistinguishable from
the subunit of the lung enzyme, whereas the 80 kDa monomer of the If
enzyme was different (Wolfe et al., 1989a). The kineties of
dissocilation of cGMP from the two binding sites of the I8 enzyme
were slower than from the Ia sites (Wolfe et al., 198%9a). Also,
based on limited sequence analysis, it is clear that the Ia and
IS monomers have have different N-terminal sequences (Wolfe et

al., 1989a).

1.13.1. <GHP binding sites

Each monomer contains two cGMP-binding sites (reviewed by Beebe
and Corbin, 1986; Edelman et al., 1987). These sites are homologous
to the cAMP-binding sites of the cAMP-PK, as well as to other cyclic
nucleotide binding sites on other proteins (e.g. the catabolite gene
ac:ivafor protein of E. coli) (Takio et al., 1984). The binding
selectivity of these sites for cGMP rather than cAMP has been shown to
be due to the presence of a Thr rather than an Ala residue (Weber et
al., 1989; Shabb et al., 1990). It has been suggested that
hydrogen bonding between the hydroxyl group of this Thr residue and the

2-amino group of cGMP stabilizes the interaction. The Ala residue in
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the cAMP binding-site of cAMP-PK would not allow such H-bonding to cccur
(Shabb et al., 1990). Although the two cyclic nucleotide binding
sites present in this protein are selective for cGMP, they do have
slightly different affinities for cGMP and its analogues. One site
(site I) binds cGMP with higher affinity than site II and is referred to
as the slowly exchanging site (reviewed by Beebe and Corbin, 1986).
Using cGMP analogues, it was shown that binding of cGMP to these sites
demonstrates positive cooperativity (reviewed by Beebe and Corbin;
Edelman et al., 1987), Thus, a synergistic activation of this
kinase similar to that seen with the cAMP-PK (Section 1.1l1.) was

achieved with analogues of different selectivity.

1.13.2. Catalytic domain

Based on sequence homology, the catalytic domain of cGMP-PK 1s
thought to reside at the C-terminal end of the protein (Takio et
al., 1984). Consistent with this, proteolyzed forms of the cGMP-PK
lacking N-terminal sequence retain catalytic activity and are sometimes

constitutively activated (Wolfe et al., 1989b).

Autophosphorylation of the cGMP-PK has been extensively studied
(reviewed by Beebe and Corbin, 1986; Edelman et al., 1987). 1t has
been shown that cyclic nucleotides that bind with lower affinity than
¢GMP (cAMP, cIMP) promote the autophosphorylation of the cGMP-PK

(reviewed by Beebe and Corbin, 1986; Edelman et al., 1987). Hofmann
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and Flockerzi (1983) demonstrated that both cGMP and cAMP caused
autophosphorylation of the kinase. However, significantly (10-fold)
higher concentrations of cAMP were required. Also, the extents of
phosphorylation caused by ¢GMP and cAMP are very different. Whereas
cGMP-stimulated autophosphorylation caused approximately 1 mol of PO,
to be incorporated per mol of enzyme, cAMP can stimulate the addition of
up to 2-3 mol of PO,/mol of enzyme (Aitken et al., 1984). The
sites phosphorylated are Ser 50, Ser 72, Thr 58 and Thr 84. All of the
potential phosphorylation sites of this kinase are located in the
N-terminal "hinge region" (reviewed by Edelman et al., 1987).
cAMP-mediated autophosphorylation of the cGMP-PK has profound effects on
the function of this enzyme causing a 10-fold reduction in the
concentration of cAMP required for activation and a 10-fold reduction in
the rate of cGMP dissociation from site I (Hofmann and Flockerzi, 1983,
Hofmann et al., 1985). The possibility that some cAMP-PK was
present during these experiments was not rigorously excluded and it
would be of interest to test the effects of cAMP on the very pure
preparations of cGMP-PK that are now available (Wolfe er al.,

1989a,b).

1.13.3. Activation

Much of the early work was based on knowledge acquired from

studies of the cAMP-PK (Section 1.11.). Until recently, it was thought

that the two identical monomers were positioned in an antiparallel
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manner such that one monomer regulated the activity of the other.
Although widely accepted (Beebe and Corbin, 1986; Edelman et al.,

1987; Tremblay et al., 1988; Walter, 1989), this mechanism was never
rigorously tested. Recently, utilizing a proteolytically cleaved form
of the bovine aortic If isozyme that retained cGMP-sensitivity,

evidence was obtained that the catalytic and inhibitory domains interact
primaril} within the same subunit, rather than between subunits (Wolfe
et al., 1989b). These findings have still to be applied to the

function of the unproteolyzed enzyme but imply a new model of cGMP-PK

activation (Wolfe et al., 1989b).
1.14, Cyclic nucleotide phosphodiesterases

Cyclic nucleotide phosphodiesterases (PDEs) catalyse the
hydrolysis of cyclic nucleotides and play very important regulatory
roles in ecyclic nucleotide-based signal transduction systems (reviewed
by Beavo 1988, 1990). Both cyclic 2',5'- and 3',5'-nucleotide PDEs are
known to exist in nature but only enzymes of the latter group that
preferentially hydrolyse cAMP and/or cCGMP will be discussed, since the
bulk of the work described in this thesis relates directly to the roles

of these two cyclic nucleotides in the control of platelet and VSM

function,

Over the last 15 years, there has been a rapid increase in the

amount of information available concerning the structures and the
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functions of the different eyclic nucleotide PDEs. Also, several
mechanisms by which different types of PDEs are regulated have been
elucidated (Beavo 1988;: 1990), Several different nomenclatures for PDEs
have been adopted by different groups (Thompson et al., 1971, Hidaka
and Asano, 1976; Welshaar et al., 1986; Beavo et al., 1988). 1In
the earlier systems, PDEs were identified and classified on the basis of
their order of elution from ion exchange columns (Thompson et al.,

1971; Hidaka and Asano, 1976, Hidaka and Endo, 1984, Welshaar et

al., 1986). Since the profiles of PDE activities obtained using these
chromatographic procedures tended to be tissue specific, these systems
did not allow ready tissue to tissue comparisons of PDE activities, and
hence were clearly inadequate. In this thesis, a nomenclature based on
verf specific criteria will be adopted. These criteria are: 1) the
preferred cyclic nucleotide hydrolysed at physiological concentrations;
2) the cofactors required for.activity; and 3) the effects of
pharmacological inhibitors. This system, taken from two recent reviews
(Beavo 1988 and 1990), allows direct comparisons of PDE activities from
different tissues, based on their catalytic activities and their
regulatory mechanisms, rather than on their affinities for

DEAE-cellulose.

Even though the hydrolysis of cyclic nucleotides would normally
be regulated in a concerted manner by all the active PDE enzymes present
in a particular cell, for the purpose of clarity, the different PDis

will be discusses individually in this Introduction. Special attention
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will be directed to the platelet and VSM enzymes and to the
physiological and pharmacological effects thought to be mediated by

these enzymes.

1.14,1. Type I: Caz+/calmodulin-accivated phosphodiesterases

(¢ca?* /calmodulin-PDE)

As the name implies, this type of PDE is activated by caZ* and
calmodulin, This PDE has been shown to contribute to cyclic nucleotide
breakdown in almost every mammalian cell studied. However, in heart and
brain the Caz+/ca1modulin-PDE constitutes a large percentage of the
PDE activity and has therefore been most extensively studied in these
tissues (reviewed by Wang et al., 1990). Both immunological and
classical column purification methodologiés have suggested the existence
of different isczymes of Ca2+/calmodulin-PDE (reviewed by Wang et
al., 1990). In one instance, the different isozymes have been shown
to arise as a result of alternate splicing of the primary RNA transcript
{(Charbonneau et al., 1986). Although most of the enzymes of this
type are homodimers with native molecular masses of 150 kDa, larger
isozymes have been described (reviewed by Wang et al., 1990). In
victro, these enzymes can be activated up to 20-fold by Ca2+ and
calmodulin. Most of the isozymes of this family preferentially
hydrolyse cGMP and often have K values for cAMP that are at least 50
times higher than those for cGMP (Keravis et al., 1987). However,

in some instances (e.g. bovine lung), similar affinities for cGMP and
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cAMP have been reported (Sharma et al., 1986),

There have been conflicting reports concerning the presence of
this type of cyclic nucleotide PDE in platelets. Hidaka and Asano
(1976) and Simpson et al. (1988) reported a human platelet

2+ and

cGMP-selective PDE that was potently activated by Ca
calmodulin, In marked contrast to these results, Weishaar et al.
(1986) found that the hydrolysis of cGMP in lysates of human platelets

2+ and calmodulin,

was completely insensitive to the presence of Ca
Also, a selective inhibitor of this enzyme, vinpocetine, had no effect

throﬁbin-induced aggregation of human platelets (Hidaka and Endo, 1984).

A Ca2+/ca1modu11n-PDE activity has been isolated from VSM.
This enzyme, sometimes referred to as FII or PDEI, was shown to
hydrolyse cGMP preferentially (Weishaar et al., 1986). It has been
suggested that activation cf this PDE could explain the

receptor-mediated Ca2+

-dependent decreases in ¢GMP and cAMP that have
observed in some experiments (reviewed by Wang et al., 1990). Also,
vinpocetine caused significant reductions in vascular tone in rabbit
aorta (Hidaka and Endo, 1984), The effects of Ca2+/ca1modulin-

PDE inhibitors were markedly enhanced when used on rabbit aorta that had
previously been incubated with the contractile agent (Ahn et al.,

1989), Thus, these inhibitors were shown to cause significant increases

in the levels of smooth muscle cyelic nucleotides in the presence of

norepinephrine, but not in the absence of this agent. These authors
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concluded that the effects of these compounds would depend on the
contractile state of the muscle (i.e. on [Caz+i]) (Ahn et al.,

1989).

Activation of the purified enzyme in vitro is potently
inhibited by calmodulin antagonists. In addition, PDE inhibitors such
as IBMX, M&B 22,948 and l-methyl-3-isobutyl-8-methyl xanthine inhibit
both the basal and stimulated activities of the enzyme (reviewed by Wang
et al., 1990)., The Ca2+/ca1modulin-PDE is phosphorylated by both
cAMP-PK and Ca2+/ca1modulin-dependenL protein kinase in vitro and
although the physiological importance of these phosphorylation reactions

are unclear, a working model has been proposed (Wang et al., 1990).
1.14.2. Type II: cGMP-stimulated cAMP phosphodiesterases (cGS-PDE)

This enzyme was first described iIn the soluble fraction of liver
(Beavo et al., 1971) but is found in many different types of cells
(reviewed by Manganiello et al., 1990). cGS-PDEs isolated from
brain and heart are homodimers with native molecular masses of about 200
kDa and a monomeric molecular mass of 105 kDa. Although in vitro
this enzyme can hydrolyse either cGMP or caAMP wich positively
cooperative kinetics, at physioclogical concentratlions of these cyclic
nucleotides, the enzyme preferentially hydrolyses cAMP (reviewed by
Beavo, 1988; Manganiello et al., 1990}, In many tilssues, there are

both soluble and particulate cGS-PDEs. Although these enzymes have
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similar kinetics, they are distinct proteins with different primary
structures (reviewed by Manganiello et al., 1990, Trong et al.,

1990).

The stimulation of cAMP hydrolysis by <GMP is mediated by the
binding of c¢GMP to an allosteric site (Wada et al., L987). This
cGMP binding site is homologous to the ¢GMP binding sites present on
many other PDE enzymes (Beavo and Reifsnyder, 1990; Charbonneau, 1990).
By binding to this allosteric site, cGMP brings about a reduction in the
K, for cAMP but has no effect on the V . of this enzyme for cAMP
(reviewed by Beavo, 1988; Manganiello et al., 1990). Although
maximum stimulation of cAMP hydrolysis is obtained with 10 uM cGMP,
concentrations of cGMP as low as 80 nM have a significant effect. At
high concentrations, cGMP inhibits the hydrolysis of cAMP (Wada et
al., 1987; Grant et al., 1990). This effect is presumably due to
competition with cAMP for the active centre (reviewed by Manganiello
et al., 1990). IBMX and other methyl xanthines have been shown to
enhance the binding of c¢GMP to the non-catalytic cGMP-binding site (Miot

et al., 1985; Beavo and Reifsnyder, 1990).

Although a cGS-PDE has been purified from platelets (Grant et
al., 1990}, no evidence has yet been presented for the presence of the
enzyme in smooth muscle, The ¢GS-PDE purified from human platelects
appears to be structurally and kinetically very similar te the heart and
brain enzymes (Grant et al., 1990). This platelet PDE is cytosolic

and has a monomeric molecular mass of 105 kba (Grant et al., 1990).
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The enzyme, which requires Mg2+ for both basal and stimulated

catalytic activity, was not affected by addition of ca?* and

calmodulin. Although in vitro the platelet enzyme hydrolysed both

c¢GMP and cAMP at roughly equal maximal rates, at physiological
concentrations of these cyclic nucleotides, the preferred substrate was
cAMP. Although PDE inhibitors such as IBMX or papaverine inhibited the
enzyme, 10-fold higher concentrations of these agents were required than
for inhibition of the platelet cGMP-inhibited cAMP-PDE (Grant et

al., 1990).

This PDE has been shown to play important physiological roles in
heart, adrenal cortex and other tissues. In heart, the presence of this
enzyme may explain why compounds that increase cGMP reduce cAMP-mediated

increases in Ca2+

currents (Hartzell and Fischmeister, 1986). In
adrenal cortex, ¢GS-PLE is thought to mediate indirectly the inhibitory
effects of ANP on aldosterone production. Thus, in this tissue the
enzyme is located only in the region responsible for aldostercne
synthesis (zona glomerulosa) (Gallant et al., 1974; MacFarland et

al., 1991). A similar effect of ANP on the cAMP content of human

fibroblasts has also been reported (Lee er al., 1988).
1.14.3. Type III: cGMP-inhibited cAMP phosphodiesterases (cGI-PDE)
Weber and Appleman (1982) first described this activity in rat

adipose tissue. Later, Grant and Colman (1984) purified a low K, cAMP

PDE from human platelets that was inhibited by submicromolar
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concentrations of cGMP. A similar enzyme was subsequently purified from
bovine heart by Harrison et al. (1986). The enzyme isolated from

heart displayed similar kinetics to the platelet enzyme. Thus, these
enzymes hydrolyse cAMP and cGMP with K values in the submicromolar
range; the Viax for caMP is 10-fold higher than for cGMP. The Ky

for inhibition by cGMP is very similar or identical to the K, for chis

" eyelic nucleotide. This PDE activity is inhibited by the classical
PDE-inhibitors, but there is also a group of highly selective inhibitors
of this enzyme. These include cilostamide {(Hidaka et al., 1979),
milrinone (Silver et al., 1988), anagrelide (Gillespie, 1988),
siguazodan (Murray et al., 1990), and other inotropic compounds. In
fact, a substantial body of evidence suggests that the ability of these
compounds to affect cellular function correlates with their ability to

inhibit this enzyme (see below and Weishaar et al., 1987).

1.14.3.1. Platelet ¢GI-PDE

A cGI-PDE like activity was first described in platelets by
Hidaka and Asano (1976). Later, Graqt and Colman (1984) purified this
cGI-PDE from human platelets. The enzyme isolated by the latter workers
was cytosolic and accounted for over 80% of the total cAMP PDE activity
present. This ¢GI-PDE had an apparent monomeric molecular mass of 61
kDa, as determined by SDS-PAGE, and of 140 kDa, as determined by gel
filtration. The K values for both cAMP and cGMP were submicromolar

and the purified PDE hydrolysed cAMP at a rate of 2.5 umol/min/mg of
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protein.

Using an antibody to the cardiac enzyme, MacPhee et al.
(1986) demonstrated that the enzyme purified by Grant and Colman (1984)
was a proteolysed form of a 110 kDa protein; the intact protein was
shown to be highly susceptible to proteolysis (MacPhee et al.,
1987). Moreover, cGI-PDE appears to be activated by proteolysis
(MacPhee ¢r al., 1987). The platelet ¢GI-PDE is potently inhibited
by the inotropic compounds Ro 15-2041, milrinone and cilostamide, as
well as by eGMP. In all cases, ICgy values were submicromolar (Ro
15-2041, 0.13 uM; cilostamide, 0.04 pM; milrinone, 0.46 uM;

cGMP, 0.13 uM).

Platelet cGI-PDE can be activated by incubation of platelets with
high concentrations of PG12 or forskolin (Grant et al., 1985;
MacPhee et al., 1989). This activation was shown to be due to a
cAMP-PK-mediated phosphorylation. The role of this enzyme in the
homeostasis of cAMP in platelets has been studied using inhibitors, such
as cilostamide and milrinome. Potent inhibition of platelet function by
these compounds added alone, or in combination with activators of
adenylyl cyclase, has consistently been observed (Hidaka, ec al.,
1979; Hidaka and Endo, 1984; Machleidt et al., 1985; MacPhee et

al., 1986; Murray et al., 1990; Lindgren et al., 1990).
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1.14.3.2. VSM cGI-PDE

Cilostamide, and other compounds known to inhibit the cGI-PDE
relax VSM and potentiate the effects of activators of adenylyl cyclase
(Lugnier et al., 1986; Schoeffter et al., 1987; Kauffman et
al., 1987; Tanaka et al., 1988: Silver et al., 1988; Harris
et al., 1989; Ahn et al., 1989; Silver et al., 1989;

Lindgren et al., 1990). Also, cilostamide increases the level of

cAMFP in VSM (Schoeffter et al., 1987; Lindgren et al., 1990).

cGI-PDE has recently been purified from rat and bovine aorta (Rascon

et al., 1989), The bovine aortic enzyme had a native molecular mass

of 105 kDa, as determined by $DS-PAGE, and cross-reacted with an
monoclonal antibody directed against the bovine heart cGI-PDE. Also,
the enzyme was kinetically similar to the ¢GI-PDE enzymes isolated from

platelets and heart and was a substrate of cAMP-PK.
1.14.3.3, Cardiac ¢GI-PDE

This cGI-PDE was initially described in heart by Donnelly et
al. (1978) and later pﬁrified from this tissue by Harrison et al.
(1986). Although the bovine heart cGI-PDE was cytosolic, the
subcellular location of this enzyme in cardiac tissue seems tc be
species-specific (reviewed by Manganiello et al., 1990). The bovine
heart isozyme was shown to be immunologicall? indistinguishable from the

platelet enzyme (Harrison et al., 1986). Also, the native molecular
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mass and kinetic characteristics of these enzymes were virtually
identical. Although both cytosolie and particulate cGI-PDEs can be
obtalned from heart tissue, it is still not clear whether they represent
the same enzyme or distinct proteins (Harrison er al., 1986).
Interestingly, cardiotonic compounds have been shown to be much more
active in species in which the enzyme is particulate than in those in
which it is predominantly soluble (reviewed by Manganiello et al.,
1990). 1In the former species (man, monkey), there is also a very good
correlation between the effectiveness of cardiotonic drugs and their
abilicy to inhibit the eGI-PDE (Kauffnan et al., 1986; Harrison et
al. 1986; Ahn et al., 1986). However, there have been no reports
that inhibition of this enzyme by cGMP is of physiological or

pharmacological importance.

1.14.3.4. Adipocyte cGI-PDE

A particulate low K cAMP PDE that is potently inhibited by
either cGMP or cilostamide has also been purified from rat and bovine
adipose tissue (Degerman et al., 1988). In both species, the
molecular mass of the enzyme was 110 kDa and the K, values for cAMP
and cGMP were both submicromolar. Although this enzyme was very similar
to those previously purified from platelets and heart, the adipocyte
¢GI-PDE was particulate and hydrolysed cGMP at a relatively faster rate
(reviewed by Manganiello et al., 1990). Adipocyte cGI-PDE is

activated by lipolytic agents, as well as by insulin (reviewed by
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Manganiello et al., 1990). Although it is clear that the lipolytic
agents (e.g. glucagon) activate the PDE via a cAMP-PK-dependent
mechanism, the reaction that causes activation by insulin is less clear
(reviewed by Manganielleo et al., 1990). <GI-PDE is synergistically
activated when the tissue is simultaneously incubated with lipolytic
agents and insulin. Direct inhibition of this enzyme by cGMP in intact

cells has not been reported,

1.14.3.5, "Dense-vesicle"” PDE

Liver contains a large number of distinct PDEs (reviewed by
Houslay and Kilgour, 1990). To date, three particulate and five soluble
enzymes have been reported. One of the particulate enzymes, the
"dense-vesicle" PDE (Heyworth et al., 1983) is a low K cAMP-PDE
that is potently inhibited by cGMP (Pvne et al., 1987). This enzyme
has a native molecular mass of 112 kDa, and a monomeric melecular mass
of 60 kDa (Pyne et al., 1987)., Antibodies to both the platelet and
heart enzymes recognize this liver enzyme (Pyne et al., 1987).

Although this enzyme is also activated by insulin, very little is known
about the mechanism(s) by which this activation occurs (reviewed by

Houslay and Kilgour, 1990).



1.14.4. Type IV: Ro 20-1724 inhibited cAMP-phosphodiesterases

{Rol-PDE)

This enzyme, a low Km cAMP PDE, was first purified from dog
kidney by Thompson et al. (1979). Since this initial description,
PDEs with similar kinetics and sensitivity to inhibitors have been
deseribed in brain (Davis, 1984; Nemoz et al., 1989), liver
(Marchmont et al., 1981), heart (Nemoz et al., 1989; Weishaar
er al., 1987), lung (Moore and Schroedter, 1982) and monocytes (Livi
et al., 1990)., The enzyme from brain and a very similar enzyme from
Drosophila {dnc'y (Chen et al., 1986}, have both been
extensively studied. The dnc gene, and hence this low K PDE is
missing in a Drosophila mutant dnc”. Loss of the Drosophila
enzyme has been related to learning impairment in this species (Chen
el al., 1986). Interest in the brain enzyme has been fueled by the
fact that the prototypical inhibitor of this enzyme (Ro 20-1724) is a
structural analopue of the antidepressant drug, rolipram (Horowski and
Sastre-Y-lernandez, 1984). The enzyme is absent from platelets
(Lindpren et al., 1990) but is present in VSM in which it
contributes significantly to the hydrolysis of cAMP (Schoeffter et
al., 1987), Thus, Ro 20-1724 relaxes VSM and potentiates the effects

of activators of adenylyl cyclase (Lindgren et al., 1990).

Rol-PDEs have been extensively studied (reviewed in Conti et

al., 1990). The enzyme has a low K for cAMP (< 1 uM) and a
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relatively high K for cGMP (> 50 pM). At low uM

concentrations, cGMP does not affect the hydrolysis of cAMP by this
enzyme. The V_ .. for cAMP hydrolysis calculated for these ensymes is
high, in most preparations around 1 gmol/min/img, of protein. The

actual molecular masses of the native enzymes, as determined by
conventional biochemical methods, are still a matter of contention.
Values between 45 and 135 kDa have been obtained, whereas estimates of
subunit molecular masses range from 45 to 74 kDa (reviewed by Conti et
al., 1990). Recently, an Rol-PDE from human monocytes was cloned; the
cDNA encoded a 686 amino acid (approximately 77 kida) protein (Livi ot
al., 1990). This enzyme was homologous to isozymes cloned from rvat
brain, as well as to the Drosophila PDE (Livi et al., 1990). In

iiver, RoI-PDE activity has been ascribed to a plasma membrane vhE that
seems to be regulated by both insulin and glucagon and is distinct from

the "dense vesicle PDE" (reviewed by Houslay and Kilgour, 1990).

1.14.5. Type V: cGMP-specific phosphodiesterases (cGMP-specific

PDE)

1.14.5.1. Lung and platelet cGMP-specific PDE

Although these enzymes will hydrolyse cAMP, rates of cGMP
hydrolysis can exceed those for cAMP by as much as 50-fold. Originally
described in lung and platelets (Hamet and Coquil, 1978), this enzymec

has now been reported in a large number of cells (reviewed in Francis
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et al., 1990). The lung and platelet enzymes are both homodimers
with native and monomeric molecular masses of 177 and 93 kbDa,
respectively., Both enzymes have very similar kinetic properties
(reviewed in Francis et al., 1990). These enzymes also have a
high-affinity non-catalytic cGMP-binding site, similar to that described
for the cGS-FPDE (Beavo and Reifsnyder, 1990). Binding of cGMP to the
high-affinity non-.catalytic site(s) is stimulated by IBMX (Hamet and
Coquil, 1978). The precise mechanism by which methyl xanthines exert
this effect is not known, However, it may be that this interaction
reflects a mechanism by which catalytic and allosteric domains can
communicate {Hamet and Coquil, 1978; Tremblay et al., 1988). The
cGMP-specific PDE can be phosphorylated by both the cAMP-PK and cGMP-PK,
but phosphorylation is only possible when CGMP is present (reviewed by
Francis et al., 1990). Recently, Thomas et al. (1990) reported

that both cyclic nucleotides induce phosphorylation of a common site.
1.14.5.2. The smooth muscle enzyme

cGMP-specific PDE has not been extensively studied in VSM or
purified to homogeneity from this tissue. Moreover, in a recent paper,
Weishaar et al. (1990) reported that the main peak of
cGMP-hydrelysing activity in rabbit aortic smooth muscle was actually
composed of three distinct enzymes. One of these was a cGMP-specific
PDE. This enzyme was not stimulated by Caz+/ca1modulin. The K for

cGMP was 0.6 uM, whereas the Kn for cAMP was »>20 uM. Also,
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the enzyme was potently inhibited by the PDE inhibitor M&B 22,948
(zaprinast). M&B 22,948 also causes marked potentiations of the effects
of nitrovasodilators (Kukovetz et al., 1979; Martin et al.,
1986). Moreover, in aorta, pulmonary artery and coronary artery,
M&B 22,948 potentiated the relaxant effects of ANP (Weishaar ecr al.,

1990).
1.14.5.3. Rod and cone cGMP-specific PDEs

Rod and cone cGMP PDEs are alsn members of the ¢GMP-specific PDE
family (reviewed by Gillespie, 1990). However, these enzymes are
structurally different from the lung and platelet enzymes (reviewed in
Gillespie, 1990). Both the rod and cone cGMP-specific PDE are composed
of 3-4 subunits, most of which have been well-characterized. The bovine
rod PDE is a tetramér with an afyy structure (Deterre et
al., 1988). The a and g subunits are 88 kDa and 84 kDa
proteins, respectively, and analysis of their sequences indicates that
they are highly homologous (Tetuja et al., 1990). The 11 kDa
7-subunits are inhibitory, and dissociate when the enzyme is
activated (Tuteja et al., 1990). Both the rod and cone cGMP PDEs
have high-affinity, non-catalytic cGMP-binding sites (Beavo and

Reifsnyder, 1990).
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1.14.6. Structure/function relationships between PDEs of different

families

Detailed analysis of the sequences of many diffcrent FUEs has
shown that most are chimeric proteins in that they contain multiple
functional domains in distinct parts of their overall structure (Beavo,
1988; Beavo and Reifsnyder, 1990; Charbonneau, 1990). Also, analysis of
their sequences indicatas that many of these regions are highly
conserved. One such highly-conserved region is a C-terminal stretch of
250-270 residues (Charbonneau, 1990). Based on sequence homology, this
region is thought to represent the catalytic domain (Charbonneau, 1990,
Beavo and Reifsnyder, 1990). Similarly, analysis of the sequences of
those PDEs that are under allosferic control by cGMP has indicated that
there is an N-terminal cGMP-binding region that is also conserved. More
information will become available when additional PDEs have been
sequenced, but it is already clear that although different PDEs have
distinct functions, they are members of a group of structurally related

enzymes (Beavo and Reifsnyder, 1990, Charbonneau, 1990).

1.15. Thesis objectives

As described above, the cellular levels of cAMP and cGMP are
determined by specific cyclases and PDEs. In most cells, cAMP and cGMP
have been assumed to be components of independent parallel second
messenger systems. My objectives were to investigate whether there are
interactions between cAMP and cGMP in the regulation of platelet and

VSMC function,
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2.1. Materials

2.1.1. Animals

Male New Zealand White rabbits were obtained from Maple Lane
Farms (Clifford, Ont., Canada), and male Wistar-Kyote (WKY) rats were

supplied by Harlan Sprague Dawley (Indianapolis, IN, U.S.A.}.

2.1.2. Radiochemicals and scintillants

[2,8-3H1Adenine (34-38 Ci/mmol) and [8-3H]guanosine (95
Ci/mmel) were from ICN (Irvine, CA) and [8-3H]guanine (16 Ci/mmol) was
from Amersham (Oakville, Ont. Canada). cAMP and cGMP
12SI-radioimmunoassay kits, [U-laC]ATP {538 mCi/mmol), [U-laC]GTP
(440 mCi/mmol}, [3-1hC]cAMP (50 mCi/mmol}, [2,8-3H]cAMP (35 Ci/mmol)
and [3H]hypoxanthine (26 Ci/mmol) were obtained from Du Pont Canada
(Mississauga, Ont., Canada). [8-1AC]CGMP (52 mCi/mmol),
[side-chain-Z-laC]S-HT and ACS aqueous counting scintillant were
supplied by Amersham (Oakville, Ont., Canada). HP/b scintillant was

from Beckman Instruments (Toronte, Ont., Canada).

2.1.3. Fine chemicals and pharmacological agents

SNP, (-)-isoproterenol-(+)-bitartrate, phenylephrine, carbachol,

protein standard solution, all nucleotides, PGEI, HEPES, PIPES, bovine
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serum albumin Fraction V (BSA), rabbit hemoglobin,
cyclic-~3’,5'-nucleotide PDE were all from Sigma (St. Louis, MO,

U.S.A.). Digitonin was obtained from Calbiochem-Behring (La Jolla, CA,

U.5.A.).

2.1.4, Chromatographic supplies

Charcoal (Darco G-60) was from Fisher Scientific (Toronto, Ont,
Canada) and Celite 535 from Johns Mansville (New York, NY, U.S.A.).
Neutral alumina (WN-3) was obtained from Sigma (St. Louis, MO, U.S5.A.)
and Dowex-50 resin (AG 50W-X8, 100-200 mesh, Ht form) from Bio-Rad
Laboratories (Mississauga, Ont,, Canada). Cellulose MN 300 HR powder,
cellulose MN 300 HR prefabricated plates and MN 300 PEI/UVsg,
prefabricated sheets were purchased from Brinkman Instruments (Toronto,

Ont., Canada).

2.1.5. Tissue culture materials and other supplies

Dulbecco's modified Eagle’'s medium (DMEM), Hanks balanced salt
solution (HBSS), fetal calf serum (FCS), antibiotic-antimycotic solutiocn
(lyophilized mixture centaining penicillin, streptomycin and
amptotericin B) (AAS) and all tissue culture plates, dishes and flasks
were purchased from GIBCO Canada Inc. (Burlington, Ont., Canada).
Polypropylene microtubes with pestles were from Mandel Scientific

(Guelph, Ont., Canada).
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2.1.6. Pharmacological agents supplied as gifts

SIN-1 was from Casella-Riedel (Frankfurt am Main, Germany), M&B
22,948 from May & Baker Ltd. (Dagenham, U.K.) and Ro 20-1724 from F.
Hoffman La Roche (Nutley, NJ, U.S.A.). Cilostamide was generously
provided by Dr. H. Hidaka of Nagoya University (Nagoya, Japan) and DDA
by Dr. R. A. Johnson of Stonybrook University (Stonybrook, NY, U.S.A.).
PAF (Ro 148161, synthetic l-O-octadecyl-2-0- acetyl-sn-
glycero-3-phosphocholine) was provided by Dr. H. R. Baumgartnec of F.
Hoffmann La Roche and Co. (Basel, Switzerland). PAF was disolved in
ethanol and then diluted to a concentration of 0.1 mM with 0.154 M NacCl
containing 3.5 mg of crystallized BSA/ml and 5 mM HEPES, pH 7.4, before

use,

2.2. Methods

2.2.1. Preparation of washed rabbit platelets

Blood was obtained from pentobarbitol anaesthetized male New
Zealand White rabbits (2-3 kg) by cannulation of the carotid artery.
The blood was collected into syringes containing 0.175 vol. of
acid-citrate- dextrose (ACD) anticoagulant (Aster and Jandl, 1964) .
Platelet-rich plasma (PRP) was prepared by centrifugation of the blood
at 160 Bay (280 Bnax) for 15 min at room temperature. Platelets

were isolated by centrifugation of the PRP at 2000 Bay (3420 g ..)
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for 15 min and resuspended in modified Tyrode's solution containing 5 mM
PIPES (adjusted to pH 6.5 with NaOH), 0.35% BSA, 30-60 ug of

apyrase/ml and 0.26 mM EGTA (Ardlie et al., 1970). Platelets were
resuspended in 10 ml of the modified Tyrode's solution/rabbit. The
suspension was centrifuged at 1400 g,,, (2500 g ) for 10 min and

the platelets resuspended in the same Tyrode’s solution, but without
EGTA, at a platelet concentration of 2.3 % 109 platelets/ml. This
suspension was used for incubation of platelets with radiolabelled

compounds.
2.2.2. Preparatioﬂ of washed rat platelets

WKY rats (225-350 g) were anaesthetized with diethyl ether. The
blood was collected into 0.175 vol. of ACD by cardiac puncture using a
23 gauge needle. Preparation of PRP and the subsequent isolation of
platelets from the PRP were as described for rabbit blood (Section

2.2.1.).

2.2,3. Labelling of washed platelets

Rabbit and rat platelets were isolated by differential
centrifugation and washed at room temperature (Section 2.2.1.). The
platelets were first incubated at room temperature with 2 uM
[3H]guanine (7.4 Ci/mmol, rabbit platelets) or [3H]guanosine (5

Ci/mmol, rat platelets) in order to label the platelet metabolic GTP
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pool. Following uptake of about 70% of the {3H]guanine {(45-60 nmin), 4
HM [3H]adenine (4.0 Ci/mmol) was added to the suspension in order
to label the metabolic ATP poocl. The suspension was incubated for a
further 45-60 min, after which approximately 70% of the [3H]adenine
had been taken up. It was necessary to add [3H]adenine after
[3H]guanine because at these concentrations the former inhibited the
uptake of the latter (but not vice versa, Fig. 2.1). In experiments in
which platelet cGMP and cAMP were also determined by radioimmunoassay,
platelet suspension was incubated with unlabelled 2 pM guanine for
60 min and with 4 pgM adenine for a further 60 min, to ensure that
the platelets used were as similar as possible to those incubated with
the 3H-labelled bases. When required to permit subsequent
measurements of platelet degranulation, 1 uM IIAC]S-HT was added
at the same time as [3H]adenine to label the platelet dense granule
contents. Uptake of [IQCJS-HT amounted to about 75%. After
incubation with either labelled or unlabelled guanine and adenine, the
platelets were again isolated by centrifugation and resuspended at
4,2-4.8 x 108 platelets/m)l in Tyrode’s solution (with Ca2+)
containing 3-6 ug of apyrase/ml and 5.0 mM HEPES, pH 7.35. This
medium was warmed to 37°C before resuspension of the platelets. The
actual platelet concentration in the final resuspension solution was
chosen to give a platelet concentration of 4 x 108 platelets/ml when

samples were incubated with drugs.
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2.2.4, Platelet incubation conditions

Samples of platelets were incubated at 37°C with additions
giving a‘final volume of 0.5 - 1.2 ml. Additions were dissolved in
0.154 M NaCl where possible, or in DMSO (M&B 22,948, cilostamide and Ro
20-1724). VThe final concentration of DMSO (maximum of 0.2% v/v) was the
same in all samples in each experiment in which it was used. When
cyclic [3H}nuc1eotides were determined, incubations were terminated by
mixing part or all of each sample with sufficient ice-cold
trichlorocacetic acid to give a final concentration of 5% (w/v).
[th]cGMP and [1QC]cAMP (approximately 700 d.p.m. of each) were then
added to each sample to permit measurement of the recovery of each
cyclic nucleotide. In some rabbit platelet experiments, 0.5 ml of each

incubation mixture was also utilized for measurement of platelet

aggregation or the release of [IAC]S-HT (Section 2.2.5.).
2.2.5. Measurement of platelet aggregation and degranulation

These were studied at 37°C in a Payton Aggregation Module
(Payton Associates, Scarborough, Ont., Canada). Samples of platelet
incubation mixture (0.5 ml containing 2 x 108 platelets) were stirred
in siliconized aggregometer tubes with 10 pl of buffer with or
without 10 nM PAF. The extent of aggregation was measured as the
decrease in absorbance after 30 s or 60 s, When the release of granule

{IAC]S-HT was determined, aggregation and degranulation were
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terminated by addition of 200 ul of ice-cold 0.154 M NaCl containing
1.5% formaldehyde and 5 mM EDTA. The samples were centrifuged at 12,000
x g for 2 min and 0.5 ml of the supernatant from each sample was
transferred to a liquid scintillation vial containing 8.0 ml of HP/b
scintillant. This mixture was counted by liquid scintillation to
determine the [laC]S—HT in the supernatant. The [IAC]S-HT released
by PAF was expressed as a percentage of the total [IACJS-HT in the

platelets,

2.2.6. Subeulture and labelling of VSMC

The cultured VSMC were derived from explants of 4 week old WKY
rats and supplied by Dr. R.M.K.W. Lee of the Department of Anaesthesia.
The cells were grown in 24 (1 cm) well culture dishes. The seeding
density was variable, but always allowed confluent cultures to be
obtained within 2-3 days. At confluency, each well contained
approximately 5 X 10° cells (about 100 ug of protein). Cells were
grown in DMEM supplemented with 10% FCS and 1% AAS on the day of
subculture. Once confluent, the medium was removed from each well and
the cells were covered with 0.5 ml of fresh medium containing
[3H]hypoxanthine at a concentration of 2 gM and a specific
activity of 10 Ci/mmol. Incubation was continued for 16-18 h at 37°C
in an incubator with a controlled atmosphere of 95% air and 5% C0O,.
Following the incubation, the medium was removed and the cells were

washed 3 times with HBSS at 37°C. The cells were then covered with
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0.45 ml of fresh HBSS and returned to the incubator before the assay.

2.2.7. VSMC incubation conditions

Each well of cultured VSMC was Incubated at 37°C with additions
to give a final volume of 0.5 ml. Additions were dissolved in either
0.154 M NaCl or DMSO {(Ro 20-1724, cilostamide), when necessary.
Incubations were terminated by addition of 0.5 ml of ice-cold 10% (w/v)
trichloroacetic acid. IIAC]CAMP and [1aC}cGMP were added to each

well and the contents were then transferred to a polypropylene tube.

2.2.8. Determination of [3H]cGHP and [3H]cAMP

in acidified cell extracts

Acidified samples coﬁtaining recovery markers were mixed, allowed
to stand overnight at 4°C and then centrifuged at 12,000 x g for 2
min. The labelled cyclic nucleotides were isolated from the
supernatants by chromatography, first on alumina and then on Dowex 50
resin, using a modification of the method of Jakobs ec al. (1976).
The supernatants were applied to columns containing 1.5 g of alumina
that had been washed with 12 m) of 5% (w/v) trichlercacetic acid. The
columns were then washed with a further 12 ml of 5% trichlorcacetic
acid, 12 ml of water and 2 ml of 0.2 M ammonium formate that had been
adjusted to pH 6.0 with formic acid. The labelled cyclic nucleotides

were then eluted with a further 3 ml of the same ammonium formate
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solution., These eluates were acidified with 50 gl of 3 M HCl and
applied to columns containing 5 ml (packed vol.) of Dowex 50 resin
(Blo-Rad AG 50W-X8) that had been equilibrated with 0.05 M HCl. These
columns were then washed with 6 ml of 0.05 M HCl and cGMP was eluted
with a further 8 ml of 0.05 M dCl, After washing the columns with 2 x 4
ml of water, cAMP was finally eluted in a further 2 x 4 ml of water.

The eluates containing cGMP were neutralized to pH 6 by addition of 50
41 of a 1.6 M (pH 6) HEPES solution and 50 gl of 8 M NaOH. Both

the cGMP eluates and those containing cAMP were lyophilized in
scintillation vials and counted for oH and 1%C. The labelled cAMP
samples were counted in 0.5 ml of water and 8.0 ml of HP/b scintillant,
whereas the labelled cGMP samples were counted in a mixture of 0.5 ml of
water and 8.0 ml of ACS scintillant, because of their high salt

content. Following correction for background, quenching, lag
crossover into the -H channel and recovery of l4c.1abelled cyclic
nucleotides (about 50%), the 34.1abelled cyclic nucleotides were
usually expressed as percentages of the corresponding 34-1abelled

nucleoside triphosphates present in control cells (see Section 2.2.10.

and 2.2.11.).
2.2.9. Determination of the radiochemical purity of cyclic
[3H]nucleotides isolated from labelled platelets and VSMC by

the dual column procedure

Platelets were washed and labelled as described in Sections 2.2.1.
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and 2.2.3. Samples of suspension containing 2 x 108 1abelled
platelets were incubated for 0.5 min at 37°C with PGEl, SNP or both
PGE) and SNP simultaneously. Similarly, VSMC, labelled as described
in Section 2.2.6, were incubated with isoproterenol alone or in
combination with either a nitrovasodilator or a cAMP-PDE inhibitor.
Incubations were terminated by addition of trichlorcacetic acid at a
final concentration of 5% (w/v). Known amounts of [14C]cAMP and of
[1QC]CGMP (approximately 600 d.p.m. of each) were then added to the
acidified extracts, Labelled cGMP and cAMP were then isolated and
separated by sequential chromatography on alumina and Dowex 50 resin as
previously described {Section 2.2.8). Four identical incubation
mixtures were counted for SH and Ll and a further 16 samples were
processed as described below. The cyclic nucleotide eluates were
pooled, dried by rotary evaporation and redissolved in 200 ul of a 2
mM solution of the appropriate cyclic nucleotide. Duplicate 20 ul
samples of the latter were further purified by t.l.c. on cellulose using
the first dimension solvent described under Sectiom 2.2.10. The cyclic
nucleotide spots were eluted with H,0 and counted for 34 and 1l‘C.

A decrease in the ratio of 3H/146 after t.l.c. was taken to indicate
the presence of imburities. In order to assess further the purity of
the platelet cyclie [3H]nuc1eotides eluted from the columns, another
fraction (90 pl) of the 200 ul sample was incubated with bovine

heart cyclic 3',5'-nucleotide PDE. This sample was added to a
polypropylene tube containing 10 sl of a concentrated PDE assay
mixture, which consisted of 10 mM TES (pH 7.5), 4 mM Mgso,, 0.25 mM

EDTA and 0.2 units of PDE/ml. The mixture was incubated for 60 min at
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30°C, after which the reaction was terminated by boiling. Following
centrifugation, 20 ul of the reaction mixture was analyzed by t.l.c.
on cellulose and the 5‘-nuclectide was eluted and counted. The purity
of the cyclic nucleotides could be determined from a comparison of the
ratio of 3H/1“c in the product after PDE treatment relative to that

in the starting material.

2.2.10. Measurement of [3H]GTP and [3H]ATP in labelled

platelets

Samples of control platelet suspension were mixed with 0.2 vol.
of 30% (w/v) trichloroacetic acid. IIQCIATP (about 30,000 d.p.m.) was
added to one sample and an equal amount of [IAC]GTP to another. Both
samples were centrifuged at 12,000 x g for 2 min. Trichloroacetic acid
was extracted from the supernatants with two times 3 wvol. of
water-saturated diethyl ether. A sample of each aqueous extract (20
pl) was mixed with 0.1 umole of unlabelled ATP and GTP, which
were then separated by t.l.c. in two dimensions on MN 300 HR cellulose
plates., The first dimension solvent was n-butanol:acetone:acetic
acid:14.8 M NH5:H,0 (90:30:20:1:60 by vol.) and the second dimension’
solvent, isobutyric acid:1 M NH4:0.1 M EDTA (125:75:2 by vol.). GTP
and ATP were eluted from the cellulose with water and counted for °H
and ¢ in HP/b scintillant. Values for platelet [3H]ATP and
[3H]GTP were corrected in the same way as the 34-1abelled cyclic

nucleotides (Section 2.2.8).
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In some experiments the specific radioactivities of the [3H]GTP
and [3H]ATP in the platelet metabolic pool were determined in cytosol
released by digitonin (Akkerman et al., 1980). This method of
solubilization allowed for the selective release of cytosolic
components. Very little of the dense granular contents of the platelets
were released when low concentrations of the detergent were used (Table
2.1). Washed platelet suspension (10 ml; 4.2 x 109 platelecs) was
cooled to C°C. The suspension was then mixed with 5 mM EDTA (adjusted
to pH 8.0 with NaOH) and 28 uM digitonin added in 50 ul of 0.154
M KCl and incubated for 10 min at 0 °C. Following removal of the
permeabilized platelets by centrifugation (10 min, 160 Bay) the
supernatant was extracted with 5% (w/v) trichlorocacetic acid,
recentrifuged (10 min, 2000 g,,) and applied to a column containing a
mixture of 40 mg of charcoal and 80 mg of celite (in a cold room).
After washing the column with water, the nucleotides were eluted with 30
ml of solvent containing 19.2 ml of ethanol, 0.3 ml of 1 M NH,OH and
water to volume., The eluate was dried by rotary evaporation, the
nucleotides were redissolved in 50 pl of H20 and GTP and ATP were
isolated by t.l.c. in two dimensions using the method described above,
After elution from the cellulose, samples of GTP and ATP were counted
for 3H and the amounts present were determined spectrophotometrically,
so permitting calculation of their specific radiocactivities and of the
mass amounts of [BH]cGMP and [3H]cAMP formed from them. The ey

for GTP 1is 13,7 at 253 nm, whereas that of ATP is 15.4 at 259 nm.
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2.2.11. Isolation of [3H]ATP and [3H]GTP from cultured VSMC

Control wells of cultured VSMC were extracted by addition of
ice-cold trichlorocacetic acid (5% (w/v) finzl). Following addition of
about 30,000 d.p.m., of [1aC]ATP and of [1AC]GTP to tﬁe samples, they
were transferred to polypropylene tubes which were then centrifuged for
2 min at 12,000 x g. The acidified supernatant was removed and the
trichloroacetic acid extracted twice with 3 volumes of water-saturated
diethyl ether. Samples of the extracts (50 pl) were counted for
3H in order to determine the total 3H in the extract. Also, other
samples (50 pl) were mixed with 0.1 pmole of ATP, GTP, ITP and -

XTP, which were then separated by two-dimensional t.l.c. on
PEI-cellulose sheets, by a modification of the method described by
Randerath and Randerath (1964)., The first dimension solvent consisted
of 1.6 M LiCl and the second, a 1:1 mixture of 2.0 M LiCl and 2 M formic
acid. The Ry values determined for the compounds of interest are

noted in Table 2.2. A representative two-dimensional separation of the
compounds listed in Table 2.2 is shown in Fig. 2.2, The LiCl deposited
on the sheets during the first dimension run was removed by a 7 min
extraction of the sheets with anhydrous methanol. After separation,
both the ATP and the GTP were eluted from the cellulose with 0.3 ml of
0.85 M ammonium formate. Following dilution of the NH,COOH with an
equal volume of water, 0.5 ml of the mixture was counted for both 3H
and 1%C. The 3H-values were corrected for the recovery of the

l"‘C-l.’:ﬂ:nellet:l compounds and the amount of [3H]ATP and [3H]GTP in
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each sample caleulated. The range of [3H]ATP and [3H]GTP values

found in replicate VSMC cultures was about 5%.

In experiments in which the specific radiocactivities of the
nucleoside triphosphates were determined, the acidified supernatants
from 12 wells (6 x 108 cells, 1.2 mg of protein) which had been
extracted with trichloroacetic acid were combined and processed through
a charcoal column, as previously described for digitonin-permeabilized
platelets. The eluate from the column was dried by rotary evaporation,
redissolved in 50 ul of Hy0, and the ATP and GTP were isolated by
t.l.¢. in two-dimensions using the LiCl system. After elution from the
PEI-cellulose, the eluates were counted for 3H and the amounts of ATP
and GTP determiﬁed spectrophotometrically (Section 2.2.10.). The
specific radioactivities of ATP and GTP permitted calculation of the
mass amounts of the cyclic nucleotides formed from them, after drug

treatment of the cells.

2.2.12. Purification, separation and concentration of platelet and

cultured VSMC cyclic nucleotides for radioimmunoassay

c¢GMP and cAMP were separated, purified and concentrated by a dual
column procedure. Following addition of 3000 d.p.m. of [3H]cAMP and
an equal amount of [3H]cGMP to acidified cell extracts, these were
applied to columns containing 1 ml of Dowex 530 resin that had been

equilibrated with 0.05 M HCl, c¢GMP was eluted with a further 3 ml of
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0.05 ¥ HC1. After washing the columns with .l ml of H,0, cAMP was
eluted with a further 3 ml of water. Following addition of 50 ul of
3 M HC1 to the cAMP eluates, both the cAMP and ¢GMP eluates were applied
to columns containing alumina (0.5 g) that had been washed with 4 ml of
0.2 M sodium acetate (pH 6.2) and 6 ml of 0.05 M HC1. After further
washing of these columns with 2 ml of 0.05 M HC1l, 4 ml of Hy0 and 0.75
ml 0.2 M sodium acetate, the cyclic nucleotides were eluted with a final
1 ml of 0.2 M sodium acetate, The eluates were frozen at -50°C .atil

assayed

2.2.13. Determination of platelet and vascular smooth muscle cAMP and

cGMP by radioimmunoassay

Cyclic nucleotide values were determined by radioimmuncassay by
the method of Harper and Brooker (1975). In this method, the amounts of
cAMP and ¢GMP, in the experimental samples, were determined by
interpolation from a standard curve. Standard curves for cAMP were
constructed using 1251 1abelled 2'-0-succinyl cAMP tyrosine methyl
ester ([1ZSI]TME-SCAMP) and different concentrations of
2'-0-acetylated cAMP. Similarly, standard curves for cGMP were
constructed using [lzsI]TME-ScGMP and 2'-O-acetylated cGMP.
Radiolabelled succinylated derivatives of the two cyclic nucleotides are
the preferred antigens in these assays since the antibodies are raised
against 2'-0-succinylated cyclic nucleotide protein conjugates.

Although succinylated derivatives would compete more effectively with
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the labelled antigens in these systems, technical difficulties make
2’'-0-acetylated derivatives preferable (Harper and Brooker, 1975).
Representative standard curves for cAMP (Fig. 2.3) and cGMP (Fig. 2.4)
are shown. Both the standards and the experimental samples were
processed in parallel, thus allowing for direct comparisons of the
values obtained in the assays. Samples containing no cells (i.e.
trichloroacetic acid acidified buffer blanks) were processed through
columns in parallel with the assay samples to correct for effects of
impurities in the buffer, trichloroacetic acid or column materials that
might affect the binding of the antibody to the labelled cyclic
nucleotide derivatives. Similarly, buffer samples to which either 2 or
20 pmol of cAMP and cGMP had been added, were also processed to check
that values obtained from the standard curves were reliable. Frozen
column eluates were thawed at room temperature and 0.5 ml of each was
counted by liquid scintillation in order to estimate the recoveries of
the cyclic nucleotides. Of the remaining 0.5 ml, 0.2 ml was acetylated
by addition of 2 x 5 ul of an acetylating reagent consisting of a

1:2 mixture of acetic anhydride and triethylamine. Similarly, equal
volumes of either cAMP or cGMP standards (4-2000 fmol/200 ul) were
also acetylated. Fresh triethylamine was periodically prepared by
distillation. After acetylation, 50 gl of each standard and 10, 20

or 50 pl of each experimental sample were added to numbered
polypropylene tubes. In those tubes receiving only 10 or 20 ul, the
difference in volume was made up with 0,2 M sodium acetate containing

acetylating reagent at a concentration of 50 ul/ml. Following
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addition of 50 ul of the 1257 1abelled succinylated cyclice
nucleotide derivative (about 50,000 d.p.m. for cGMP and 25,000 d.p.m.
for caMP), the polypropylene tubes were transferred to an ice bath.
Once the tubes had cooled, 50 pl of the antibody solution was added
and the contents were mixed using a vortex mixer and incubated in a cold
room at 4°C. After 16-18 h (i.e. overnight), 250 gl of an
ice-cold precipitating solution was added to the cAMP samples. The
precipitating solution consisted of an unidentified mixture provided by
the manufacturer to increase the size of the antibody pellet.
Similarly, 500 ul of ice-cold 0.2 M sodium acetate was added to the
cGMP samples. After the samples had been vortexed and centrifuged for 4
min at 12,000 x g, the supernatant was aspirated and the dried pellet
counted for 12°I in a gamma-counter for 8 min. The standard curves
used in the radioimmunoassays were obtained by plotting the

radioimmunoassay data in a logit/log form. The terms for y and x were;

y value = logit = In[(B/B,)/(1-B/B,)];

X value = log cNMP (fmol)

where B, and B represent the binding in the absence and the presence,
respectively, of a known amount of acetylated cyclic nucleotide. The
y-i-.cercept and the slope (m) were then determined by linear regression
analysis of the linear portion of this curve. Using these constants and
the logit values calculated from the displacement of the

[IZSI]TME-S-cyclic nucleotide in each sample it was possible to
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calculate the amount of acetylated cyclic nucleotide present in each of
the three or four experimental samples processed. Triplicate dilutions
(i.e. 10, 20, or 50 pl). of each experimental sample were assayed to
ensur; that values which fell within the linear portion of the standard
curve were cobtained for each experimental sample. Multiple steps were
involvéd in the calculations, and only those logit values which fell on
the linear portion of the curve were used. First, the values for the
trichloroacetic acid/buffer blanks for the corresponding volume (i.e.
10, 20 or 50 ul) were subtracted. Second, these values were
corrected for the actual volume used in the assay thus allowing each
sample to be expressed as fmol/ml. Third, samples were corrected for
any dilution of the original sample that might have been necessary
before the radioimmunocassay. Fourth, the samples were corrected for
recovery of eyclic [3H]nucleotide, which in most cases was about 50%.
Fifth, the values were corrected for the number of platelets or amounts
of VSM protein used in each experimental sample. Lastly, a value for
each experimental sample was obtalned by taking an average of tha values
obtained from the triplicate dilutions, and a grand mean for the
treatment condition was obtained by averaging the values determined for

each experimental condition.
2.2.14. Preparation of rat aortic rings

Male WKY rats (225-350 g) were killed by cervical dislocation.

The thoracic aorta was rapidly removed and placed in a physiological
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salt solution (PSS), containing 1.16 mM HgSOa, 2.5 M CaClz, 21.9 mM
NaHCO5, 1.16 mM NaH,PO,, 4.6 mM KC1, 115.5 mM NaCl and 11.1 mM
dextrose, that had been equilibrated with 95% 0, - 5% CO,. Tie
aorta was cleaned of adherent fat and conmnective tissue and cut into 4.0
mm transverse rings. The endothelium was removed by gently rubbing the
luminal surfaces with a wooden stick (Furchgott and Zawadzki, 1980).
Rings were mounted in 10 ml jacketed organ baths using stainless steel
wire and bathed at 37°C in PSS, which was gassed with 95% 0, - 5%
COy. Tension development was measured isometrically using a Grass
FTO3 transducer and a Grass Model 7D polygraph. All experiments were
carried out with an initial tension of 2 g, which, in preliminary
experiments (Fig. 2.5), was found to be the optimal pre-load tension
(Section 2.2.,15). Rings were allowed to equilibrate for 2 h, during
which they were repeatedly washed with fresh PSS. During this period,
the rings were also contracted 3 to 4 times with 30 mM KCl (until a
maximal contraction to this concentration of KCl was achieved). Removal
of the endothelium was then verified by the inability of 1 uM
carbachel to induce relaxation of rings submaximally contracted with 100

M phenylephrine.
2.2.15. Determination of the optimal pre-load tension
De-endothelialized rings of the thoracic aorta of WKY rats were

prepared and equilibrated as described in Section 2.2.14. The ability

of the rings to contract in response to 30 mM KC1 at different
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pre-load values was measured. Rings were first challenged with 30 mM
KCl at a pre-load tension of approximately 250 mg. Once the contraction
had reached a plateau, the KCl was washed out and the rings were allowed
to re-equilibrate for 30 min. Following re-equilibration, the pre-load
tension was increased and the contraction in response to 30 mM KCl was |
again recorded. Using this protocol, the ability of the rings to
contract in response to 30 mM KCl was measured until a reduction in the
maximum contraction induced by this concentration of KCl was noted.

Results from one such experiment are shown in Fig. 2.5.

2.2.16. Studies on the relaxation of aortic smooth muscle by

isoproterenol

The concentration-response curves for the relaxant effects of
isoproterencl were detefmined by cumulative additions of the compound to
submaximally contracted rat aortic smooth muscle. In all experiments,
contraction was induced by phenylephrine; the concentration used (100
nM) caused on average 80% of the maximal contraction, which was seen
with 1 uM. Each addition of isoproterencl was allowed to have its
full effect before further additions were made (2 to 3 min). The
relaxation caused by each addition was recorded and calculated as a
percentage of the maximum possible relaxation (i.e. of the full increasc
in tension caused by phenylephrine). After 4 washes with PSS, the
aortic rings were allowed to equilibrate for 90 min in fresh PSS before

they were used again. With this time interval, successive
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concentration-response curves for isoproterenol were identical. The
effects of nitrovascodilators (SNP or SIN-1) or cAMP PDE inhibitors
(cilostamide or Ro 20-1724) on the ability of isoproterenol to relax
precontracted aortic smooth muscle were determined as follows, Each
compound studied was added to the contracted rings at a specific
concentration that caused less than 30% relaxation on all occasions.
When the ring tension reached a new plateau (5-15 min), isoproterenocl
was added cumulatively and the total relaxation caused by each
concentration was determined as a percentage of the initial increase in
tension caused by phenylephrine. To reduce errors due to the inherent
variability of responses of aortic smooth muscle to vasodilators,
concentration-response curves for isoproterenol in the absence and
presence of each compound were In each experiment constructed from

paired records obtained from the same aortic rings.

2.2.17. Studies on inhibition of the contraction of aortic smooth

muscle

The effects of nitrovascdilators or of cAMP PDE inhibitors on the
ability of isoproterenol to inhibit the contractions of rat aortic
smooth muscle induced by phenylephrine were studied as follows. Aortic
rings were incubated for 30 s with vasodilator compounds, either singly
or in combination. FPhenylephrine (100 nM) was then added and the
tension developed after 2 min was measured, Following each contraction,

the PSS was changed 4 times and the rings were allowed to equilibrate in



- 105 -
fresh PSS for 30 min. This time interval permitted the generation of
identical control coutractions and virtually identical responses to
isoproterenol throughout the experiment, provided low concentrations of
isoproterenol were studied first. Using this protocol, it was possible
to test up to 15 different combinations of compounds on each aortic ring
and to obtain concentration-response curves for the inhibition of
contraction by isoproterenol in the presence and absence of single
concentrations of other compounds. The latter were used at selected
concentrations that caused less than a 30% inhibition of contraction.
Inhibitions of contraction were calculated as percentages of the control
contractions for each aortic ring; 3 or 4 rings received identical

treatments in each experiment.

2.2.18. Analysis of concentration-response curves

Concentration-response curves were constructed for the relaxation
or inhibition of the contraction of rat aortic smooth muscle by
isoproterenol in the absence and presence of nitrovasodilators or
inhibitors of cAMP PDE. Curves were fitted to the experimental results
using a computér program (SigmaPlot 4.02A, Jandel Scientific, Corte

Madera, CA, U.5.A.) and the following relationship,

x4 10

where E is the effect, Emax the maximum effect, x the concentration of
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isoproterenol, I the ICgq of isoproterenol, n the Hill slope and C the
effect observed in the absence of isoproterenol. This computer program

also gave values for the parameters, E I, n and €, that minimized

max’
the sum of the squares of the differences between the dependent variable
{E) in the above relationship and the experimental observations. In
addition, a theoretical additive concentration-response curve for
isoproterencl in the presence of the other compound tested was
constructed as described by Péch and Holzmann (1980). A leftward shift

of the experimental concentration-response curve relative to the

theoretical additive curve implies synergism with I soproterencl.

Significant changes in the ICgqy values of isoproterenol caused
by the presence of a nitrovasodilator or an inhibitor of cAMP PDE were
evaluated by two-sided paired t tests after logarithmic
transformation of the results. Supra-additive effects of single
concentrations of isoproterenol and other compounds were detected by
comparison of the sums of the individual effects with the combingd
responses, using a repeated measures analysis of the variance of the

results from individual aortic rings in at least 3 separate experiments.

2.2.19. Cyclic nucleotide measurements in rat aortic smooth muscle

De-endothelialized rat aortic rings were equilibrated in PSS, as

described for measurement of the inhibition of contraction, except that

the rings were not under tension. Rings were then incubated for 2.5 min
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at 379C in 1.0 ml of PSS containing appropriate concentrations of SNP
and/or isoproterenol. Each incubation contained two rings. Aortic
rings from different parts of the thoracic aorta were distributed
identically in replicates of each incubation condition to prevent any
effect attributable to possible differences in their responsiveness to
additions. After incubation, the rings were rapidly transferred to
polypropylene microtubes precooled in liquid nitrogen. The frozen
tissue was immediately pulverized with a precooled polypropylene pestle
and then homogenized in 1 ml of 5% (w/v) trichlorocacetic acid, following
whiech 6,000 d.p.m. of [3H]cGMP and of [3H]cAMP were added to monitor
the recoveries of the two cyclic nuclectides. <GMP and cAMP were then
separated and purified by a dual column procedure and finally acetylated
and quantitated by radioimmunoassay (Section 2.2.13.). Trichlorcacetic
acid-precipitated protein was dissolved in 1 M NaOH and assayed as

described in Seetion 2.2.20.

2.2.20. Protein assays

In experiments with cultured VSMC, incubations were terminated by
the addition of ice-cold trichloroacetic acid (final concentration 5%
(w/v)). The precipitated protein was removed from the wells and
transferred to polypropylene tubes. When rat aortic rings were used,
they were frozen in polypropylene tubes pre-cooled with liquid Nj,
pulverized and homogenized in ice-cold 5% (w/v) trichlorcacetic acid.

In both instances, the tubes were placed on ice for at least 1 h,



- 108 -
following addition of trichloroacetic acid. The acidified supernatants
were removed and the protein pellets frozen until the protein assay

could be carried out (1-3 days).

Protein was determined by the method of LQer et al. (1951).
Protein pellets were disolved in 200 pl of 1 M NaCH. Samples (10,
20 or 50 ul) and the standards were brought to a final volume of 100
p#l with 1 M NaOH, before addition of 1.0 ml of a solution containing
2% Na,C04/0.1 M NaOH, 1% sodium potassium tartrate and 0.5%
CuSOa.SHZO (100:1:1 by vol.). These mixtures were incubated for 15
min at room temperature., Following addition of phenol reagent (100
pl, 2 M) to each tube, the samples were rapidly mixed and incubated
for 30 min at 37°C. Absorbance was recorded at 500 nm and, following
subtraction of a reagent blank, a standard curve was constructed. In
511 cases the protein standard solution from Sigma was used. This
solution contained 5% human albumin (w/v) and 3% human globulin (w/v).
With the spectrophotometer used (Beckman DU-64), subtraction of the
reagent blank and calculation of the results from the standard curve
were performed automatically. Using this method, it was estimated that
one well of cultured VSMC contained approximately 100 ug of protein,

whereas one 4 mm rat aortic ring contained about 500 ug of protein.



- 109 -

2.2.21. Statistics

In individual experiments, incubations were performed in
triplicate or quadruplicate, as indicated, and the results described
were observed in at least two separate experiments. Values are given as
means + S.E.M. from either a single experiment or from multiple
experiments (see text). All equations are from Knapp, R. G., Basic

Statistics for Nurses, 1978, Witney Medical Publications.

mean = Y =S ¥,/n,

S.EM. = (S (¥4-¥)2/n-1)1/2 0172

whereii Yi is the sum of all the Y values and n the number of

measurements.

The significance of changes within experiments was evaluated by

two-tailed unpaired t tests.
£ = (Y1g-Y2,)/5,(1/n1+1/ny) 1/2

where Yl = mean of set 1, Y2, = mean of set 2, n; and n, =
number of measurements in sets 1 and 2 ,respectively. Sp is the
standard deviation for the two sets and is defined as,

sp = (512(ny-1) + 5,2(ny-1)/(ny+ny-2))1/2,
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with s; and s, representing the standard deviation of set 1 and set
2, respectively.
When results from multiple experiments were compared, the
significance of changes were in this case evaluated by two-tailed paired

t tests,

£ = d/(sg/nt/?); dy =T dy/n
where d;, is the difference between a pair of values and d; is the

mean difference.

Repeated measures analysis of variance (MANOVA) was used to
determine the significance of supra-additive effects of compounds on VSM
relaxation and on inhibition of VSM contraction (e.g. Sections '2.2.16
and 2,.2.17). This statistical method allows a comparison between groups
of numbers in which the degree of variability within each of the groups
is such that it invalidates the use of a paired t-test. The analysis
used a repeated-measures ANOVAl with diffgrent experiments as a random
between subject factor and two within-subject factors [{(ring) and
(additive effect vs observed effect)]. The comparison of interest
(additive effect vs observed effect) was tested against the two way
interaction within each experiment, and F values (with 1 and 2 degrees
of freedom) were calculated.

1 in the actual analysis, a General Linear Model was used because of
the imbalance in the design (i.e. some conditions had 3 sets of aortic

rings, whereas others had 4).
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Table 2,1. Digitonin permeabilization of washed rabbit platelets

Washed labelled rabbit platelets were cooled to 0°C and treated with
ghe indicated digitonin conceTEration for 10 min. The amounts of
H-labelled nucleotides and [~7C]5-HT released bg this Yzocedure
were determined by counting the supernatant for “H and ~7C. Values
are means x S.E.M. from 3 determinations in the same experiment.

Concentration of Amount of 14C Amount of H

digitonin released released
(mi) (%) (%)
0 2.5 1.6
0.024 10.0 60.0
0.026 9.0 65.7
0.028 13.3 77.2
0.035 18.8 90.0
0.070 65.5 95.5
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Table 2.2, R values of nucleotides in the two-dimensional t.l.c.
method used to separate ATP and GTP from acidified extracts
of cultured vascular smooth muscle cells. Values are from
Randerath and Randerath (1964). : .

15% dimension an dimension
(1.6 M LiCl) (2 M LiCl/2 M HCOOH)
Compound

ITP 0.413 . 0.158

XTP 0.180 0.120

ATP 0.340 0.367

GTP 0.287 0.234

IPD 0.640 0.506

XDP 0.360 0.418

ADP 0.560 0.665

GDP 0.466 0.538

IMP 0.753 0.759

XMP 0.467 0.696

AMP 0.640 0.778

GMP 0.593 0.696
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Fig. 2.1, Lgbelling of washed rabbit platelets with [3H]guanine and
["H]adenine

Washed rabbit platelets (2.5 x lOg/ml) were incubated with radiclabelled
adenine (4 pM) in the absence ( B2 ) or presence ( Ml ) of 2 uM

unlabelled guanine (A), or conversely, with radiolabelled guanine (2 uM) in
absence ( @) or presence ([} ) of 4 gM unlabelled adenine (B}. After

60 min at 37°C, the percentages of the labelled bases taken up by these
platelets were determined, Values are means + S.E.M. from 3 identical samples

in the same experiment. The effect of adenine on [“H]guanine uptake was
significant (p < 0.05).
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Fig. 2.3. Representative standard curve for the radioimmuncassay of
cAMP (Section 2.2.13.)

Each point () represents the mean of two separate determinations, The
line drawn through these points represents the best fit derived from a

least squares regression analysis. Values not used in the regression
analysis are indicated, *.
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Fig. 2.4. Representative standard curve for the radioimmuncassay of
cGMP (Section 2.2.13.)

Each point (A) represents the mean of two separate determinations.
The line is derived from a least squares regression analysis. Values
not used in the analysis are indicated, *.
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Fig. 2.5, Effects of pre-load tension on the ability of rat aortic
smooth muscle to contract Iin response to 30 mM KCl

The tension (g) to which equilibrated rat aortic rings were exposed was
varied and the contractions that resulted from exposure of these rings
to 30 mM KCl was determined. Curves represent the resting/active

tension relationship for 3 different rings, all derived from one aorta.
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Chapter “, Inhibition of platelet function by
nitrovasodilators and activators

of adenylyl cyclase
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3.1. Introduction

3.1.1, Effects of vasodilatoers on platelet and vascular smooth muscle

function

Certain nitrovasodilators, in particular SNP (Glusa et al.,
1974; Saxon and Kattlove, 1276) and SIN-1 (Nishikawa et al., 1982),
a metabolite of molsidomine, are potent inhibitors of platelet
aggregation in vitro. Organic nitrates are much less effective but,
at least in the case of nitroglycerin, can be activated by thiol
compounds (Loscalzo, 1985; Gerzer et al., 1988), There is also
evidence that some nitrovasodilators can suppress platelet reactions
in vivo, suggesting that an anti-platelet action may supplement
their effects on vascular smooth muscle in the treatment of
cardiovascular disease (Mehta and Mehta, 1980; Fielder, 1982: De

Caterina et al., 1984; Basista et al., 1985).

Nitrovasodilators are believed to exert their effects via the
release of nitric oxide, which stimulates the formation of cGMP by
soluble guanylyl cyclase (Waldman and Murad, 1987). Consistent with

this view, both SNP (Béhme et al., 1978: Haslam et al., 1980;
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Mellion et al., 1981) and SIN-1 (Nishikawa et al., 1982: Gerzer
et al., 1988) activate platelet guanylyl cyclase and markedly
increase ¢GMP in intact platelets. cGMP has been assumed to mediate
vascular relaxation by stimulating the phosphorylation of critical
protein substrates by cGMP-dependent protein kinase (Waldman and Murad,
1987). A similar mechanism has been proposed for platelets, in which
the cOMP-dependent phosphorylation of specific but as yet unidentified
proteins has also been described (Haslam et al., 1950: Waldmann et
al., 1986). However, in this thesis and in previous studies in this
laboratory (Haslam et al., 1980) and in at least two others
(Nishikawa et al., 1982, Hawkins et al., 1988) small increases
in cAMP in human platelets incubated with either SNP or SIN-1 have been
reported. Preliminary studies have suggested that this cAMP contributes
to the inhibitory effects of SNP in human pla.zlet aggregation (Haslam

and Davidson, 1982),

Recent evidence has indicated that nitric oxide released from the
vascular endothelium may play a physiclogical role in the regulation of
vascular tone and interaction of the platelets with the vessel wall.
Thus, EDRF which is released from the endothelium under basal conditions
as well as at an accelerated rate in the presence of many
pharmacological stimuli, has been shown to be very similar to nitric
oxide (Palmer et al., 1987; Ignarro et al., 1987; Ignarro,

1989). EDRF not only relaxes vascular smooth muscle, but also inhiblts

platelet aggregation (Azuma et al., 1986; Furlong et al., 1987;
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Busse et al., 1987). In both cases, these effects are associated
with the activation of guanylyl cyclase (Hawkins et al., 1988;
Ignarro, 1989). The formation of nitric oxide therefore represents a
mechanism by which the vascular endothelium can inhibit platelet and
smooth muscle responses additional to the formation of PGI,, which
exerts its effects through the receptor-mediated activation of adenylyl

cyclase (Moncada, 1982).

Levin and colleagues (1982) reported that SNP and PGI, act
synergistically to inhibit platelet aggregation. Thus, SNP markedly
potentiated the inhibitory effects of PGI,. More recently, synergism
between the actions on platelets of PGI, and EDRF (Radomski et
al., 1987; Macdonald et al., 1988) or of PGI, and organic
nitrates (De Caterina er al., 1988) has been demonstrated. Since
PGI, and EDRF are likely to be generated simultaneously by stimulated
vascular endothelium, a synergistic effect of these compounds on
platelets could be of major physiological importance (Radomski et
al., 1987). Moreover, the actions of exogenous nitrovasodilators on
platelets could be enhanced by endogenous PGI, formation (De Caterina
et al., 1988), This chapter presents the results of experiments
designed to further our understanding of the molecular mechanismys)

responsible for these synergistic effects.
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3.1.2. Objectives

As described in Section 3.1.1, activators of platelet adenylyl and
guanylyl cyclases act in concert to cause a synergistic inhibition of
platelet aggregation and degranulation. The objective of the firs: part
of this thesis was to gain a hetter understanding of the molecular
event(s) that are respensible for this effect. To achieve this,
experiments were undertaken using a method that allowed the simultaneous
measurement of changes in platelet cAMP and ¢GMP, as well as the
inhibition of platelet function, that occurred during incubation of
platelets with these compounds. Agents known to inhibit the effects of
activators of adenylyl or gus:ylyl cyclases, that is
2',5'-dideoxyadenosine (DDA) and hemoglobin, respectively, and selective
inhibitors of specific cyclic nucleotide PDEs (cilostamide and M&B
22,948) were used to establish the significance of correlations between
changes in platelet cAMP and ¢GMP and the inhibition of platelet

function,

3.2. Results

3.2.1. Prelabelling technique for simultaneous measurement of
[BH]CAHP and [3H]cGMP: puricy of cyclic [3H]nuc1eocides

and comparison with radioimmunoassays

Although the alumina-Dowex 50 two-column procedure (Jakobs et
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al., 1976) has been successfully used to measure changes in [3H]cAMP
in rabbit platelets labelled with [3H]adenine (Haslam and McClenaghan,
1981) or changes in [3H]cGMP in human platelets labelled with
[3H]guanine (Davies et al., 1976), thése methods have not
previously been combined or fully validated in rabbit platelets. The
recoveries of cyclic [3H]nuc1eotides were monitored by adding known
amounts of pure [14C]cAMP and [14C]cGMP to the acidified incubation
mixtures prior to purification of the labelled compounds. The final
recoveries of both [3H]cAMP and [3H]cGMP averaged about 50% of the
amounts present on acidification of the platelets., To normalize the
results from different experiments, the [3H]cAMP and [3h]cGMP that
accumulated in platelets after incubation with various additions were
expressed as percentages of the [3H]ATP and L3H]GTP, respectively,
that were present in an equal number of untreated platelets,

The purity o; the [3H]cAMP and [BH]cGMP isolated by the
two-column procedure was evaluated from a comparison of the ratios of
3H/U“C present in these compounds before and after subsequent t.l.c.
(Table 3.1.). Also, the ratios of 3H/ll‘C present in these compounds
before and after treatment with cyeclic nucleotide phosphodiesterase were
determined (Table 3.1). Almost all (89%) the basal [3H}CAMP isolated
behaved identically to authentic [IAC]CAHP on t,l.c. and 72% was found
to co-chromatograph with AMP after phosphodiesterase treatment.
Chromatography on t.l.c. showed that 39% of the trace [3H]cGMP present

in unstimulated platelets co-chromatographed with flaC]cGMP and that
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only 25% appeared to be authentic, based on treatment of the compound
with the phosphodiesterase (Table 3.1.). However, both the increases in
[3H]cAHP caused by incubation of the platelets with PGE; and the
increases in [SH]cGMP caused by SNP co-chromatographed exclusively
with the authentic 14c.1abelled cyclic nucleotides, both before and
after phosphodiesterase treatments. Of particular interest was the
finding that, although PGE; caused no increase in platelet [3H]cGMP,
SNP did increase platelet [SH]cAMP (about 2.5-fold at 10 uM). The
behaviour of this [3H]cAMP on t.l.c. and its susceptibility to
hydrolysis by PDE, proved that all this material was authentic
[3H]CAMP. SNP had an even more marked effect on the accumulation of
[3H]cAMP in the presence of a low concentration of PGE, (Table
3.1.). Again the material isolated under these conditions behaved

identically to pure [1%C]cAMP (Table 3.1.).

Table 3.2. shows a direct comparison of the results obtained using
prelabelling assays and radioimmuncassays to measure platelet cAMP and
¢GMP in parallel incubations of labelled and unlabelled platelets with
SNP, PGE, or SNP and PGE;. In this and two identical experiments,
the specific activities of the {3H]ATP and [3H]GTP in the platelet
metabolic (non-granular) pool were determined and the corresponding
values for the pmol of [3H1cAHP and [3H]cGMP present were
calculated. Under all experimental conditions used, these values were
closely comparable with those obtained by radioimmuncassay, so

demonstrating the validity of the prelabelling assays for cAMP and cGUP
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in rabbit platelets (Table 3.2.). 1In particular, these results
eliminate the remote possibility that some of the changes in [3H]cAMP
and [3H]cGM? caused by SNP or PGE; might reflect changes in the
specific radiocactivities of the precursor nucleoside triphesphates.
Table 3.2. also shows some novel results. Thus, incubation of rabbit
platelets with SNP not only increased platelet cGMP, but also caused
small but significant increases in platelet cAMP in the absence of

PGE; and greatly potentiated the increases in cAMP observed in the
presence of PGE;. In the three experiments in which both assays were
performed, addition of 1 uM SNP without PGE, increased platelet

cAMP by 65 + 7% and 93 + 21%, as determined by the prelabelling assays
and radioimmunocassays, respectively (mean values + S.E.M:). These
values are significantly different from the controls (p < 0.05) but not
"from each other., At the same time, addition of 1 uM SNP enhanced

the increases in cAMP caused by PGE; by 453 % 44% and 693 £ 92% in
these two assays; both values are highly significant (p < 0.005). The
biological importance and mechanism of these effects are the subject of
the experiments described in the remainder of this chapter, in which the
prelabelling assay alone was used. As shown in Table 3.2. and by the
overall statistics given above, the standard errors observed in
prelabelling assays were usually much smaller than those seen in the
corresponding radioimmunoassays. The former assays were also much less

expensive and time-consuming,

In the prelabelling experiments, labelling of [3H]ATP and
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[H]GTP averaged 2.6 x 10° d.p.m. and 1.6 x 10% d.p.n.,
respectively, in 2 x 108 platelets (the number used in most individual
incubation mixtures). No changes in platelet [BH]ATP or [3H]GTP
occurred during the course of experiments. Thus, in 3 expefiments.
[3H]ATP values determined in control samples at the start (2.8 + 0.0 x
10% d.p.m., mean + S.E.M.) were not significantly different from
values obtained at the end of the experiments (2.9 + 0.2 x 106 d.p.m.,
mean *+ S.E.M.). Similarly, in the same 3 experiments, values for
[3H]GTP obtained at the beginning (1.8 + 0.0 x 106 d.p.m., mean %
S.E.M.) and the end (1.7 + 0.0 x 106 d.p.m., mean + S.E.M.), were not
significantly different. Basal wvalues for platelet [3H]cAMP and
(H)cGMP averaged 0.017 + 0.001% and 0.012 + 0.001% of the
corresponding [3H]nucleoside triphosphates (means + S.E.M. from 25

experiments).

3.2.2. Effects of different concentrations of 3NP on rabbit

platelets

SNP caused concentration-dependent inhibitions of PAF-induced
aggregation of rabbit platelets (Figs. 3.1. and 3.2a). Incubation of
rabbit platelets with 0.1 uM, 1 uM or 10 uM SNP for 0.5 min
inhibited aggregation by 14 + 3%, 40 # 9% or 71 + 8%, respectively
(means *+ S.E.M. from 5 experiments). This compound also caused
concentration-dependent increases in both [3H]cAMP and [3H]cGMP in

rabbit platelets (Figs. 3.2b. and 3.3c.). Relative to the basal values,
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the increases in [3H]cGMP were by far the greater, from 0.011 + 0.003%
of platelet [3H]GTP to 0.028 % 0.005%, 0.093 + 0.017% and 0.707 &
0.176% of the platelet [3H]GTP after 0.5 min incubation with
0.1 gM, 1.0 uM and 10 uM SNP, respectively (mean values +
S.E.M. from 10 experiments). At the same time, [3H]cAMP increased
from 0.021 + 0.003% of platelet [3H]ATP to 0.029 + 0,004%, 0.044 +
0.009% and 0.062 + 0.015% of the [BH]ATP (mean values + S.E.M.).
Despite some wvariation in cyclic [3H]nuc1eotide levels between
experiments, these Increases in [3H]cAMP were highly significant in
each experiment (e.g., Table 3.2,, Fig. 3.2b.) or when all the results

were analysed by a paired t test (p < 0.001).

Analysis of the time course of cyclic [3H]ﬁucleotide accumulation
caused by SNP showed that the maximum increase in [3H]cGMP was reached
earlier when higﬁer concentrations of the nitrovasodilators were used
and, with 10 gM SNP, declined rapidly after 30 s incubation (Fig.
3.3.). At the highest concentration tested (100 uM) SNP caused even
larger increases in [3H]cGMP in short incubations, but little further
increase in [3H]cAMP. The accumulation of [3H]cAMP was shown to lag
behind that of [3H]cGMP and with 10 uM SNP continued to increase

after [H]cGMP had begun to decline (Fig. 3.3d).

3.2.3. Influence of DDA on the effects of SNP on rabbit platelets

The results described in Section 3.2.2. suggested that the increases
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in cGMP caused by SNP might stimulate the accumulation of cAMP and that
cAMP might play a part in the inhibitory effects of SNP on platelet
function. To test the latter possibility, DDA, an inhibiter of adenylyl
cyclase that attenuates the effects on platelets of compounds that
inerease platelet 'cAMP was used (Haslam et al., 1978). Although,
the inhibition of PAF-induced platelet aggregation and degranulation by
0.1-10 pM SNP was not significantly decreased by 200 uM DDA
under the experimental conditions used in the present study (Figs. 3.1.
and 3.2a.), DDA did cause significant inhibitions of the accumulation of
[3H]cAMP {(p < 0.05, paired t test). These varied from 62% with
0.1 uM SNP to 3B% with 10 uM SNP (Fig. 3.2b.). DDA did not
affect basal [3H]cGMP. nor did it influence the increases in
[3H]cGMP caused by SNP (Fig. 3.2¢.). These results suggest that cGMP
is likely to mediate most of the inhibition of platelet function caused

when rabbit platelets were Incubated with SNP alone for 0.5 min.

3.2.4. Synergistic effects of SNP and PGE; on rabbit platelets

function

Although incubation of rabbit placaler with SNP alone caused
concentration-dependent inhibitions of PAF-induced platelet aggregation
and degranulation, much more potent inhibitions were seen with 0.1 - 1.0
pM SNP in the presence of a concentration of PGE, chosen to have
little effect alone (Figs. 3.1 and 3.2a). Thus, when added with 0.02

#M PGE;, which inhibited platelet aggregation by only 6 + 3%, the
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inhibition caused by 0.1 uM SNP was increased from 14 4+ 3% to 62 +
6% (mean values + S.E.M. from 5 experiments). This synergism was less
conspicuous with 10 uM SNP, which caused a potent inhibition of

platelet aggregation by itself (Fig. 3.2a).

3.2.5. Effects of SNP and PGSy on rabbit platelet cyclic

[3H]nucleocides

Synergistic interactions between PGE, and SNP with respect to
[BH]CAMP formation were observed with all SNP concentrations tested -
(Table 3.1., Table 3.2 and Fig. 3.2b). Incubation of rabbit platelets
with 1 M SNP, a concentration of the nitrovasodilator that
increased [3H]cAMP by 78%, potentiated the increases in [3H]cAMP
caused by 0,02 uM PGE, by 16-fold (mean from 4 experiments).. The
effects of these two vasodilators on the levels of [3H]cAMP were
clearly supra-additive (p < 0.001), The presence of PGE; did not,
however, affect the increases in [3H]cGMP caused by SNP (Table 3.1.
Table 3.2 and Fig. 3.2c.). The relationship between the increases in
[3H]cAMP and [3H]cGMP found in platelets incubated with different
SNP concentrations in the presence and absence of 0.02 uM PGE, are
shown in Fig. 3.4. 1In both cases, apparent saturation effects were
observed; half-maximal increases in [3H]cAMP were detected with
increases in [3H]cGMP equivalent to 0.05-0.1% of platelet [3H]GTP.
Again, this type of relationship is consistent with a role for cGMP in

inducing the accumulation of cAMP.
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3.2.6. Effects of DDA on the synergistic effects of PGE; and SNP

The above results suggested that the synergistic inhibitory effects
of SNP and PGE; on platelet respoﬁses to PAF were mediated by an
increased accumulation of [3H]cAMP. In support of this hypothesis,
addition of DDA was able to reduce the inhibition of aggregation caused
by 0.1 uM SNP in the presehce oé 0.02 pM PGE; by about 50%

(Fig. 3.1 and Fig. 3.2a.). This effect was associated with a marked
decrease in [BH]cAMP accumulation (Fig. 3.2b). Although DDA caused
similar (about 65%) decreases in the [3H]cAHP that accumulated when
higher concentrations of SNP were added with PGE;, its abilicty to
suppress the inhibitory effects of these drug combinations decreased
progressively as the SNP concentration ingreased (compare Figs. 3.2a.
and Fig, 3.2b.). This may reflect a larger contribution of c¢GMP to the
inhibitory effects of SNP added with PGE; at the higher SNP
concentrations studied or, despite the effect of DDA, retention of

sufficient [SH]cAMP to inhibit function.
3.2.7. Effects of SIN-1 on rabbit platelet aggregation

To determine whether the ability of SNP to enhance the inhibition of
aggregation caused by PGE, was a general property of
nitrovasodilators, parallel experiments were carried out with SIN-1.
Incubation of rabbit platelets with SIN-1 for 0.5 min caused

concentration-dependent inhibition of PAF-induced aggregation.
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Incubation with 10 uM SIN-1 inhibited aggregation by 32 + 10%,
whereas 100 pM SIN-1 caused an inhibition of 82 + 4% (mean + S.E.M.
from 4 experiments). Together, SIN-1 and PGEI had a synergistic
inhibitory effect on platelet aggregﬁtion and degranulation (Fig.
3.5a). At 10 uM, the nitrovasodilator potentiated the inhibition of
aggregation caused by 0,02 uM PGE; from 26 + 10% to 84 + 12%
(means + S.E.M. from 4 experiments), The effect of the simultaneocus
incubation of the two compounds was supra-additive (p < 0.005).
Synergism was not demonstrated with the higher concentration of SIN-1
tested, 100 uM, due to the substantial inhibition of function caused

by this concentration of SIN-1 alone.

3.2.8. Effects of SIN-1 and PGE; on cyclic [3H]nucleocides in

rabbit platelets

When added alone, SIN-1 had effects almost identical to those
obtained with lower concentrations of SNP (Fig. 3.5b. and Fig 3.5c.).
This compound caused a marked increase in platelet [BH]cGMP and a
small, but significant, increase in [3H]cAMP. Thus, incubation of
prelabelled rabbit platelets with 10 &M or 100 pM SIN-1 for 0.5
min caused increases in [3H]cGMP which amounted to 5 + 1-fold and
26 + 6-fold increases from basal values, respectively (means + S.E.M.
from 4 experiments, p < 0.005). The corresponding increases in
[PH]CAMP caused by 10 M and 100 g SIN-1 were 48 £ 8% and

124 + 41% of basal, respectively. Alchough the latter effects were
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small, the increases were significantly different from control (means +
S.E.M. from 4 experiments, p < 0.05). The synergistic inhibition of
platelet function caused by incubation with both SIN-1 and PGE; was
associated with a marked increase in the accumulation of [3H]cAMP. as
compared to the effects of either compound alone (Fig. 3.5b). Thus, in
the presence of 10 uM SIN-1, the increase in [3H]cAMP caused by
0.02 uM PGE, was potentiated 3-fold, from 0.025 + 0.003% to 0.068
- 0,010% of the {3H]ATP (means + S.E.M. from 4 experiments,
p < 0.005). Similarly, 100 uM SIN-1, which increa§ed basal
{3H]cAMP to 0.04 + 0.01% of the [BH]ATP alone, caused a 6-fold
enhancement of the PGEl-induced increase in [3H]cAMP {mean + S.E.M.

from 3 experiments, p < 0.02), PGEq had no effect on SIN-1l-induced

increases in platelet [3H]cGMP (Fig. 3.5c.).

3.2.9. Effects of DDA on the synergistic actions of SIN-1 and PGE;

on rabbit platelets

DDA attenuated the synergistic inhibition of platelet function
caused by these two compounds and in addition diminished the
potentiation of the PGE; -induced incrcase in [3H]cAMP caused by
10 pM SIN-1 (Fig. 3.5a. and Fig. 3.5b.). DDA did not influence the
inhibition of [1&C]S-HT release caused by addition of 10 uM SIN-1
(Fig. 3.5a.) or 100 pM SIN-1 alone. Thus, 100 uM SIN-1
inhibited release by 77 + 1% in the absence and 80 + 5% in the the

presence of 200 uM DDA (mean + S.E.M. from 3 experiments). These
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values were not significantly different. Although DDA reduced the
synergistic inhibition of [14615-HT release caused by the simultaneous
addition of 10 uM SIN-1 and 0.02 uM PGE; (Fig. 3.5a.), this
agent did not reduce the inhibitions caused by the combined action of a
higher concentration of SIN-1 and 0.02 M PGE;. Thus, the
irhibitions caused by 100 uM SIN-1 and 0,02 uM PGE; were 99 +
1% and 96 + 4% in the absence and presence of DDA, respectively (mean +
5.E.M. from 3 experiments). The inability of DDA to decrease the
effects of 100 uM SIN-1 in the presence of PGE, may reflect the
large inhibitory effect of 100 uM SIN-1 alone. DDA inhibited the
potentiation of the PGE)-induced increase in [3H]cAMP caused by 10
pM SIN-1 by 65 + 3% (mean # S.E.M. from 4 experiments) and that
caused by 100 gM SIN-1 by 55 + 7% (mean + S.E.M. from 3
experiments). Again, DDA had no effect on basal or stimulated platelet

[3H}cGMP levels (Fig. 3.5c).

3.2.10. Synergistic effects of nitrovasodilators and adenosine on

rabbit platelets

To establish ghether the interaction between nitrovasodilators and
PGE, was a general phenomenon associated with activation of adenylyl
cyclase, or was specific to PGE;, the effects of adenosine, another
activator of platelet adenylyl cyclase (Haslam and Rosson, 1975), were
compared to those to PGEl. Addition of 1 uM adenosine alone

increased platelet [3H]cAMP by 84 + 19% (mean + S.E.M. from 3
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experiments, p < 0.01), an effect similar to that caused by 1 uM SNP
or 10 uM SIN-1. Adenosine had no effect on platelet [3H]cGMP.
However, when adencsine was incubated with either of the
nitrovasodilators, it had a much more marked effect on [BH]cAMP
accumulation (Table 3.3.). These effects were comparable to those
observed in the presence of both PGE; and SNP (Table 3.1. and Table
3.2.). Thus, 1 uM SNP or 10 uM SIN-1, concentrations of the
nitrovasodilators that increased platelet [3H]cAMP by 85 + 43% and 41
+ 20%, respectively, potentiated the increase in [3H]cAMP caused by 1
uM adenosine by 10 + 3-fold and 11 + 3-fold (Table 3.3.),
respectively (means + S.E.M. from 3 experiments). The effects of these
compounds when incubated together were supra-additive (p < 0.05).
Similarly, incubation of platelets with adenosine and either of the
nitrovasodilators caused a synergistic inhibition of aggregation,
comparable to that caused by the coﬁbined effects of PGE; and the
nitrovasodilators (see Fig. 3.2a). Thus, 1 gM SNP and 10 uM
SIN-1 increased the inhibition of PAF-induced aggregation caused by
adenosine from 30% to 98% and 99%, respectively (means from 2
experiments). These findings suggest that nitrovasodilators may
potentiate the effects on platelets of all compounds that activate

platelet adenylyl cyclase.
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3.2.11. Effects of hemoglobin on the actlions of the nitrovasodilators

on rabbic platelets

To invéstigate wether release of NO' by the nitrovasodilators was
necessary for synergism between the nitrovasodilators and activators of
adenylyl cyclase, the effects of hemoglobin, which is known to bind
nitric oiide (Keilin and Hartree, 1937), were studied. Since
aggregation recordings obtained in the presence of hemoglobin were
difficult to interpret, the effects of this compound on the inhibition
of platelet function by nitrovasodilators was studied by measuring the
inhibition of the PAF-induced release of [1QCIS-HT. Pre-incubation of
washed rabbit platelets with 10 uM hemoglobin for 0.5 min caused_an
almost complete reversal of the inhibition of [IAC}S-HT release caused
by 1 uM SNP and 10 uM SIN-1 (Table 3.4.). Also, hemoglobin all
but abolished the synergistic inhibition of platelet function caused by
the simultaneous addition of the nitrovasodilators and the activators of

adenylyl cyclase (Table 3.4.).

Hemoglobin also inhibited the increases in platelet [3H]cGMP
mediated by incubation of platelets with SNP and SIN-1 (Table 3.4. and
Fig. 3.6.). 1In three experiments, the increase in [3H]cGMP seen when
platelets were incubated with 1 uM SNP was totally inhibited by
pre-incubation with hemoglobin for 0.5 min. Similarly, hemoglobin
totally inhibited the increases in [3H]cGMP caused by the

nitrovasodilator SIN-1 (10 wM). While hemoglobin had no effect
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on the increase in platelet [3H]cAMP caused by either PGE; or
adenosine, it did inhibit the accumulation of [3H]cAMP in response to
the two nitrovasodilators (Table 3.4.). Thus, in three experiments the
increase in.[3H]cAHP caused by 1 uM SNP or 10 uM SIN-1 was
completely inhibited by pre-incubation of the platelets with
hemoglobin, In one experiment, similar effects of hemoglobin on the

actions of SIN-1 (10 uM) were observed (Table 3.4.).

The synergistic increases in [3H]cAMP seen with the
nitrovasodilators and the activators of adenylyl cyclase were likewise
inhibited by hemoglobin (Table 3.4 and Fig. 3.6.). Thus, in the
presence of 10 gM hemoglobin, the nitrovasodilator-induced
potentiation of the increases in [BH]CAMP, attributable to either
PGE; or adenosine, were completely inhibited (Table 3.4 and Fig.

3.6). Hemoglobin was also effective when added 0.5 min after the
nitrovasodilator and almost completely reversed the increases in cyclic
[3H]nupleotides, indicating that their maintenance required the
continued presence of nitric oxide (Fig. 3.6). These results Indicate
that the formation and the action of nitric oxide was necessary for the
increases in both [3H]cGMP and [3H]cAMP caused by nitrovasodilators

and that these effects are freely reversible.



- 142-
3.2.12, Comparison of the effects of cilostamide and SNP in rabbic

platelets

Preliminary experiments showed that cilostamide, a selective
inhibitor of the low Km cAMP PDE of human and rabbit platelets (Hidaka
et al., 1979), increased platelet [3H]cAMP in a
concentration-dependent manner causing a near-maximal effect at 10
pM (Fig. 3.7). These increases in platelet [3H]cAMP were
comparable in magnitude with those observed in the presence of 0.1-10
uM SNP (*ig. 3.2b). Thus, incubation of prelabelled rabbit
platelets with 1 pgM cilostamide for 0.5 min increased basal
[3H]cAMP from 0.015 + 0.001% of the platelet [SH]ATP to 0.033 +
0.004% of the [3H]ATP {means + S.E.M. from 5 experiments, p < 0.005).
Moreover, cilostamide, like SNP, greatly potentiated the increase in
[3H]cAMP caused by a low concentration of PGEl (see Table 3.5 and
Fig. 3.7). Thus, 1 uM cilostamide potentiated the increases in
[H]cAMP caused by 0.02 uM PGE; by 3 % 1-fold (mean & S.E.M.
from 5 experiments). Finally, in the presence of 10 pM cilostamide,
SNP had no additional effect on platelet [3H]cAMP, whether PGE, was
included in the incubation medium or not (Table 3.5). This finding
suggests that the increases in platelet [3H]CAMP caused by SNP result
from an inhibition of the cAMP PDE that is also the target of
cilostamide, However, addition of 10 puM cilostamide increased the

accumulation of [3HICAMP caused by a maximally eflective concentration

of SNP in the presence of PGE; (Table 3.5). The effects of SNP and
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cilostamide differ in that the latter does not affect basal [3H]cGMP
levels in the platelet and, at 10 pgM, only slightly increased the
{BH]cGHP that accumulated in response to SNP (Table 3.5). The above
findings raise the possibility that cGMP, formed in response to addition
of SNP, increases platelet cAMP by inhibiting the low Ky cAMP PDE that
is also inhibited by cilostamide. Such an effect has been
well-documented in studies with purified platelet c¢GI-PDE (Beavo, 1988),

but has not previously been observed in intact cells.

3.2.13. Effects of M&B 22,948 on cyclic [3H]nuc1eocides in rabbit

platelets

To investigate the possible role of cGMP in the regulation of
platelet cAMP breakdown, we studied the changes in platelet [3H]cGMP
and [3H]cAMP caused by M&B 22,948, a selective inhibitor of cGMP PDE
(Lugnier et al., 1983). At 10 uM, the highest concentration
tested, M&B 22,948 had no significant effect on [3H]cGMP levels in
resting platelets, suggesting that there is little turnover of cGMP
under basal conditions (Fig. 3.8.). Platelet [3H]cAMP was also
unaffected by 10 uM M&B 22,948 alone (Fig. 3.8.). However, in the
presence of SNP, 1-10 uM M&B 22,948 caused significant potentiacion
«f the increases in both the [3H]cGMP and [3H]cAMP that accumulated
in labelled platelets incubated with SNP (Fig. 3.8.). Thus, in the
presence of 10 uM M&B 22,948, the increase in [3H]cGMP caused by

1 pi SNP was potentiated by 233 + 60% (mean + S.E.M. from 3
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experiments). Similarly, the SNP-induced accumulation of [3HIcAMP was

increased by 111 + 64% (mean + S.E.M. from 3 experiments). Beth

increases were significant in a paired t-test (p < 0.05). The
increases in platelet [BH]cAMP and [3H]cGMP observed with all
combinations of SNP and M&B 22,948 conformed to a single hyperbolic
relationship, which yielded a linear Hill plot with a slope close to 1
(Fig. 3.9). A half-maximal increase in [3H]cAMP required an increase
in platelet [3H]cGMP equivialent to 0.1% of platelet [3H]GTP. Since
the same relationship was found between the increases in platelet
[BH]cAHP and [3H]cGMP caused by SNP, whether M&B 22,948 was present
or not, M&B 22,948 is likely to have enhanced [3H]cAMP accumulation
solely by inhibiting cGMP PDE and so increasing the amount of cGMP
present. Consistent with this, the potentiation of the SNP-induced
increases in [3H]CAMP caused by 10 pM M&B 22,948 were proportional

to the ability of this compound to enhance the accumulation of
[BH]CCMP by the nitrovasodilator (Table 3.6). Also, M&B 22,948
potentiated the increase in [3H]cAMP seen with 0.4 uM SNP by 38%,
while only increasing the accumulation of {3H]CAMP caused by 0.02

s PGE; by 14% (means from 2 experiments), even though both

compound had equivalent effects on [JH]cAMP levels when used alone
(Table 3.6). However, when higher concentrations of SNP or PGEl were
used, M&B 22,948 had different effects (Table 3.6 and Fig. 3.10.).
Thus, although 0.04 uM PGE, and 4 uM SNP had similar effects

on platelet [3H]cAHP when used alone, M&B 22,948 potentiated the

increase caused by the higher concentration of PGE; by 33%, whereas it
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augmented the accumulation of [3H]cAHP caused by 4 uM SNP by only
10%¢. The basis for the latter effects is still not clear, although it
may reflect non-specific effects of the PDE inhibitor, or an action of
cGMP other ;han the inhibition of ¢GI-PDE. Overall, however, the
results support the hypothesis that the increases in platelet [3H]cAMP
caused by SNP are secondary to increases in cGMP, which acts by

inhibiting the low platelet cGI-PDE.

3.2.14, Effects of SNP and PGE; on rat platelet aggregation

The influence of these compounds on rat platelet aggregation was
studied using thrombin, rather than PAF, as the aggregating agent. This
was necessary because PAF does not aggregate rat platelets. The
concentration of thrombin used (0.5 U/ml) was chosen because it caused

almost complete aggregation of washed rat platelets within 1 min.

From results obtained in a preliminary aggregation experiment,
1 pM SNP was found to be an optimal concentration of this
nitrovasodilator with which to study synergism. Thus, incubation of rat
platelets with this concentration of §NP for 0.5 min caused 8 + 2%
inhibition of thrombin-induced aggregation (mean + S.E.M. from 3
determinations). Incubation of rat platelets with PGEl (0,005 - 0.1
LMY for 0.5 min caused a concentration-dependent inhibition of
aggregation. Simultaneous incubation of the platelets with the two

compounds caused a potent supra-additive inhibition of thrombin-induced
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aggregation (Table 3.7). The extent to which the action of PGE; onrat
platelets was potentiated by SNP was comparable to the effects of this
compound seen in washed rabbit platelets, incubated under similar

conditions.

3.2.15. Effects of SNP and PGE; on rat platelet cyclic

[3H]nuc1eocides

Because [3H]guanine was no longer avallable commercially, rat
platelets were labelled with [3H]guanosine and [3H]adenine (Section
2.2.3.). Low concentrations of SNP caused increases in both [3H]cGMP
and [3H]cAMP in prelabelled rat platelets (Table 3.8.). In percentage
terms, the increases in IBH]cGMP were much larger than those in
{3HICAMP. Thus, incubation of rat platelets with 1 uM and 10
uM SNP for 0.5 min caused 7 + 3-fold and 18 + 4-fold increases in
[3H]cGMP. respectively (means + S.E.M. from 3 experiments). The
increases in [3H]cAMP caused by 1 gM and 10 gM SNP amounted to
18 # 5% and 38 + 2% above the basal value, respectively (means + S.E.M.

from 3 experiments). These increases in [3H]cGMP and [3H]cAMP were

both significant (p < 0.05).

Incubation of labelled rat platelets with PGE, caused
concentration-dependent increases in [3H]cAMP (Table 3.8.). Thus,
0.02 uM PGE; caused a 99 * 13% increase in [3H]cAMP above the

basal value (mean + S.E.M., from 3 experiments, p < 0.005). This
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increase in [3H]cAMP caused by PGE, was significantly potentiated by
SKNP (Table 3.8). Thus, when incubated with 1 uM SNP, which itself
increased [3H]CAHP only slightly, 0.02 uM PGE; increased
platelet [3H]cAMP by 204 + 11% (mean + S.E.M. from 3 experiments).

The increase in [3H]cAMP caused by these two compounds acting together

was significantly supra-addicive (p < 0.01).

3.2,16. Comparison of the effects of cilostamide and SNP in rat

platelets

.Cilostamide caused concentration-dependent increases in rat platelet
[BH]CAMP (Table 3.8). The maximum effect in platelets from this
species was obtained with about 10 uM compound, a concentration that
caused a 40 + 3% increase in the level of this ecyeclic nucleotide (mean +
S.E.M. from 3 experiments). The effects of cilostamide or of SNP alone
in rat platelets were similar, and comparable to the effects observed in
rabbit platelets (Table 3.5). Both compounds also markedly potentiated
the increases in [3H]cAMP caused by PGE;, but to different extents
(Table 3.8). The difference between the maximum effects of these two
compounds was larger in rat than rabbit platelets. (compare Tables 3.8.
and Table 3.5). Whereas 10 uM SNP caused a 1.9-fold potentiation of
the increase in [3H]CAMP induced by 0.02 uM PGE{, a
concentration of cilostamide (1.0 uM) that gave the same increase in
[3H]cAMP as SNP when used alone, potentiated the action of PGE; by
4.1-fold (means + S.E.M. from 3 experiments). Cilostamide had no effect

on either basal [BH]cGMP or the SNP-induced increases in [3H]cGHP.
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1.3. Discussion

3.3.1. Cyclic nucleotide measurements in platelets

By using both sensitive prelabelling techniques and
radloimmunoassays, I have shown that the nitrovasodilator, SNP, causes
small, at most three-fold, increases in cAMP in rabbit platelets, in
addition to the expected large increases in cGMP. These two assays gave
equivalent results, but the prelabelling assay, which was less subject
to error, was used in the majority of experiments. The increases in
platelet [3H]cAMP caused by SNP were of a similar magnitude to those
previously measured by radiocimmuncassay in human and rabbit platelets
(Haslam et al., 1980; Hawkins et al., 1988) and there is no
reason to doubt their reality. Other workers, using radioimmunoassays,
have failed to detect any change in platelet cAMP following incubation
of platelets with either nitrovasodilators (Mellion et al., 1981;
Loscalzo, 1985; Morgan and Newby, 1989; Stamler et al., 1989;

Halbrigge et al., 1989) or EDRF (Busse et al., 1987: Alheid et

al., 1989). However, as was shown in this Chapter, the increases in
platelet cGMP and cAMP caused by incubation of platelets with SNP were
equivalent using both assays. Thus, the choice of method selected by
these researchers cannot account for their inability to observe
nitrovasodilator-induced increases in platelet cAMP levels. However,

the experimental approach and the manner in which the cyclic nucleotide
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measurements were carried out may be responsible for this discrepancy
Thus, in some of these studies (Melllon et al., 198l; Loscalzo,

1985), changes in platelet cyclic nucleotide levels were measured in
PRP, without any attempt to allow for the cyclic nucleotide content of
plasma. Since plasma contains relatively large amounts of both cAMP and
cGMP, small changes in platelet cyclic nucleotide levels may have been
difficult to measure. Only when cyclic nucleotides were purified before
the radioimmunoassay, were significant increases in cAMP detected
following incubation with nitrovasodilators (Haslam et al., 1980;
Hawkins et al., 1988). The purification of the cyclic nucleotides

may be necessary to reduce the extent to which substances present in
platelet extracts interfere with the radioimmuncassays. In addition, in
some studies (Alheid et al., 1989; Morgan and Newby, 1989; Halbrigge

et al., 1989), the cAMP and c¢GMP were measured in platelet extracts
without prior acetylation. Since the acetylation step is known to
increase the sensitivity of these assays, it may have been impossible to

detect small changes in cyclic nucleotide levels.,

3.3.2. Pharmacological impact on platelet function of the

nitrovasodilator-induced increases in platelet [3H]cAMP

Although the increases in platelet [3H]cAMP caused by both SNP or
SIN-1 were always significant, the contributions of this cyclic

[3H]nucleotide to the nitrovasodilator-induced inhibitions of platelet
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function were dependent on the experimental conditions. Thus, the
attenuation of these increases in [3H]cAMP by DDA, an inhibitor of
adenylyl cyclase {(Haslam et al., 1978), without a corresponding
effect on platelet aggregation, indicates that cAMP did not play a
significant role in the inhibition of platelet function caused by SNP,
when this compound alone was incubated with rabbit platelets.
Presumably, cGMP mediated the inhibitory action of SNP under these
conditions. This conclusion contrasts with preliminary results from
similar experiments with human platelets in which DDA reduced the
effects of SNP (Haslam and Davidson, 1982). The full reason for this
species difference is not clear, though it presumably reflects a
difference in the relative effectiveness of cAMP and cGMP as inhibitory
second messengers in human and rabbit platelets. In the presence of a
low PGE; concentration, the role of cAMP in the inhibition of platelet
function was much clearer; SNP then caused very 1afge additional
increases in platelet cAMP, which with the lower concentrations of this
compound, were associated with much more marked inhibitions of platelet
aggregation and degranulation. Since DDA reduced both these increases
in platelet [3H]cAHP and the associated inhibitions of platelet
function withogc affecting [3H]cGMP levels, it follows that the
synergistic effects of low concentrations of SNP and PGE; were
mediated by cAMP. Similar results were obtained when SIN-1, the active
metabolite of molsidomine, was used in place of SNP, suggesting that the
observed phenomenon reflects a general property of nitrovasodilator

drugs. In addition, results obtained in rat platelets (this Chapter),
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as well as with human platelets (Haslam and Davidson, 1982), indicate
that this potentiation of the effects of activators of adenylyl cyclase

by activators of puanylyl cyclase may be a general mechanism, found in

platelets from most species.

3.3.3. Molecular basis for the nitrovasodilator-induced increases in

platelet [JH]cAMP

In an earlier paper from Dr, Haslam'’s laboratory (Haslam et al.,
1980), it was suggested that the increases in platelet cAMP caused by
SNP might result from the reported ability of guanylyl cyclase to make
somte use of ATP as a substrate (Mittal and Murad, 1977). There are
three reasons which make such a mechanism unlikely. First, if both
cyclic nucleotides were formed by the same enzyme, namely guanylyl
cyclase, the time course of the formation of these two compounds would
necessarily be identical. However, results from the present experiments
demonstrated that the formation of [3H]cAMP lagged behind that of
[3H]cGMP. The second reason relates to the effects of DDA, a "P" site
inhibitor of platelet adenylyl cyclase (Londos and Wolff, 1977).
Pre-incubation of the platelets with this compound, caused a marked
reduction in the [3H]cAMP that accumulated in response to treatment
with either SNP or SIN-1, while leaving the increases in the levels of
[3H]cGMP unchanged. Thirdly, the relationship between [3H]cAMP and
[BH]cGMP formation at different SNP concentrations was hyperbolic

rather than linear. Moreover, the present studies suggest an entirely
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different mechanism for the increases in platelet cAMP caused by
nitrovasodilators. Since these compounds greatly enhanced the
accumulation of [3H]cAHP that occurred in the presence of activators
of adeﬁylyl cyclase, such as PGE; or adenosine, but caused no further
increase in the presence of cilostamide, an inhibitor of platelet cAMP
PDE (Hidaka et al., 1979), they must act by inhibiting cAMP
breaidown and not by promoting cAMP formation. Presumably, this
reflects a direct or indirect Inhibition of the low K, cAMP PDE, that
is the target of cilostamide and accounts for most of cAMP breakdown in
both human and rabbit platelets (Beavo, 1988; Hidaka et al., 1979).

A proteolyzed form of this enzyme has been purified from human platelets
(Grant and Colman, 1984) and was subsequently shown to be related
immunologically to a lew K cAMP PDE from bovine heart (Harrison et

al., 1986). In both instances, the purified enzyme was found to be
inhibited by submicromolar concentrations of cGMP (Grant and Colman,
1984; Harrison et al., 1986) and this enzyme has now been designated

the cGI-PDE (see Section 1,14.3. and Beavo, 1990). These findings
suggest that increases in platelet cAMP caused by nitrovasodilators
might be mediated indirectly by cGMP. A number of the experiments
described in this Chapter support this hypothesis. Thus, addition of
hemoglobin, which binds nitric oxide released by nitrovasodilators and
so blocks the activation of guanylyl cyclase by these compounds (Waldman
and Murad, 1987), prevented the accumulation of both eGMP and cAMP.

This shows that SNP and SIN-1 do not directly inhibit cAMP PDE but does

not eliminate the formal possibility that nitric oxide does do so. The
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effects of a selective inhibitor of platelet cGMP PDE, M&B 22,948
(Lugnier et al., 1983) were more convincing. The experiments show
that M&B 22,948 enhanced the accumulation of [3H]cAMP caused by low
SNP concentrations although, in contrast to cilostamide, it did noc
affect basal platelet [3H]cAHP levels, Moreover, the relationship
between the [3H]cGMP and [3H]cAMP accumulating in response to
increasing SNP concentrations was unaffected by addition of M&B 22,948,
These observations are most simply explained if [3H]cAMP accumulation
is a function of that of [3H]cGMP. Indeed, the hyperbolic
relationship observed suggests that cGMP acts at a site that is
saturable at low concentrations of this cyclic nucleotide. Thus, a
half-maximal effect of [3H]cGMP on [3H]cAHP accumulation was seen
with an increase in the former equivalent to only about 0.1% of the
{BH}GTP present, which corresponds to some 12 pmol of cGMP/lOg
platelets (from Table 3.2.). These results provide the first evidence
that c¢GMP inhibits cAMP breakdown in intact platelets and confirms
speculations that the cGI-PDE might represent a target through which
cGMP mediates some of its blological effects (Grant and Colman, 1984;
Beavo, 1988; Walter, 1989). Recent studies have shown that the c¢GI-PDE
from human platelets can be stimulated by cAMP-dependent phosphorylation
{Macphee et al., 1988; Grant et al., 1988). However, the
results of experiments described in this Chapter cast some doubt on the

importance of this effect in intact rabbit platelets. Thus, the
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markedly synergistic effects of SNP and PGE; on [SH]CAMP
accumulation indicate that inhibition of cAMP PDE activity by cGMP is
the dominant regulatory mechanism. Since a similar synergism is seen in
human platelets (Haslam and Davidson, 1982), the same conclusion applies

in that species.

The findings discussed in this Chapter are complementary to
indications that cGMP may enhance cAMP breakdown by a c¢GS-PDE in some
cell types (see Section 1,14.2,; Beavo, 1988; Hartzell and Fischmeister,
1986). 1In fact, a possible interpretation of the observation that the
maximum potentiation of the PGEl-induced increase in [3H]cAMP was
less with SNP than with cilostamide in both rabbit and rat platelets, is
that both cGMP-mediated inhibition and c¢GMP-mediated stimulation of cAMP
breakdown could be components of the SNP response. Consistent with
this, a cGS-PDE was recently purified from human platelets (Grant et
al., 1990). The enzyme hydrolysed both cAMP and cGMP, but the rate of
hydrolysis of cAMP was stimulated by eGMP (0.1 uM - 10 uM).

Since cilostamide does not increase cGMP, this second component would
not be expected to participate in the effect of this compound., However,
this hypothesis implies that cilostamide also inhibits the platelet
¢GS-PDE. Although such an effect has been reported in vitro with
partially purified enzyme from human platelets (Hidaka et al., 1979)
and calf liver (Yamamoto et al., 1983), the Ki values for these

effects were relatively high (about 15 uM in each case). The effect

of cilostamide on the enzyme purified Dy Grant et al. (1990)
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was not reported. Alternatively, a mechanism involving activation of
the cGI-PDE, by a cGMP-dependent phosphorylation reaction could account
for the difference, since cilostamide does not affect cGMP levels.
Further experiments will be required in order to address these

questions.

Another possible mechanism by which cAMP and cGMP might interact to
bring about synergistic inhibitory effects on platelet function, could
be through the c¢GMP-PK. The two cCGMP-binding sites of the c¢GMP-PK
display very different binding affinities for the two cyeclic nucleotides
(reviewed by Beebe and Corbin, 1986). In addition, binding of cAMP to
one site (Site 1) has been shown to cause a significant increase in the
affinity of the second site for cGMP (Beebe and Corbin, 1986). Thus, in
addition to an effect of ¢GMP on cAMP degradation, the cyclic
nucleotides may interact at the level of the cGMP-PK. Consistent with
this, Lincoln et al. (1990) have recently demonstrated, using
cultured rat aortic VSMC, that the cGMP-PK may be responsible for some

of the effects czused by increases in caAMP.

3.3.4. Physiological significance of the interaction between

activacors of adenylyl and guanylyl cyclases

PGE, can be regarded as a stable analogue of PGI,, since both
compounds stimulate platelet adenylyl cyclase through the same receptor

(Moncada, 1982). It is PGIZ, synthesized by the vascular endethelium,
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which is likely to be one of the most important local inhibitors of
platelet aggregation under physiological conditions (Moncada, 1982;
Haslam and McClenaghan, 1981). Nitric exide, either released from
nitrovasodilator drugs (Waldman and Murad, 1987) or generated
endogenously by the vascular endothelium as the major component of EDRF
(Palmer et al., 1987; Ignarro et al., 1987; Ignarro, 1989), also
appears to decrease platelet responsiveness in vivo (Mehta and
Mehta, 1980; Fielder, 1982; De Caterina et al., 1984; Basista et
al., 1985; Bhardwaj et al., 1988; Hogan et al, 1988). It follows
that since both PGI, and nitrovasodilators (Levin et al., 1982; De
Caterina et al., 1988) and PGI, and EDRF (Radomski et al.,

1987; Macdonald et al., 1988) act synergistically to inhibit

platelet aggregation, the cAMP-dependent mechanism that I have described
may have important effects on platelet function, both enhancing the
antithrombotic action of nitrovasodilator drugs and providing a basis
for the physiological limitation of the growth of hemostatic plugs at
sites of vascular injury. A similar mechanism could operate in other
cells exposed to both nitric oxide and an activator of adenylyl cyclase,
provided cAMP breakdown depends largely on the cGI-PDE, and that the
effect of cGMP on inhibition of cAMP breakdown is the predominant
effect., An important question is whether or not this is the case in
vascular smooth muscle, since PG12 and EDRF also have marked effects

on VSMC. The limited evidence available prior to the work described in
Chapter 3 of this thesis was equivocal; a synergistic effect of PGI,

and EDRF on relaxation had been observed with pig coronary artery
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(Shimokawa et al., 1988) but no synergism between a PGI, analogue
and SNP was seen with rabbit coeliac and mesenteric arteries (Lidbury

et al., 1988).
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Summary

Changes in [3H]cGMP and [3H]cAHP which occur upon incubation
of platelets with activators of guanylyl and adenylyl cyclases
were measured using a rapid and sensitive prelabelling
technique. The validity of results obtained with this method
were confirmed by radioimmunoassay of the two cyelic
nucleotides. The prelabelling method was faster, easier, less
expensive and less prone to error that the corresponding

radioimmunoassays.

Incubation of rabbit or rat platelets with 0.1 to 10 uM SNP
caused concentration-dependent Inhibitions of platelet function
that were associated with large increases in [3H‘cGMP and

smaller but significant inereases in [3H]cAMP.

In rabbit platelets, S5IN-1, caused similar
concentration-dependent inhibition of platelet function and also

increased both [3H]cGMP and [3H]cAMP.

Addition to rabbit platelets of either SNP or SIN-1 with
concentrations of PGE; or adenosine that had little effect
alone, caused synergistic inhibition of platelet function and

supra-additive increases in [ H]cAMP.



3.4.5,

3.4,

3.4,

6.

7.
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The adenylyl cyclase inhibitor, DDA diminished the increases in
[3H]cAHP caused by SNP or S5IN-1, both in the presence and
absence of PGE;. DDA also reduced the inhibition of platelet
function caused by the nitrovasodilators in the presence but not
the absence of PGE;. These resuits suggest that although cGMP
may mediate the inhibition of rabbit platelet function by high
concentracions éf nitrovasodilator alone, the synergistic
interactions of lower concentrations of these compounds with

PGE; depends on an enhanced accumulation of cAMP.

Hemoglobin, which binds nitric oxide, blocked or reversed the
increases in both [3H]cGMP and [3H]cAMP in platelets caused
by the nitrovasodilators added either alone or with activators

of adenylyl cyclase,

SNP had effects on [SH]CﬁMP accumulation that were very
similar to those of c¢ilostamide, a selective inhibitor of
platelet c¢GI-PDE. However, the maximum potentiation of the
PGE|-induced increases in [3H]cAHP caused by SNP in rabbit
or rat platelets was less than that caused by cilostamide.
These results suggest that in intact plate}gts cGMP may both
inhibit the breakdown of cAMP by the cGI-PDE‘and to a lesser

extent potentiate its breakdown by a c¢GS-FDE,
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3.4.9. M&B 22,948, a selective inhibitor of cGMP PDE, potentiated the
increases in both [3H]cGMP and [3H]cAMP caused by SNP,
A hyperbolic relationship was found between the increases in
[3H]cGHP and [3H]cAHP caused by different concentrations of
SNP; this relationship was not affected by addition of M&B

22,948,

3.4.10. The results strongly suggest that the symergistic inhibition of
platelet function observed in the presence of activators of
both adenylyl and guanylyl cyclases is mediated by cAMP,
accumulating as a result of the inhibitien of cAMP PDE activity

by cGMP,
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Fig. 3.1. ITEibition by SNP of PAF-induced platelet aggregation and
[*7C]5-HT release; synergism between SNP and PGE; and
reversal of the effects of PGE; by DDA

Labelled platelets containing [laC]S-HT (2 x 108 platelets in a

final vol. of 0.5 ml) were incubated at 37°C without (a - d) or with
1.0 uM SNP (e - h) and the following other additions: a and e, none;

b and £, 200 uM DDA; ¢ and g, 0.02 uM PGE,; d and h, 0.02

uM PGE, and 200 puM DDA. DDA was added 0.5 min before any SNP

or PGEy and the incubations were continued for a further 0.5 min.
Platelet aggregation was then induced by the addition of 10 nM PAF with
stirf&ng. Aggregation was recorded for 1 min at which time the release
of {77C]5-HT was determined (see Section 2.2.5.). Each incubation was
performed in triplicate; representati¥i aggregation traces and the

rresponding values for release of [“'C])5-HT (as % of total platelet
i
C) are shownm.
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Fig. 3.5. Effects of SIN-1 gn release of _rabbit platelet [1&C]5-HT
and on platelet [“H]cAMP and [“H]cGMP; synergism between
SIN-1 and PGE; and reversal of the effects of PGE; by DDA

Plgtelets were labelled with [3H]guanine. [3H]adenine and

[**C)5-HT (see Section 2.2.3.). Samples of the suspension were
incubated at 37°C for 0.5 min with 10 pM SIN-1 in the absence or
presence of 0,02 uM PGE,, after an initial 0.5 min incubation with

200 uM DDA or vehicle, as Indicated a, After these incubations,

part of each sample (0.5 ml, 2 x 108 platelets) was transferred to an
aggregometer tube containing PAF (final concentration 10 nM) Tzd the
platelets were stirred for 0.5 min at which time release of {*"C]5-HT
was measured (see Section 2.2.5.). The percent inhibition of release of
(*?C}5-HT was determined with respect to controls containing PAF

alone. Values are means + S.E.M. from 3 identical incubation mixtures.
b and c, After the above incubations, another part of each sample (0.5
ml, 2 x 10 platelgts) was extracted with trichloroacetic acid.
{"H]cAMP (b) and [“H])cGMP (c) were_isolated and expressed as
percentages of the corresponding [“H]nucleoside triphosphates; values
are means + S.E.M. from 3 identical incubation mixtures.
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Fig. 3.7. Effects of cilostamide and PGE on [SH]cAMP in rabbit
platelets

Platelets were washed and labelled with [3H]guanine and [3H]ad§nine
(see Section 2.2.3.). Samples of suspension containing 2 x 10
platelets were incubated at 37°C for 0.5 min with the cilostamide
concentrations indicated either in the presence (57 ) or absence (@) of
0.02 pM PGE,. Incubations were terminated_by addition of
trichloroacetic acig {5% (w/v), final). [“H]cAMP is expressed as a
percentage of the [“HJATP. Values are means + S.E.M. from three
identical incubation mixtures.
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Fig. 3.10. Effects of M&B 22,948 on PGE;-induced increases in
["H]cAMP in rabbit platelets

Platelets were isolated and labelled with [BH]adenine and

( E]guanine (see Section 2.2.3.). Samples of the suspension (4 x

10° platelets) were incubated for 0.5 min at 37°C with the indicated
concentrations of PGE,, either alone (@) or in the presence of 2.5
M (w) or 10 uM M&B %2,9&8 (A). Incubations were terminated

by addition of ice-cold trichloroacetic acid (5% w/v final). [3H]cAMP
wgs isolated and is expressed as a percentage of the platelet
["H]ATP. Values are means + S.E.M. from three identical incubation
mixtures.
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Table 3.3. Synergism between SNP agd adenosine with_respect to
increases in platelet [“H]cAMP but not [“H]cGMP

Platelets were labelled with [BH]guanine and [3H]aden1ne see

Section 2.2.3.). Samples of susgension containing 2 x 10° platelets
were incubated for 0.5 min at 37° with 1.0 pgM SNP, 10 uM SIN-1

or 1.0 uM adenosine (AD) alone or in combination, as indicated

(final vgl. 0.5 ml). 3Incubations were terminated with trichloroacetic
acid. ([“H]}cGMP and [“H]cAMP were 1§olated and each was expressed as

a percentage of the corresponding [“H]nucleoside triphosphate (see
Section 2.2.10). Values are means * S5.E.M. from 4 identical incubation

gixtures. Significant increases in cyecliec [“Hjnucleotides are shown:
p < 0.05.

] [BH]SAHP [3H]coMP
Additions (s of (°H]ATP) (2 of [°H]GTP)
None 0.014 + 0.001 " 0.007 + 0.000
SNP 0.036 + 0.001% 0.053 + 0.006%
SIN-1 0.022 + 0.001% 0.111 + 0.016%*
AD 0.031 + 0.001% 0.010 + 0.003
SNP + AD 0.276 + 0.005% 0.037 + 0.005%

SIN-1 + AD 0.143 + 0,003 0.100 + 0.017%*
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Tahle 3.4.
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Table 3.5, Comparisgn of the effects of SNP and cilostamide on platelet
cyclic [“H]lnucleotides

Platelets were washed and labelled with [3H}guanine and [3H]ad§nine

(see Section 2.2.3.). Samples of suspension containing 4 x 10

platelets were incubated for 0.5 min at 37°C with 1.0 gM SNP, 10

uM cilostamide and 0.02 uM PGE,, as indicated (final vol. 1.0

ml). All samples contained 0.&% {v/v) dimethyl sulfoxide. Incubations
were terﬁinatgd by additiog of trichleoroacetic acid (fimal concentration
5% (w/v)). [“H)eGMP and [“H]cAMP were isolated gnd each was

expressed as a percentage of the corresponding [“H]nucleoside
triphosphates (see 2.2.10.). Values are means + S.E.M. _from 3 identical
incubation mixtures. Significant increases in cyclic [“H]nucleotides
are shown: *, p < 0,01,

(3H] cayMP [3H]eGMP

Additions (3 of [“H]ATP) (% of ["H]GTP)
None 0.011 + 0.000 0.016 + 0.000_
SNP 0.022 + 0.002% 0.166 + 0.007
cil 0.025 + 0.000 0.015 + 0.002
SNP + cil 0.026 + 0.001% 0.208 + 0.004™
PGE 0.028 + 0,001} 0.014 % 0.050
PGE, + SNP 0.241 + 0.005% 0.153 + 0.007
PGE, + cil 0.391 + 0.012% 0.016 + 0.002_
PGE; + SNP + cil -  0.399 + 0.015 0.198 + 0.003
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Table 3.7. Synergistic effects of SNP and PGEq on rat platelet
aggregation

WKY rats were anaesthetized with diethyl ether and blood collected by
cardiac puncture. Platelets were isalated by differential
centrifugation and resuspended in Ca +-containing medium (Section
2.2.1.). Samples of platelet suspension (0.95 ml containing 4 x 10
platelets) were incubated with SNP or PGE;, either singly or in
combination, in siliconized aggregometer tubes for 0.5 min at 37°C.
Thrombin (0.5 U/ml) was added to the aggregometer tube and the

aggregation recorded after a further 1 min. Values are means + S.E.M.
from 3 determinations.

Inhibicion of

aggregation
Additions (%)
PGE; (0.02 pM) 13+ 3
SNP (1 upM) 8+ 2

PGE; (0.02 pM)+
+ SNP (1 pM) 100

I+
o
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Table 3.8. ngeccs of SNP, cilostamide and PGE; on cyclic
(°H]nucleotide levels in rat platelets

Blood was collected from diethyl ether-anaesthetized WKY rats,
Platelets was isolaged by differential centrifugation, labelled with

[ H]guagosine and [~“H)adenine (see Section 2.2.3.) and resuspended
in_a Ca‘*-containing Tyrode's medium. Samples (0.5 ml containing 2 x
108 platelets) were incubated at 37°9C with the different additions

for 0.5 min. Drugs studied were, PGE;, SNP and cilostamide (Cil).
Incubations were terminated by addition $£ ice-cold tr*ghloroacetic acid
(5% w/v ginal). Following addition of [~"C]cAMP and [~ "C]cGMP,

cyclic [“H]nucleotides were isolated by chromatography on alumina and
Dowex 50 (see Sectign 2,2.8.). Values are expressed as percentages of
the corresponding [“H]nucleoside triphosphate and reprgsent means *
S3E.H. from three identical incubations. Values for [“H]cAMP, and
[“H]cGMP chgt are different from their corresponding basal values are
indicated, p < 0.05. Values of [“H]cAMP which are significantly
different from those obtained with PGE; alone or from the maximum
values obtained with both PGE, and SNP are indicated; ag < 0.02 and

p < 0.02, respectively.

Additions [3H)cayP [3H]cGMP

(¢ of [SH]ATP) (3 of [°H]GTP)
None 0.069 + 0,003 0.013 + 0.000
PGE, (0.02 pM) 0.127 + 0.008 0.010 + 0.002
SNP (1 uM) 0.085 + 0.001: 0.054 + 0.002:
SNP (10 uM) 0.095 + 0.003 0.154 + 0.003
Cil (1 pM) 0.095 + 0.003: 0.015 + 0.001
Cil (10 uM) 0.103 + 0.002 0.018 + 0.001
PGE; (0.02 uM) .
+ SNP (1 uM) 0.216 + 0.0042 0.054 + 0.001
PGE; (0.02 uM)
+ Cil (1 uM) 0.250 + 0.0052: 0.015 + 0.001
PGE; (0.02 pM)
+ SNP (10 uM) 0.224 + 0.0082 0.128 + 0.009"
PGE; (0.02 uM)
+ CI11 (10 M) 0.574 + 0.0142:P 0.020 + 0.003




Chapter 4. Inhibition of vascular smooth
muscle function by nitrovasodilators

and isoproterenol
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4,1, Incroduction

4.1.1. Effects of nitrovasodilators on platelets and VSM

The nltrovasodilators, SNP and SIN-1, and EDRF inhibit platelet
aggregation (Glusa et al., 1974; Nishikawa et al., 1982; Azuma
et al., 1986) in addition to their ability to relax vascular smooth
muscle (Hashimoto et al., 1971; Furchgott and Zawadzki, 1980). Both
of these effects are associated with the activation of soluble guanylyl
cyclase and increases in intracellular <GMP (Murad, 1986; Lincoln,
1989). 1In contrast, vasodilators such as isoproterenol and PGI, exert
their effects on vascular smooth muscle by stimulating adenylyl cyclase

and increasing intracellular cAMP (Hardman, 1984; Murray, 1990).

4.1.2. Interactions between activators of adenylyl and guanylyl

cyclases

Several reports have documented synergistic iInhibitory effects on
platelet aggregation of PGI, or its analogues in combination with
nitrovasodilators (Levin ec al., 1982; De Caterina et al., 1988;
Willis er al., 1989; Maurice and Haslam, 1990) or EDRF (Radomski

et al,, 1987; Macdonald et al., 1988)., Whether such
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interactions occur in vascular smooth muscle is less clear. However,
given that activators of both adenylyl eyclase (PGIL,) and guanylyl
cyclase (EDRF) are formed by the wvascular endothelium, and that there is
evidence suggesting that the release of these compounds may be coupled
(de Nucei et al., 1988), such an interaction is plausible and could
have marked effects on vessel tone. Evidence for synergism between EDRF
and PGI, has been obtained in experiments with pig coronary arteries
{Shimokawa et al., 1988), whereas comparable synergistic effects
were not observed in a study of the effects of SNP and iloprost on

rabbit vascular smooth muscle (Lidbury et al., 1989).

4.1.3. Elements necessary for synergism between activators of

adenylyl and guanylyl cyclases are present in some vascular

smooth muscle

The molecular basis of the synergistic inhibition of platelet
function caused by the simultaneous actions of activators of guanylyl
and adenylyl cyclases was described in Chapter 2. The data presented in
that Chapter showed that the synergism resulted from the ability of cGHMP
to enhance the accumulation of cAMP in platelets, and that this was due
to the inhibition of a specific cAMP-PDE by cGMP. This PDE, the
cGI-PDE, has been most fully characterized in platelets (Grant and
Colman, 1984; MacPhee et al., 1986) and cardliac muscle (Harrison
et al., 1986). More recently, a cAMP-PDE with very similar kinetic

parameters and sensitivity te inhibitors has been shown toc be present
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in VSM from rats (Schoeffter et al., 1987; Souness et al., 1989;
Lindgren et al., 1990), guinea pigs (Silver et al., 1988}, and
rabbits (Ahn et al., 1989). Since most VSMC contain soluble
guanylyl cyclase, as well as receptor-operated adenylyl cyclase,
simultaneous incubation of these tissues with activators of these two
signal transduction pathways should cause significant increases in both
¢GMP and cAMP. Thus, whether the synergism studied in platelets will
occur in VSMC must ultimately depend on the presence of the cGI-PDE.
Moreover, the effect will be most marked in those tissues where this

isozyme plays a major role in the hydrolysis of cAMP.
4&.1.4. Objectives

In an attempt to determine if an interaction between activators of
guanylyl and adenylyl cyclases similar to that observed in‘platelets
occurred in VSMC, the effects of these types of compounds on the
vascular contractility of de-endothelialized rat aorta were studied.
The relaxation of precontracted rings caused by these agents, as well as
their ability to inhibit the contraction of rings which were not
precontracted, were studied. The nitrovasodilators used to activate
soluble guanylyl cyclase in these experiments were SNP and SIN-1.
Isoproterenol was used to activate adenylyl cyclase, since it was known
that analogues of PGI,, such as PGE;, did not relax rat aorta (Eglen
and Whiting, 1988) and that the adenosine-induced relaxation of rat

aortic VSM seemed to be, at least in part, endothelium-dependent
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(Moritoki et al., 1990). The interactions between the
nitrovasodilators and isoproterenol were compared to those between
isoproterenol and two selective low K, cAMP-PDE inhibitors
(cilostamide and Ro 20-1724), The cAMP and cGMP levels present in the
VSM following treatment with these agents were determined to establish
the relative roles of the two cyclic nucleotides in the inhibition of

rat funection.

4.2, Results

4.2.1. Relaxation of pre-contracted rat aortic smooth muscle by

vasodilators

Phenylephrine (10 nM - 1 uM) caused a concentration-dependent
contraction of de-endothelialized rat aortic rings. Although the
maximal tension achieved with different rings was highly variable, a
maximum contraction was obtained with 1 pM phenylephrine. The
concentration of phenylephrine used in these experiments, 100 nM,
caused on average 80% of the maximal contraction. A sub-maximal level
of contraction was necessary to ensure that small effects were not
misinterpreted or missed. Isoproterenol (30 nM - 2 uM) caused
concentration-dependent relaxation of de-endothelialized rat aortic
rings precontracted by 100 nM phenylephrine. The ICgq of
isoproterenol derived from cumulative concentration-response curves

(Section 2.2.16.) was 211 + 21 nM (mean + S.E.M., 13 determinations,
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each based on 3 aortic rings). However, the maximum relaxation wvaried
in different rings, ranging from 30% to 80% of the
phenylephrine-induced contraction. The relaxant effect of
isoproterencl was freely reversible, as demonstrated by the addition of
1 uM propranolol and by the reproducibility in the same aortic ring
of successive contractions induced by phenylephrine, following removal

of both phenylephrine and isoproterenol by washing.

Although incubation with isoproterencl caused
concentration-dependent relaxation of pre-contracted rat aortic rings,
the ability of isoproterenol to cause relaxation was greater in the
presence of a low concentration of SNP (Fig. 4.1.). The concentration
of SNP used (0.25 nM) was selected because it caused relatively small
(< 40%) relaxations when used alone. The size of the effect of SNP
alone was important, because only when the effects of two agents are
small, is it possible to study synergistic interactions. 1In order to
reduce the errors due to the inherent variability of responses of
aortic rings to vasodilators, the effects of these agent, alone or in
combination, were tested on the same aortic rings., The potentiation of
the action of isoproterenol by SNP was demonstrated by a leftward and
upward shift of the isoproterencl concentration-response curves
relative to the theoretical additive curves (Fig. 4.1.). This shift in
the concentration-response curve is indicative of synergism (Pdch and
Holzmann, 1980). SNP caused a 3-fold reduction in the ICg,y value for

isoproterenol, which was statistically signficant (p < 0.05) (Table
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4.1.). Similarly, a concentration of another nitrovasodilator, SIN-1,
which alone relaxed the pre-contracted aorta by less than 40%, also
potentiated the relaxation caused by isoproterenol (Fig. 4.2.). Again,
30 nM SIN-1 caused a 3-fold reduction in the ICgqy for isoprotereﬁol

(Table 4.1.).

In the presence of 0.25 nM SNP, which on average caused oniy 16 +
6% relaxation alone, the maximum relaxation observed with isoproterenol
increased from 55 + 13% to 84 + 12% (means + S.E.M. from 3
experiments). However, both under these conditions and wich a lower
isoproterenol concentration (96 nM, Fig. 4.3.), the variation in the
effects of isoproterenol and SNP were such that these effects were not
significantly different from the additive effects of both agents (i.e.
supra-additive) (p < 0.4}, Similar results were obtained with SIN-1
(Fig. 4.3.). Although preincubation of the rat aortic smooth muscle
with 30 nM SIN-1 caused a significant reduction in the ICgqy value for

isoproterenol, the relaxations caused by these compounds were not

clearly supra-additive (Fig. 4.3.).

As a positive control for the relatively modest effects that the
nitrovasodilators had on the isoproterenol-induced relaxation, the
potentiation of the relaxant effect of lsoproterenol by two cAMP PDE
inhibitors, cilestamide and Ro 20-1724, was studied. Both these cAlMP
PDE inhibitors are known to inhibit cAMP breakdown in rat aortic smocth
muscle (Schoeffter et al., 1987), and hence were expected to

potentiate the effects of isoproterenol. The effects of these cAMP PDE
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inhibitors on the isoproterencl-induced relaxation were virtually
identical to those obtained with the nitrovasodilators., Thus,
concentrations of these compounds selected to have relaxant effects
similar to those cbtained with 0.25 nM SNP or 30 nM SIN-1 alone,
shifted the isoproterenol concentration-response curves to the left of
the theoretical additive curves and increased the maximum relaxation
obtained with isoproterenol (Figs. 4.4. &nd 4.5.). In these studies,
cilostamide appeared to be slightly more effective than Ro 20-1724.

The 2 to 4-fold shifts in the ICgy values for isoproteremol caused by
these cAMP PDE inhibitors were statistically significant and similar to
those seen with SNP or SIN-1 (Table 4.1.). In 3 experiments, similar
to that shown in Fig. 4.4., 20 nM cilostamide increased the maximum
relaxation achieved with isoproterenocl from an average of 61 + 10% to
92 + 4%, although alone it relaxed aortic smooth muscle by only 19 *
58. Although this effect of cilostamide did not reach statistical
significance (p < 0.4), a significant supra-additive effect was
observed with cilostamide (but not Ro 20-1724) in the presence of 96 nM

isoproterencl (Fig. 4.3.).

Although the potentiating effects of the nitrovasodilators or of
the cAMP PDE inhibitors on the isoproterenol-induced relaxations were
always significant with respect to changes in the ICgy values for
isoproterenol, and supra-additive effects of low concentrations of the
compounds were sometimes seen, the synmergism was not as strong as that
observed when the effects of nitrovasodilators and activators of

adenylyl cyclase on platelet aggregation were studied (Levin et
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al., 1982; De Caterina et al., 1988; Willis et al., 1989;

Maurice and Haslam, 1990). To address this possible discrepancy,
experiments were carried out on the inhibition of aortic smooth muscle
contraction, vwhich is probably more closely comparable to inhibition of

platelet aggregation than smooth muscle relaxationm.

4,2.2. Effects of vasodilators on the contraction of rat aortic

smooth muscle

Incubation of de-endothelialized rat aortic rings with
isoproterenol for 30 s caused a concentration-dependent inhibition of
contraction induced by the subsequent addition of 100 nM
phenylephrine. This action of isoproterenol required slightly higher
concentrations of the compound than relaxation of pre-contracted aortic
smooth muscle. An ICgy value for isoproterenol of 349 + 26 nM was
obtained (mean % S.E.M., 15 determinations each based on 3 or &4 aortic
rings). Under the conditions of our experiments, 10 to 50-fold higher
concentrations of nitrovasodilators and of inhibitors of cAMP PDE were
required to induce a weak (< 30%) inhibition of contraction than to

induce a similar extent of relaxation.

Simultaneous addition of such a concentration of SNP (5 nM) with
isoproterenol caused marked inhibition of the phenylephrine-induced
contractions (Fig. 4.6.). This effect of SNP on the

isoproterenol-induced inhibition of contraction resulted in a leftward
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shift in the isoproterencl concentration-response curves relative to
the theoretical additive curves (Fig. 4.7.) and a 9-fold reduction in
the ICSO value for isoproterenol (Table 4.2.). Thus, under these
conditions, SNP caused a potentiation of the action of lsoproterencl
that was about 3-fold the effect observed on relaxation (compare Tables
4.1. and 4.2.). Addition of SIN-1 with isoproterenol also caused
synergistic inhibition of phenylephrine-induced contraction (Fig.
4.8.). Thus, 1 uM SIN-1 caused a 9.5-fold reduction in the ICgy
value for isoproterenol (Table 4.2.). Since the maximum inhibition of
contraction obtained with isoproterenol was close to 100%, no upward
shift in the concentration-response curves was possible. However,
clear supra-additive effects of either SNP or SIN-1 were observed in

the presence of 100 nM isoproterenol (Fig. 4.9.).

Both cAMP PDE inhibitors studied (cilostamide and Ro 20-1724)
interacted synergistically with isoproterenol to imhibit
phenylephrine-induced contractions (Fig. 4.10. and Fig, 4.11.). A
concenération of cilostamide (1 pM), which alone had effects
similar to those caused by 5 nM SNP or 1 uM gIN-l, shifted the
isoproterenol concentration-response curve to essentially the same
extent as did either of these nitrovasodilators (Table 4.2.). Ro
20-1724 was only slightly less effective than cilostamide or the
nitrovasodilators  (Table 4.2.). Supra-additive effects of the above
concentrations of these inhibitors of cAMP PDE and 100 nM isoproterenol

on inhibition of contraction were also seen (Fig. 4.9.}.
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The observation that the nitrovasodilators and cAMP-PDE inhibitors
studied in this thesis potentiated the inhibition of aortic smooth
muscle contraction by isoproterenol to essentially the same extent, and
that these compounds also had equal, though weaker, effects on the
relaxant action of isoproterenol, suggests that these two different
groups of compounds may ultimately act through a common inhibitory

mechanism.

4.2.3. Effects of SNP and isoproterenol on cyclic nucleotide levels

in rat aortic smooth muscle

Concentrations of isoproterencl that inhibited
phenylephrine-induced contraction of rat aortic smooth muscle (see
Section 4.2.2.) also increased cAMP levels in this tissue (Fig.
4.12a). The basal value of cAMP (0.58 + 0.04 pmol/mg of protein; ﬁean
* S.E.M.) was increased by 46 + 29%, 68 + 26%, 196 + 55% and 263 + 73%
after 2.5 min incubations with 100 nM, 500 nM, 2 uM and 10 uM
isoproterenol, respectively (means + S.E.M. from 8 determinations).
With the exception of 100 nM isoproterenol, these increases in cAMP
were statistically significant (p < 0.02)., Isoproterenol did not
affect cGMP levels (Fig. 4.12b). Also, the concentration-dependent
increases in aortic smooth muscle cGMP caused by SNP were unaffected by
isoproterenol (Fig. 4.12b). The basal value for cGMP (0.17 + 0.05

pmol/mg of protein; mean +

S.E.M.) was increased by 126 + 47¢ crnd 358 +

132% after 2.5 min incubations with 5 nM and 50 nM SNP, respectively
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{(mezns + S.E.M, from 6-8 determinations). Both of these increases were
significant (p < 0.05). Although 5 nM SNP did not Increase cAMP
significantly in the present study, incubation of rat aorcic rings with
50 nM SNP, a concentration sufficient to inhibit contraction in
response to 100 nM phenylephrine completely in these experiments, did
cause a significant increase cAMP (Table 4.3.). This increase in cAMP
was similar to that seen with 500 nM isoproterenol under identical

experimental conditions (Table 4.3.).

Simultaneous incubation of rat aortic smooth muscle with SNP and
low concentrations of isoproterenol greatly increased the accumulation
of cAMP caused by the latter (Fig. 4.12a). Thus, on average, 5 nlM SNP
enhanced the increases in cAMP observed in the presence of 100 nM
and 500 nM isoproterenol by &4.8-fold and 4.3-fold, respectively. This
additional cAMP accumulation was highly significant (p < 0.001; Fig.
4.12a). With higher iscoproterencl concentrations (2 and 10 uM), 5
nM SNP caused similar increases in the amount of cAMP found in the
tissue, though relative to the effect of isoproterenol alone, these
increases were smaller (1.8-fold and 1.9-fold, respectively).
Substitution of 50 nM SNP for 5 nM caused a somewhat larger increase in
the amount of cAMP accumulating during simultaneous incubation with 500
nM isoproterenol (Table 4.3.). Although 50 nM SNP itself increased
cAMP, the effects of the two compounds in combination were clearly
supra-additive (p < 0.001). Isoproterenol (100 nM or 500 nM) did not
affect the increases in cGMP caused by 5 or 50 nM SNP (Fig. 4.12b and

Table 4.3.).
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4.3, Discussion

4.3.1. Synergistic interactions between isoproterenol and

nitrovasodilators or cAMP PDE inhibitors

In experiments with rat aortic rings from which the endothelium had
been removed, the nitrovasodilators, SNP and SIN-1, potentiated the
ability of isoproterenol to relax pre-contracted aortic smooth muscle
and, when added with isoproterenol before the contractile stimulus,
these agents exerted potent synergistic inhibitory effects on
contraction. In contrast, a study of the interactions between SNP and
iloprost in VSMC failed to detect symergism (Lidbury et al., 1989).
Although use of rabbit mecsenteric and coeliac arteries in the latter
study, rather than rat aorta, could account for the different results
obtained, other considerations may be more important. In our
experiments, detection of the synergistic effects of nitrovasodilators
and isoproterencl on relaxation depended on comparison of results
obtained in the same aortic rings incubated with and without test
compounds, Moreover, potentiation of the effects of isoproterenocl by
either the nitrovasodilators or the cAMP PDE inhibitors was always much
more marked when inhibition of contraction, rather than relaxation, was
studied. The reasons for the latter difference are not clear, but both

methodological and physiological factors could be important.
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First, prolonged exposure of pre-contracted smooth muscle to
nitrovasodilators or cAMP PDE inhibitors could have inhibitory, as well
as stimulatory, effects on the ability of the tissue to respond to
isoproterenol. Thus, pretreatment of other rat tissues with cAMP
analogues has been shown to increase cAMP PDé activity and to reduce the
effects of agonists that stimulate adenylyl cyclase (Gettys et al.,
1987). 1In éddition. the platelet cGI-PDE appears to be activated by
cAMP-dependent phosphorylation (MacPhee et al., 1988; Grant et
al., 1988). The continued presence of phenylephrine could also have
adversely affected the actions of the other compounds studied, for

example through the activation of protein kinase C. .

Second, there may be critical differences in the state of the VSMC
before and after induction of contraction that affect the responses to
the vasodilator drugs studied. Since increases in intracellular ca?*
concentration and the phosphorylation of MLC are important in the
contraction of vascular smooth muscle (Kamm and Stull, 1985; Murphy,
1989), compounds that block these processes will inhibit contraectien.
On the other hand, relaxation of smooth muscle, which involves reversal
of a latch state, is less dependent on the inhibition of calt
mobilization or on dephosphorylation of myosin (Dillon et al., 1981;
Hai and Murphy, 1988). Increases in cGMP, presumably acting through
¢GMP-PK, reduce the level of myosin phosphorylation in smooth muscle

(Rapoport et al., 1983), activate the plasmalemmal Caz+-ATPase

(Rashatwar et al., 1987; Vrolix et al., 1988; Cornwell and
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Lincoln, 1989) and inhibit the G-protein-mediated stimulation of
phosphoinositide hydrolysis (Hirata et al., 1990). On the other
hand, cAMP-PK activity increases the concentration of ca2*.calmodulin

required for activation of MLCK (Adelstein et al., 1978) and the

calt 2

-sensitivity of smooth muscle Ca +-dependent potassium channels
(Sadoshima et al., 1988), Thus, in view of the different

biochemical mechanisms that may be involved in the inhibition of
contraction and relaxation, it is entirely conceivable that activation
of one or the other cyclic nucleotide systems, or both together, could
have distinct effects. The cyclic nucleotide regulated protein kinases
are a site at which an interaction between the two cyclic nucleotides
could potentiate their individual effects., Indeed, binding of cAMP to
one of the two cyclic nucleotide binding sites of the cGMP-PK has been
shown to increase the affinity of the other site for cGMP. In additlon,
activation of the cGMP-PK by cAMP has been shown to be responsible for
mediating some of the effects of this cyclic nucleotide in cultured VSMC

{Lincoln et al., 1990).

The marked synergism between the actions of the nitrovasodilators
and isoproterenol reported here for the inhibition of rat smooth muscle
contraction is analogous to that observed in platelets between
nitrovasodilators and activators of platelet adenylyl cyclase (Levin
et al., 1982; De Caterina et al., 1988; Willis et al., 1989;

Maurice and Haslam, 1990). 1In platelets, the synergism results from the

inhibition by cGMP of cAMP breakdown by a ¢GI-PDE (Maurice and Haslam,
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1990). An enzyme with kinetic characteristics and a sensitivity to
inhibitors very similar to that of the platelet enzyme has been shown to
be present in rat, guinea pig, and rabbit aorta (Schoeffter et al.,
1987; Silver et al., 1988; Souness et al., 1989; Ahn et
al., 1989). The possibility therefore exists that the synergism
between nitrovasodilators and isoproterenol reported here results from
inhibition by cGMP of this same enzyme in rat aortic smooth muscle.
Much of the data is consistent with this. First, both SNP and SIN-1 had
potentiating effects on the action of isoproterenol that were virtually
indistinguishable from those obtained using cilostamide, whether
relaxation or inhibition of contraction was studied. The latter
compound has been shown to be a selective inhibitor of the c¢GI-PDE in
platelets (Hidaka et al., 1979; MacPhee et al., 1986) and to
increase cAMP, but not c¢GMP levels in rat aortic smooth muscle at
concentrations that caused 50% relaxation (Schoeffter et al.,
1987). The possibility that the nitrovasodilators do potentiate the
effects of isoproterenol by inhibiting the cGI-PDE enzyme is also
consistent with evidence that cilostamide appears to decrease relaxation
by SNP in rat aortic smooth muscle (Schoeffter et gI., 1987). Ro
20-1724, a compound known to inhibit a different low K, cAMP PDE that
is unaffected by cGMP (Section 1.14.4.), was slightly less effective in
potentiating the actions of isoproterenol. This observation suggests
that cAMP breakdown in vascular smooth muscle depends on the activities
of both low K, ¢AMP PDEs. Consistent with this, recent reports have

shown that inhibition of either of these enzymes with pharmacological
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inhibitors brings about relaxation of VSM (Lindgren et al., 1990,
Silver et al., 1989). However, the relative importance of the two

activities seems to be tissue specific (Silver et al., 1989).

EDRF has been ildentified as nitric oxide (Palmer et al., 1987)
or more probably an S-nitrosothiol (Myers et &l., 1990) and
appears to relax VSMC by the same cGMP-dependent mechanism as do the
nitrovasodilators (Murad, 1986; Lincoln, 1989). A synergism similar to
that seen with nitrovasodilators should therefore be observed between
the effects of EDRF and activators of adenylyl cyclase on VSMC. Tt is
therefore significant that physiologlcal stimuli can cause a coupled
release of both EDRF and PG12 from the vascular endothelium (De Nucci
et al., 1988) and that an interaction has been observed between EDRF
in an endothelial superfusate and PGI, in causing the relaxation of
pig coronary artery (Shimokawa et al., 1988). These results are
consistent with the known synergistic effects of EDRF and PGI, as
inhibitors of platelet aggregation (Radomski et al., 1987; Macdonald

et al., 1988).

The present results extend evidence of significant synergistic _
interactions between nitrovasodilators and activators of adenylyl
cyclase in platelets to VSMC and provides indirect evidence that the
same mechanism, namely inhibition by cGMP of a low K cAMP PDE, may be

responsible,
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4.3.2. Potentlation of the isoproterenol-induced increases in rat
aortic smooth muscle cAMP by SNP is consistent with effects of

these agents on function

It is generally accepted that nitrovasodilators exert their effects
on vascular smooth muscle by activating guanylyl cyclase and increasing
cGMP (Murad, 1986; Lincoln, 1589) and that p-adrenergic agonists act
by stimulating adenylyl cyclase and increasing cAMP (Levitzki, 1987).
These mechanisms have generally been assumed to be parallel and
independent. In experiments described in Section 4.2.3., addition of
SNP or of isoproterenol alone caused concentration-dependent increases
in rat aortic cGMP or cAMP, respectively. These effects were consistent
with those reported by others using this tissue (Lincoln, 1983;
Schoeffter and Stoclet, 1982). However, when low concentrations of both
of these compounds were added simultaneously, 4 to 5-fold greater
increases in cAMP were obtained than with isoproterenol alone. In
contrast, the increases in cGMP caused by SNP were not affected by
isoproterenol. These results indicate that cAMP rather than cGMP is
likely to mediate the synergistic inhibition of rat aortic smooth muscle
contraction seen when both SNP and isoproterenol are present. Although
a synergistically effective concentration of SNP (5 nM) did not appear
to affect tissue cAMP when the nitrovasodilator alone was present, a
higher concentration of SNP (50 nM) did increase cAMP significantly.
Comparison of the latter effect with the increases in cAMP caused by

isoproterenol suggest that cAMP could have contributed to the inhibition
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of contraction by this concentration of SNP. Most workers have not
reported increases in cAMP in VSMC preparations incubated with
nitrovasodilators (Diamond and Blisard, 1976; Kukovetz et al., 1979;
Axelsson et al., 1982; Rapoport and Murad, 1983; Kukovetz and
Holzmann, 1986; Hartiﬁ et al., 1986; Schoeffter et al., 1987;:
Ahler et al., 1988; Tanaka et al., 1988). Although the
technical reasons discussed in Section 3.3.1., also apﬁly té the
measurements of changes in cyclic nucleotides in smooth muscle, in this
tissue there are additional complicating factors. Thus, it is much more
difficult to obtain homogeneous samples of smooth muscle tissue than it
is to obtain homogeneous platelet suspensions. Sample heterogeneity may
also result from differences in the responses of cells derived from
distinet regions of the artery, or vein, under study. Again, with
platelets this is much less important. In many of the studies cited
above, very high concentrations of nitrovasodilator were used. Since
VSMC could also have c¢GS-FDE activity (Section 1.14.2.), the large
increases in cGMP which occurred may not have had a net inhibitory

effect on the hydrolysis of cAMP,

In platelets, in which increases in cAMP can be measured much more
accurately, SNP has been shown to causes small increases in cAMP by
itself, in addition to potentiating the increases in cAMP seen in the
presence of activators of adenylyl cyclase (Chapter 3). This effect of
SNP was attributable to inhibition of ¢GI-PDE in platelets by cGMP (sec

Chapter 3 and Maurice and Haslam, 1990). The latter enzyme has recently
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been shown to be partly responsible for cAMP breakdown in rat aortic
smooth muscle (Lindgren et al., 1990) and has been purified from
bovine aortic smooth muscle (Rascon et al., 1989), Thus, it is
plausible that inhibition of the smooth muscle cGI-FDE by cGMP.mediates
the synergistic effects of SNP and isoproterenol on cAMP accumulation
that have observed in this tissue, as well as the smaller increase in

cAMP seen with 50 nM SNP alone.

The results described in this Chapter, suggest that cAMP formation
in VSMC could play a previously unsuspected role in the actions of
nitrovasodilators and EDRF, which under physiological conditions are
likely to function in the presence of endogenous activators of adenylyl
cyclase. In this context, it may also be relevant that both cGMP and
cAMP levels are lower in de-endothelialized than intact arteries
(Rapoport and Murad, 1983). Thus, the results may offer a partial
explanation of observations showing that vasodilators, such as
isoproterenol, adenosine and PGI,, that potentially exert direct
effects on vascular smooth muscle through cAMP formation, are much more
effective when the endothelium, and therefore EDRF, is present (Rubanyi
and Vanhoutte, 1985; Shimokawa et al., 1988). Finally, a role for
cAMP in the actions of nitrovasodilators may help to explain some of the
quantitative discrepancies between cGMP formation and relaxation in
smooth muscle noted in a recent review (Nakatsu and Diamond, 1989). For
example, both Molina et al. (1987) and Keith et al. (1982)

reported that the relaxation of rat aortic smooth muscle caused by
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nitrovasodilators (nitroglycerin or SNP) were not correlated with the
increases in cGMP caused by these agents. Small increases in cAMP

caused by the nitrovasodilators may account for the discrepancies.
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4.4, Summary

4.4.1.

4.4.2.

4.4.3,

Isoproterenol caused a concentration-dependent relaxation of
de-endothelialized rat aortic rings pre-contracted with 100 nM
phenylephrine and, when added before the contractile agent, a
similar concentration-dependent inhibition of contraction. The
concentrations of isoproterenol required te inhibit
phenylephrine-induced contractions were slightly higher than
those required to relax rings precontracted to phenylephrine

(ICsq values 211 + 11 nM and 349 + 26 nM, respectively).

Nitrovasodilators (SNP or SIN-1) and cAMP phosphodiesterase
inhibitors (cilostamide or Ro 20-1724) relaxed
de-endothelialized rat aortic rings pre-contracted with
phenylephrine., Much higher concentrations of these compounds
was required to inhibit contraction than to induce a similar
degree of ralaxation. The differences inmvolved ranged from 20

to 50-fold.

Treatment of pre-contracted rat aortic rings with low
concentrations of either of the nitrovasodilators caused a
significant (2 to 4-fold) decrease in the 1050 value for the

isoproterenol-induced relaxations,



4.4.4,

4.4.5,

4.4.6.

4.4.7.
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Simultaneous additions of isoproterencl and threshold
concentrations of either of the two nitrovasodilators caused
synergistic inhibitions of contraction, with a 9 to 10-fold
decrease in the ICgy values for isoproterenol. Again, when
the cAMP phosphodiesterase inhibitors replaced the
nitrovasodilators, they too potentiated the effects of

isoproterenol.

Thus, synergism between nitrovasodilators and lsoproterenol,
could be detected in vascular smooth muscle and was particularly
marked when inhibition of contraction was studied. The action
of the two nitrovasodilators in both systems studied resembled

that of inhibitors of cAMP phosphodiesterase,

In experiments with concentrations of SNP (e.g. 5 nM) énd
isoproterenol (e.g. 100 nM) that caused synergistic inhibitions
of contraction, SNP not only increased smooth muscle cGMP but
also enhanced the increases in smooth muscle cAMP caused by
isoproterenol by 4 to 5-fold, whereas the SNP-induced increases

in tissue cGMP were unaffected by isoproterenol.

Although low concentrations of SNP (5 nM) alone did not increase
smooth muscle cAMP, a higher concentration (50 nM) significantly
increased cAMP levels and also caused a supra-additive increase

in cAMP with a high isoproterenol concentration (500 nM).
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4.4.8, cAMP, rather than cGMP, is likely to mediate the synergistic
inhibition of the contracticn of rat aortic smooth muscle caused

by nitrovasodilators and isoproteremol.
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Fig. 4.6. Effects of isoproterenol and SNP on the contraction of rat
aortic smooth muscle by phenylephrine

Shown are representative recordings obtained from one aortic ring
incubated for 30 s with (1) no addictions, (2) 100 nM isoproterenol (I),
{3) 5 nM SNP (S}, or (4) 100 nM isoproterenol and 5 nM SNP (I+S) before
addition of 100 nuM phenylephrine (P).
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Fig. 4.12. Effects of SNP and isoproterenol on cyclic nucleotide levels
in rat aortic smooth muscle

Rat aortic rings were incubated with the indicated concentrations of
isoproterenol for 2.5 min in the absence ( BZ3 ) or presence ( il ) of
5 nM SNP. Tissue cAMP (a) and cGMP (b) were then determined. Values are
means + S.E.M. from 6-8 separate incubations, each containing 2 aortic
rings. Significant effects of SNP relative to those obtained with the
indicated isoproterenol concentrations are shown; "p < 0.005,
*k

p < 0.001.
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Table 4.1. Effects of low concentrations of nitrovasodilators and of
inhibitors of cAMP phosphodiesterase on the ability of
isoproterenol to relax rat aortic rings previously contracted
by 100 nM phenylephrine

ICgg values for isoproterenol were determined from cumulative
concentration-response curves, as described in Section 2.2.18. Each
experiment was similar to that shown in Fig. 4.1. and ylelded paired
values for the ICgy of isoproterenol in the absence and presence of the
indicated compounds. Mean values # S.E.M. are given from the numbers of
experiments indicated; the significance of changes in ICgy for
isoproterenol were evaluated by two-sided paired t tests after
logarithimic transformation of the results; 'p < 0.05, p < 0.01.

The ratio of ICgqg values for isoproterenol obtained in the absence and
presence of eaca compound studied indicates the extent of synergism.

Compound No. of ICgg of lilsoproterenol (nM) Ratio of
studied expts, ICgg values
Without ' With
compound compound
SNP (0.25 nM) 4 181 + 42 69 + 20° 2.6
SIN-1 (30 nM) 3 232 + 31 74+ 47 3.1
Cilostamide (20 nM) 3 251 + 59 68 + 6" 3.7

Ro 20-1724 (10 uM) 3 193 + 45 101 + 25°% 1.9
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Table 4.2, Effects of low concentrations of nitrovasodilators and of
irhibitors of cAMP phosphodiesterase on the ability of
isoproterenol to inhibit the contraction of rat aorti: rings by
100 nM phenylephrine

Isoproterencl was added without or with each of the listed compounds 30 s
before phenylephrine and the contraction of the aortic rings was measured
after a further 2 min. In each experiment, IC:pn values for isoproterenol
in the absence and presence of one of the compounds listed were calculated
from concentration-response curves obtained from the same aortic rings, as
described under Section 2.2.18. Results are means + S.E.M. from the
numbers of experiments shown; the significance of changes in ICgq values
for isoproterenol were evaluated by two-sidgd paired L tests after
logarithmic transformation of the results; "p < 0,02, p <0.001. The
ratio of ICcy values for isoproterenol in the absence or presence of

other drugs indicates the extent of synergism.

Compounds No. of ICgy of isoproterenol (nM) Ratio of
studied expts. IC5p values
Without With
compound compound
SNP (5 nM) 5 334 + 49 37 &+ 5°F 9.0
SIN-1 (1 uM) 3 398 + 55 42 + 10¥ 9.5
Cilostamide (1 M) 3 318 + 57 G + 4% 9.4
Ro 20-1724 (100 gM) & 356 + 57 44+ 3% 8.1
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Table 4.3. Effects of 50 nM SNP and 500 nM isoproterenol on cyclic nucleotide
levels in rat aortic smooth muscle

Rat aortic rings were incubated for 2.5 min with SNP and isoproterenol, singly
or in combination, before determination of tissue cAMP and cGMP. Values are
means + S.E.M. from 6-8 separate %ncubations**each containing 2 aortic rings.
Significant increases are shown; "p < 0.02; p < 0.001.

Additions cAMP cGMP
{pmol/mg of protein) (pmol/mg of protein)

None 0.58 + 0.04* 0.17 + 0.05**
SNP (50 nM) 1.01 + 0.14* 0.80 + 0.10
isoproterenol (500 nM) 0.98 + 0.13** 0.19 &+ 0.06**
SNP (50 nM) 3.01 + 0.40 0.87 + 0,13

+ isoproterenol (500 nM)




Chapter 5: Agonist-induced changes in cyclic

nucleotides in cultured VSMC
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5.1. Introduction

Cultured VSMC have been used to study many different questions
relating to VSM structure, groﬁth, physiology, electrophysiology.,
pharmacology and gentics (Lieberman et al., 1987). Compared to
pileces of isolated vascular tissue, cultured VSMC offer a variety of
advantages. Cultured VSMC can contain only one cell type and the medium
in which the cells are grown is easily changed. Also, the diffusional
barriers which exist in intact wvascular tissue are removed when cells
are grown in culture. Changes in many different pharmacological and
biochemical parameters have been studied in cultured VSMC and cultured

cells from other types of muscle (Lieberman et al., 1987).

Changes in the cyclic nucleotide levels of 1soclated pleces of VSM
can be measured by radioimmunoassays (Harper and Brooker, 1975).
However, these assays are time consuming and expensive. In addition,
substantial variability arises because of the difficulties involved in
generating comparable tissue samples. In principle, the effects of
drugs on the levels of cyclic nucleotides in smooth muscle can be
studied much more easily using cultured VSMC, grown from extracts of the
tissue of interest. Changes in the levels of cyclic nucleotides have

been measured in cultured VSMC cells using radioimmunoassays (Sands et
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gl., 1976; Nabika, et al., 1985; Nakamura et al., 1988; Resnik
et al., 1989; Hamet et al., 1989). However, because the levels
of both cyclic nucleotides in unstimulated VSMC are very low, large
numbers of cells were needed to obtain reliable estimates using this

method.
5.1.1. Objectives

One of the important objectives of this part of my thesis was to
develop a prelabelling method that would allow for the simultaneous
measurements of cAMP and e¢GMP in cultured VSMC, This.method was
necessary in order to assess whether a cultured VSMC syscem could be
used to study interactions between nitrovasodilators and activators of
adenylyl cyclase, similar those described in platelets (Chapter 3) and

in rat aortic rings (Chapter 4).

5.2, Results

5.2.1. Measurement of cyclic nucleotides in cultured VSMC

In preliminary experiments, aimed at developing a prelabelling
assay for the measurement of cyclic nucleotides in cultured VSMC,
difficulties arose because of divergent responses obtained with cultures
derived from different rat aortae. In these early experiments, five

distinct cultures, all derived from different WKY-rat aortae, were
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labelled with [3H]adenine and the changes in [BH]cAMP levels in

response to different agents were measured. These cells were referred
to as W1, W2, W3, W4 and W5, respectively, based on a nomenclature
system established by Dr. R.M.K.W. Lee. Experiments with these five
cell lines indicated that one of them (Wl1) responded differently to
activators of adenylyl cyclase and was thus pharmacologically distinct
(Table 5.1). 1In these experiments, isoproterenol increased the level of
[3H]cAMP only in the Wl cell line, whereas adenosine had noreffect on
the [3H]cAMP in Wl cells but increased [SH}cAMP of the other four

cell lines (Table 5.1). Consistent with these results, Drs. Lee and
'Kwan have found that Wl.cells have a much larger number of

B-receptors than any of the other WKY cultured cell lines (personal
communication). These results may reflect variability 15 the
B-receptor density of aortae taken from different WKY-rats. Such
variability is possible, given the genetic heterogeneity of WKY rats
(Kurtz et al., 1989). Although changes in receptor expression

during culture may also have contributed to these results, another
explanation is also possible, Thus, each of the WKY cultured cell lines
(W1-W5) was established in parallel with an SHR VSMC culture. It is
therefore theoretically possible that in the case of the Wl cells, the
WKY and SHR cultures were "mixed-up" at an early stage. Consistent with
this is the fact that with the exception of the Wl cells, all the SHR
cell lines derived from these paired experiments had higher

B-receptor densities than their respective WKY paired culture (Kwan

and Lee, 1990). 1In these early experiments, VSMC were only labelled

with [BH]adenine. and changes in [3H]cGHP in response to
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nitrovasodilators were not measured. Since both isoproterenol and
adenosine are known to cause relaxation of VSMC, a series of experiments
were undertaken using cells in which incubation with isoproterenol (Wl),
or adenosine {W2), caused significant increases in.[3H]cAMP (see Table
5.5). However, in these latter experiments, the VSMC were labelled with
[3H]hypoxanthine, which permitted the labelling of both the ATP and
GTP pools of these cell lines (Section 5.2.2.). The general

characteristics of these two cell iines are summarized in Table 5.2.
5,2.2, Labelling of cultured VSMC by [3H]hypoxanthine

Preliminary experiments showed that it was not possible to label
the cultured VSMC using the methods that had been established for washed
_rabbit or rat platelets. Although the uptake of [3H]adenine_by
cultured VSMC was sufficient to permit determination of changes in
[3H]cAMP (see Table 5,1), these cells did not incorporate sufficient
[BH]guanosine to allow changes in [3H]cGMP to be measured. Thus, at
a labelling concentration of 2 uM the uptake of [BH]guanosine by
the cultured VSMC was less than 5% after 24 h. [3H]guanosine was used
because [3H]guanine was no longer commercially available at the time
of these experiments. Therefore, a different prelabelling method was
estahlished to permit the simultaneous measurement of changes in
[3H]cAMP and [3H]cGMP, without use of either [3H]guanine or -

[BH]guanosine.

In many cells, including smootn muscle, hypoxanthine can be
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converted to inosine monophosphate (IMP) by hypoxanthine-guanine
phosphoribosyl transferase (Fig. 5.1). Since IMP is a common metabolic
precursor for the synthesis of both AMP and GMP, incorporation of
sufficient amounts of [3H]hypoxanthine by the cultured VSMC should
allow both [SH]ATP and [SH]GTP to be formed. Both Wl and W2
cultured VSMC incorporated [3H]hypoxanthine in a time dependent manner
(Fig. 5.2). Thus, the uptake of [3H]hypoxanthine by W1l cultured VSMC
amounted to 54 + 7% after 16h (mean + S.E.M. from 7 experiments). In
these cells, 32 + 4% (mean + S.E.M.) of the [SH]hypoxanthlne taken up
was Incorporated into [3H]ATP as determined by two-dimensional t.l.c.
(Section 2.2.11.). Thus, after a 16 h incubation with 10 uCi of
[3H]hypoxanthine, approximately 4 x 106 d.p.m. of {SHIATP had
accumulated Iin each sample (well) of cultured cells, an amount
equivalent to & x 107 d.p.m./mg of protein. In these cells, a much
lower percentage of the [BH]hypoxanthine was incorporated into the GTP
poel. Thus, 3 #+ 1% (mean # S.E.M. from 7 experiments) of the
[3H]hypoxanthine taken up by these cells was converted to [3H]GTP.

On average, the incorporation of label into the GTP pool resulted in the
accumulation of 3 x 10° d.p.m. of [3H]GTP per well of cells. This
amount of [3H]GTP was just sufficient to allow an estimation of the
basal [3H]cGMP present in unstimulated cells and made it possible to
determine accurately the amounts of [3H]cGMP formed in response to
compounds that activated guanylyl cyclase (Table 5.4.). Since both ITP
and XTP are metabolic intermediates in the biosynthesis of ATP and GTP

from hypoxanthine (Fig. 5.1), the incorporation of [3H]hypoxanthine
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into each of these compounds was also monitored. This value was << 1%
(mean from 2 experiments). The amount of [3H]hypoxanthine
incorporated into the acid precipitate, which presumably contained most
of the DNA and RNA, accounted for 13% of the [3H]hypoxanthine taken up

by the cultured cells (mean from 2 experiments).

The amount of [3H]hypoxanthine taken up by W2 cells (39 + 5%,
in 16-18 h, mean + S.E.M. from 6 experiments) was not significantly
different from that incorporated by Wl cells. The percent [BH]ATP and
[3H]GTP formed from [3H]hypoxanthine in the W2 cultured VSMC were
also similar to those formed In Wl cells. Thus, when W2 cells were
incubated with [BH]hypoxanthine for 16-18 h, 34 + 7% and 2 + 0% (means

+ S.E.M., from 6 experiments) of the radiocactivity accumulated in the

[3H]ATP and [3H]GTP pools, respectively.

5.2.3. Radioisotopic purity of cyclic nucleotides isolated from

prelabelled cultured VSMC

The purity of the cyclic [3H]nucleotides isolated by the dual
column procedure used to process samples from these types of experiments
(Section 2.2.8) was assessed by a further purification by t.l.c.
(Section 2.2.9.). Since the cyclic [IAC]nucleotides added to these
samples was pure, any reduction in the ratio of 3H/140 must reflect
JH-1labelled compounds that did not co-chromatograph with the cyclie

[lac]nucleotide. Results of .such an experiment, using samples derived
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from Wl cells, are shown (Table 5.3.). The results indicated that the
[3H]cGHP isolated from unstimulated cells by the two-column method was
approximately 75% pure, whereas no significant impurities were detected
in the [3H]cGMP isolated from cells stimulated with 10 uM SNP.

Similar results were obtained when the purity of [3H]cGHP isolated
from rabbit platelets was assessed (see Table 3.1). The radioisotopic
purity of [3H]cAMP isolated by the dual-column method from both

stimulated and unstimulated cells was > 90 % (Table 5.3.).

5.2.4. Validation of the prelabelling assay using radioimmunoassays

A direct comparison of results obtained from parallel
prelabelling assay and radioimmunoassays was used to validate the
prelabelling assay in Wl cells. Under all experimental conditions,
results obtained with both methods gave virtually identical results
(Table 5.4.). Isoproterenol (10 gM) increased the level of cAMP by
140-fold in 1 min, as measured by the prelabelling assay, whereas the
increase measured by radioimmunoassay was 119-fold; these values were
not significantly different. Similarly, the increases in c¢GMP in
cultured VSMC caused by SNP (10 uM) were 352-fold and 349-fnld, as
determined by prelabelling assays and radioimmunoassays, respectively.
Thus, results obtained by these two methods were not different. Also,
the results indicate that overnight incubation of VSMC with
[3H]hypoxanthine causes homogeneous labelling of both the adenine and

the guanine nucleotide pools, since no attempt was made to isolate
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metabolically active pools of [3H]ATP and [3HIGTP from the
prelabelled cells for the determination of the specific activities of

the cyclic nucleotide precursors.

In marked contrast to results obtained in platelets and rat
aortic rings, incubation of the cultured VSMC with SNP in this
experiment did not increase the level of [3H]cAMP above its basal
value, whether cAMP was measured by the prelabelling or radioimmuncassay
{(Table 5.4.). 1In fact, further studies showed that in 8 prelabelling
experiments with Wl cells, SNP (10 pM) had no significant effect on

the level of [3H]cAMP {Table 5.5.).

5.2.5, Effects of isoproterencl on cyclic nucleotide levels in

cultured VSMC (W1)

Isoproterenol caused concentration-dependent increases in the
levels of [3H]cAMP in Wl cultured VSMC (Fig. 5.3). Basal [ H]cAMP
in these cells was 0.08 + 0.01l% of [3H]ATP {mean + S.E.M. from 8
experiments). This value was substantially higher than that cbserved in
prelabelled rabbit platelets, but similar to that recorded for
prelabelled rat platelets (see Chapter 3). Relative to the basal value,
the maximum increase in [3H]cAMP caused by isoproterenol after 1 min
was, on average, equivalent to a 40-fold increase in this cyclic

nucleotide. However, the increases in [3H]cAMP in different

experiments were quite variable, ranging from 25- to 90-fold. The
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concentration of isoproterenol found to cause half-maximal stimulation
of [3H]cAMP formation was 102 + 29 nM (mean + S.E.M. from 3

experiments),

Analysis of the time course of the increases in [3H]cAMP caused
by 1soproterenol indicated that the maximum increase occurred after
about 1 min (Fig. 5.4.). The [3H]cAMP level then decreased slowly but
was still substantially higher than basal values after 3 min.
Isoproterenol did not affect elther the basal or the SNP-induced

increases in [3H]cGMP {Table 5.5.).

5.2.6. Effects of SNP on cyclic nucleotide levels in cultured

VSMC (W1)

The basal level of [3H]cGMP in these cells was equivalent to
0.07 + 0,01% of the [3H]GTP (mean + S.E.M. from 8 experiments). This
value for [3H]cGMP is'approximately 6-fold higher than that obtained
in prelabelled rabbit or rat platelets. Determination of mass amounts
of cGMP in these cells also gave a value 6-fold higher in the cultured
VSMC than in the platelets. The nitrovasodilator, SNP, caused
concentration-dependent increases in [3H]cGMP (Fig. 5.5.). These
SNP-induced increases in [3H1cGHP did not appear to reach a maximum
even with a concentration as high as-100 M. Incubation of these
cells with 10 uM SNP for 1 min caused, on average, a 70-fold

increase in the level of [BH]cGMP (mean value from 8 experiments).

However, as with the isoproterenol-induced increases in [3H1cAMP in
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these cells, the increases in [3H]cGMP caused by SNP in different
experiments were quite variable and ranged from 25- to 180-fold of the

unstimulated value.

Analysis of the time course of the increases in [3H]cGMP in
VSMC caused by SNP showed that this cyclic nucleotide continued to.
increase for at least 3 min, the longest period studied (Fig. 5.6).
These results contrast with those obtained in platelets, in which the
SNP-induced increases in {BH]cGMP peaked within 1 min and then
returned towards basal values. Also, SNP did not affect the basal level
of [BHICAHP, or affect the increases in [Bﬁ]cAMP caused by

isoproterencl in these cells (Table 5.5).

S5.2.7. Effects of SNP, cilostamide and Ro 20-1724 on

isoproterenol-induced increases in [BH]CAMP in VSMC (W1)

In marked contrast to the results obtained in either rabbit or
rat platelets (Chapter 3}, and in intact aortic smooth muscle (Chapter
4), SNP did not increase basal {3H]cAMP values or potentiate the
increases in [3H]cAMP caused by isoproterenol in Wl cells (Tables 5.4,
5.5 and 5.6). Consistent with the implications of these findings,
cilostamide, a selective inhibitor of the cGI-PDE, also had no effect on
either basal or isoproterenol-stimulated [3H]cAMP levels in these
cells (Table 5.6). The concentration of cilostamide used in these

experiments (10 pM) was sufficlent to increase basal [3H]cAMP and
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potentiate markedly the increases in this cyclic nucleotide caused by
activation of adenylyl cyclase in platelets (Chapter 3). In contrast,
300 pM Ro 20-1724, a compound known to inhibit another PDE
(RoI-PDE), increased basal [BHIcAMP by 43 + 7% (mean value + S.E.M.
from 4 experiments) in W1 cultured VSMGC and doubled the increase in
[3H]cAMP caused by 100 uM isoproterenol (mean from 2
experiments). The effects of Ro 20-1724 and isoproterenol were
supra-additive (p < 0.005). These data strongly imply thac cGI.PDE is
absent from these cultured VSMC, whereas the Rol-PDE is present.
Inhibition of the latter PDE by Ro 20-1724 presumably potentiates the

effects of isoproterencl.

5.2.8. Effects of adenosine on the cyclic nucleotide levels cultured

VSHC (W2)

Although isoproterencl did not affect the [3H]cAMP levels In W2
cells (Table 5.1), adenosine caused concentration-dependent increases in
this cyclic nucleotide (Fig. 5.7.). The basal level of [3H]cAMP in
these cells was 0.08 + 0.02% of the [3H]ATP {mean + S.E.M., from 3]
experiments). The maximum increase in [3H]cAMP was obtalned wich 100
#M adenosine, and Iin some experiments reached levels 4-fold higher

than the basal values after 1 min (Fig. 5.7.; Table 5.5.). Adenosine

had no effect on [3H]cGMP in these cells (Table 5.5).
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The time course of the adenosine-induced increase in [3H]cAMP is
shown in Fig. 5.8. Thus, adenosine (100 uM) caused a maximum
increases In [BH]CAHP by 0.5 min. In the continued presence of 100
uM adenosine, the [3H]cAﬂr remained at this elevated level for at

least 3 min, the longest time period investigated (Fig. 5.8.).

5.2.9, Effects of SNP on cyclic nucleotide levels in cultured VSHC

W2)

The amount of [3H]GTP formed from [3H]hypoxanthine in the W2
cultured VSMC line was similar to that obtained in the Wl cell line.
However, the basal level of [3H]cGHP in these cells (0.03 + 0.01s,
mean + S.E.M. from 3 experiments) was substantially lower in these cells
than that measured in the Wl VSMC cultures. Also, concentrations of SNP
as high as 100 gM had no effect on the level of [3H]cGMP in the W2
cultured cells {Table 5.5). Whether the inability of SNP to bring about
an increase in [3H]cGMP in these cells (W2) is a result of the absence
of soluble guanylyl cyclase activity or due to other factors is still

unclear,

5.2.10. Effects of SNP, cilostamide and Ro 20-1724 on

adenosine-induced increases in [3H]cAHP in VSMC (W2)

Neither SNP nor cilostamide caused significant increases in

[BH]cAMP in W2 cells in the presence or absence of adenosine (Table
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5.7). Since the mechanism by which SNP increases platelet and smooth
muscle cAMP invelves inhibition of cAMP breakdown by cGMP {(Chapters 3
and 4), the failure of SNP to increase [3H]cAMP could be accounted for
by tﬁe‘lack of a ¢GMP response to SNP in these cells. However, the lack
of a cilostamide-induced increase in the [3H]cAMP in these cells
implies that cGI-PDE is also .absent. As with Wl cultured VSMC, Ro
20-1724 (300 pM) caused a significant increase [BH]cAMP in W2
cells when incubated alone with the cells and also potentiated the
agonist (in this case adenosine)-induced increases in [3H]cAMP in
these cells (Table 5.7). The effects of Ro 20-1724 and adenosine were

supra-additive (p < 0.005).
5.3. Discussion

Although changes in the levels of cAMP and cGMP, resulting from
the actions of drugs or hormones, can be measured by radioimmuncassays,
"these assays are time-consuming and expensive. An alternative method
involves pre-incubation of cells with labelled adenine and guanine or
guanosine and, following incorporation of radicactivity into cellular
ATP and GTP, measurement of cﬁanges in labelled cAMP and cGMP. Changes
in [3H]cAMP in platelets following pre-incubation with 3H-1abelled
adenine have been widely studied (e.g. Haslam and McClenaghan, 1981).
Similarly, changes in platelet [3H]cGMP have also been determined
following incubation of platelets with [3H]guanine {Davies et al.,

1976). Moreover, these prelabelling assays have been successfully
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combined, to permit simultaneous determination of cyclic nucleotides in
prelabelled platelets (see Chapter 2). In this chapter, I described a
prelabelling method using [BH]hypoxanthine that permits the rapid and
reliable measurement of changes in both cAMP and cGMP in small numbers
of cultured VSMC. It was necessary to use [3H]hypoxanthine to label
the VSMC, instead of [3H]adenine and [3H]guanine, for two reasons.
First, the [3H]guanine that had been successfully used to label the
rabbit platelet GTP pool, was no longer commercially available and
second, [3H]guanosine, though satisfactory for labelled rat platelets
(Chapter 3), was not incorporated into VSMC in sufficient amounts. The
prelabell ing assays using.[3H]hypoxanthine were validated using
commercially available radioimmunoassays for the two cyclic
nucleotides. Virtually identical results were obtained. However,
estimation of changes in either cyclic nucleotide by radioimmunocassay,
required 4-fold more cells than were required using the prelabelling

assay.

The effects of SNP, isoproterenol and adenosine on cGMP and cAMP
in cultured VSMC were studied using the prelabelling assay. As
discussed previously, it is generally accepted that the effects of
nitrovasodilators, on VSMC are mediated by the increases in ¢GMP that
result from the activation of soluble guanylyl cyclase (Murad, 1986;
Lincoln, 1990). Similarly, the effects of isoproterenol and adenosine
are thought to be mediated by increases in cAMP (Hardman, 1984; Murray,

1990). The results obtained in the present study confirm earlier
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reports of the effects of these compounds on the cyclic nucleotide
levels of VSMC (reviewed in Murray, 1990, and Lincoln, 1990). Thus, in
one cell line (Wl), isoproterencl increased cAMP in a time and
concentration dependent manner. The effects of this g-agonist on
the cAMP content of these cells, as determined by the prelabelling
assay, were very similar to those obtained by Nabika et al. (1985)
in cultured WKY- and SHR-rat aortic VSMC by radioimmunocassay. In the
earlier report, the basal valuelof cAMP was found to be 18 + 2 pmol/mg
of protein, slightly higher than that of 10 + 1 pmol/mg of protein found
in the present study. 1In addition, the increases in cAMP caused by
isoproterenol in both studies were very similar. The basal value of
¢GMP was also measured by Nabika et al. (1985) and found to be 2 + 1
pmol/mg of protein, somewhat iess than the value of 6 + 1 pmol/mg of

protein obtained with W1l cells.

In another VSMC line, shown to be unresponsive to isoproterenol
{W2), adenosine caused concentration-dependent increases in cAMP. This
is consistent with the hypothesis that adenosine causes VSM relaxation
via the activation of smooth muscle adenylyl cyclase (Kukovetz et
al., 1978). Adenosine may mediate this effect via interaction with
Ap-adenosine receptors, which have previously been demonstrated on
cultured VSMC from rats (Anand-Srivastava et al., 1982). Recent
reports of an endothelial component to the action of adenosine in
causing vascular relaxation (Moritoki er al., 1990; Headrick and

Berne, 1990) may help to explain some earlier work that casts doubt on
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the importance of cAMP in the relaxation caused by this compound
(Herlihy et al., 1976; Verhaeghe, 1977). Thus, thg presence of a
healthy endothelial cell layer, and its ability to release EDRF, must be
considered in relation go the effects of adenosine on wvascular tone.
Moreover, since the effects of adenosine on cAMP in cultured VSMC (this
Chapter) were relatively small and difficult to detect in intact aorta
(Moritoki et al., 1990), endothellal release of EDRF may be a very
important component of the physiological relaxation of VSM by adenosine

(see Chapter 4).

One unexpected result was that concentrations of SNP as high as
100 gM had no effect on the basal ¢GMP levels of the
adenosine-responsive VSMC. Although other explanations are possible,
the most likely reason 1Is that this cultured VSMC line (W2) may have
lost the ability to express soluble guanylyl ecyclase during culture.
The loss of selected proteins (receptors and enzymes) during cell
culture is a well-established phenomenon, and has previously been
documented for the ¢GMP-PK in rat aortic cultured VSMC (Lincoln et
al., 1990). However, loss of guanylyl cyclase activity is clearly not
an inevitable consequence of growing these cells in culture, since SNP
did stimulate cGMP formation inm W1l cells. Whether these cells express
the particulate form of guanylyl cyclase has not yet been studied. It
may be of interest that BALB/c3T3 fibroblast also lack soluble guanylyl

cyclase (Nesbitt et al., 1976).
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In the present experiments, special attention was given to the
changes in cAMP that occurre@ when SNP was used in combination with
either isoproterencl or adenosine. In platelets, co-incubation with
nitrovasodilators and activators of adenylyl cyclase was shown to cause
markedly larger increases in cAMP than were obtained with either agent
alone (Chapter 3). Moreover, evidence was obtained that the
potentiation of the effects of the activators of adenylyl cyclase by the
nitrovasodilators was attributable to inhibicion of <GI-PDE by cGMP,
However, in experiments with Wl cultured VSMC, no synergistic increase
in the level of cAMP was nouted when these cells were incubated
simultaneocus.y with both SNP and isoproterenol, despite the fact that
SNP caused marked increases in the level of cGMP in these cells.
Similar results were obtained with cilostamide, a compound known to
inhibit the e¢GI-PDE. Cilostamide, at concentrations as high as 10
pM, did not increase basal cAMP, or potentiate the increases in cAMP
caused by isoproterenol in Wl cells or by adenosine in W2 cells. The
effects of both SNF and cilostamide in these cells are in marked
contrast to the effects of these compounds on intact rat aorta (Chapter
4). Thus, these results are consistent with the suggestion that the

¢GI-PDE is absent, or inactive, in both of these cell lines.

Ro 20-1724, an inhibitor of a low K cAMP-PDE (Rol-PDE),
increased basal cAMP and potentiated the increases in cAMP caused by
isoproterenol and adenosine in W1 and W2 cells, respectively. These

results are consistent with the effects of this compound on rat aortic
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smooth muscle reported by Schoeffter et al. (1987) and in this
thesis (Chapter 4; Maurice et al., 1990). Also, these results show
that the PDE inhibited by Ro 20-1724 was not lost during culture of
these VSMC. The selective loss of one PDE activity over the other in
both cell lines studied may imply a differential transcriptional

regulation of these two enzymes,

Although isoproterenol and SNP increased cAMP and cGMP,
respectively, Iin Wl celis, and adenosine increased the level of cAMP in
W2 cells, the significance of each of these effects, and thelr relevance
to signal transduction mechanisms in VSMC, cannot be assessed until the
reason(s) for the differences between the two cell lines (Wl and W2),
have been elucidated. One possible explanation, as discussed previously
(Section 5.2.1), is that Wl cells are not derived from WKY VSMC but frem
SHR VSMC, as a result of a "mix-up" or contamination. This suggestion
is based on comparison of other pairs of cultured WKY and SHR cells
lines established in Dr. Lee'’s laboratory. Thus, radioligand binding
experiments (Kwan and Lee, 1990) have indicated that cultured WKY-rat
aortic VSMGC have fewer f-receptors than paired SHR-rat aortic VSMC.
However, Nabika et al. (1985) have reported that isoproterenol can
cause substantial increases in the level of cAMP in cultured VSMC from
both WKY and SHR rat aortae. In addition, these authors found no
differences in the councentration-response curves for isoproterenol in
the WKY and SHR cultured VSMC. Experiments with SHR cells, similar to

those described in this Chapter, should help in the interpretation of
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the discrepant results obtained with the W1l and W2 cell lines.
Moreover, studies with very early passages of Wl and W2 cells should
indicate the stage at which guanylyl cyclase is lost in W2 cells and
¢GI-PDE is lost in both cell lines, However, since DNA fingerprinting
studies have shown that WKY rats are genetically heterogeneocus, the
results obtained in this study could have resulted from variability in
the genotype of the animals obtained from the supplier. DNA
fingerprinting studies with the cells used in this study could answer
this question, My results cast doubt on the value of cultured aortic
VSMC as a model for the analysis of signal transduction mechanisms in

the VSM from which they are derived.
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Summary

A& fast, reliable and accurate prelabelling assay using
[3H]hypoxanth1né was developed to permit the simultaneous

measurement of changes both cGMP and cAMP in cultured VSMC.

Using this assay, I investigated the changes in both c¢GMP and
cAMP in two cultured VSMC lines, caused by their incubation with
isoproterenocl, adenosine or SNP. 1In one line (Wl cells), time
and concentration-dependent increases in cAMP were observed upon
incubation of the cells with isoproterencl. In the second line
(W2 cells), which was unresponsiye to isoproterencl, adenosine
caused concentration-dependent increases in cAMP. In the
isopruterenol-responsive cells, but not in the adenosine
responsive cells, SNP caused concentraticn-dependent increases

in <GML.

In neither cell line did SNP cause an increase in cAMP or
enhance the increases in cAMP caused by isoproterenol or
adenosine. The results suggest that cGI-PDE activity was absent
from the isoproterenol-responsive cells and that both soluble
guanylyl cyclase activity and cGI-PDE were absent from the

adenosine-responsive cells.
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5.4.4. Ro 20-1724, an inhibitor of a low K cAMP PDE that is not
inhibited by cGMP, increased cAMP In both cultured VSMC lines

and potentiated the increases caused by isoproterenol or

adenosine.

5.4.5. I conclude that prelabelling with [3H]hypoxanthine permits
rapid analysis of the effects of compounds that increase cyclic
nucleotide levels in cultured VSMC. However, it was apparent
that cultured VSMC differ significantly in their responses from
the VSM from which they are derived, as a resuylt of the
selective loss of receptors and enzymes that participate in

signal transduction.
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Fig. 5.2. Time course of [3H]hypoxanthine uptake by cultured rat
aortic VSMC

Cultured rat aortic VSMC were grown in 24 well culture dishes until
cgnfluent. The cells were then covered with fresh DMEM containing
[°H)hypoxanthine (10 Ci/mmol) at a final concentration of 2 uM.

The cells were incubated at 37°C in a controlled atmosphere of 95%
air/5% CO, for the indicated times. Following removal of the
1gbelling medium, the cells were washed twice with fresh DMEM (without
{“H]hypoxanthine) and then extracted with 0.5 ml of trichloroacetic
acid (5% w/v final concentration). The precipitated protein and
acidified extract were transferred to polypropylene tubes and the
protein separated by centrifugation for 2 min at 12,000 x g. The
percent incorporation was calculated by counting a fixed volume of the
acidified extract. Values are means + S.E.M. from 3 individual
determinations in the same experiment.
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Fig. 5.3. ngects of different concentrations of isoproterenol on the
[‘H]cAMP level of cultured VSMC

Cultured VSMC were grown %n 24 well dishes until confluent and then
labelled overnight with [“Hlhypoxanthine (10 Ci/mmol; 2 uM).

Following removal of the labelling medium, the cells were washed three
times with HBSS (37°) and then covered with 0.45 ml of fresh HBSS at
37 °C. Cells were incubated at 37° for 1 min with saline (C) or
{soproterenol. Incubations were terminated by addition of ice-ccld
trichloroacetic dcid (final concentration 5% (w/v)). The precipitated
protein and the acidified extract were transferred to polypropylene
tubes and centrifuged at 12,000 x g for 2 min. cAMP was expressgd as
pmol/mg of protein using a value for the specific activity for [“H]ATP
determined as in Section 2.2.11. Values are means + S.E.M. from 3
determinations.
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Fig. 5.4. Time course of isoproterenol-induced increases in [3H]cAMP
in cultured VSMC

Cultured VSMC were labelled with [BH}hypoxanthine (Section 2.2.6).
After the cells had been washed, covered with fresh HBSS (37°C) and
allowed to equilibrate for 45 min, they were incubated at 37°C with
500 nM isoproterencl for the indicated perieds. Incubations were
tgrminaCed by addition of ice-cold trichloroacetic acid (5% w/v).
(’H]cAMP was isolated from the acidified extracts (Section 2.2.8.) and
expressed as pmol/mg of protein (Section 2.2.11.). Values are means %
S.E.M. from 3 determinations in the same experiment.
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Fig. 5.5. SNP-induced increases in [3H]cGMP in cultured (W1l) VSMC

Confluent cultured (W2) VSMC were labelled with [3H]hypoxanthine.

After being washed and covered with fresh HB"S (37°C), the labelled
cells were incubated with the indicated concentrations of SNP for 1 min
at 37°C. Incubations were terminated by addition of ice-cold
trichlorcacetic acid (final concentration 5% (w/v)). Values are means +
S.E.M. from the cells in 3 separate wells.
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Fig. 5.6. Time course of the increases in [3H]cGMP caused by SNFP in
(W1) vsSMC

Confluent cultures of (Wl) VSMC were labelled with [3H]hypoxanthine
overnight. The labelled cells were washed three times with fresh HBSS
and then covered with 0.45 ml of fresh HBSS (37°C). The cells were
incubated with SNP at 37°C for the indicated periods. Incubations
were terminated by addition of ice-cold trichloreacetic acid (final
concentration 5% (w/v)). Values are means + S.E.M. from 3
determinations in the same experiment.
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Fig. 5.7. Increases in [BH]cAMP in cultured (W2) VSMC caused by
adenosine

anfluent cultured VSMC (W2) were labelled overnight with
[’H]hypoxanthine and then washed and covered with 0.45 ml fresh HBSS
(37°C). The cells were incubated with the indicated concentrations of
adenosine for 1 min, following which they were extracted with ice-cold
trichloroacetic acid (final concentration 5% (w/v)). Values are means *
S.E.M. from 3 determinations in the same experiment.
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Fig. 5.8. Time dependence of adenosine-induced increases in [3H]cAM
in prelabelled cultured (W2) VSMC :

Prelabelled VSMC were incubated with 100 uM adenosine for the
{ndicated periods. The incubations were terminated by addition of
ise-cold trichlorcacetic acid (final concentration 5§ (w/v)).
["H]cAMP is expressed as a percentage of the total [“H]JATP in each
well, Values are means + S.E.M. from 3 determinations in the same
experiment.
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Table 5.2. Pharmacological characteristics of rat aortic cultured VSMC

Cell line

Agent Response Wl W2
Isoproterencl increase in cAMP YES NO
Adenosine increase in cAMP NO YES
SNP increase in cGMP YES NO
SNP increase in cAMP NO NO
Cilostamide increase in cAMP NO NO
Ro 20,1724 increase in cAMP YES YES
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Table 5.3, Purity of [3H]cAMP and [3H]cGMP isolated from prelabelled
cultured VSMC by the two column method

Cultured VSMC that had been prelabelled with [3H]hypoxanthine were incubated
with either isoproterenol (Iso) or SNP for 1 min. Incubations were terminated
by addition of ice-cold trichloroacetic acid (final concentration 5% (w/v)).
Both cyclic nucleotides were first isolated by chromatography on alumina and
Dowex-50 and then further purified by t.l.c. (Section 2.2.9). Values are means
+ S.E.M. from 3 identical incubation mixtures in the same experiment;
significant*differences between the ratios before and after t.l.c. are
indicated; "p < 0.05.

at of at of
Labelled cyclic '§H/120 §H/]:zc
Additions nucleotide before t.1l.c. after t.l.c.
None oGMP 0.63 + 0.03 0.46 + 0,01*
cAMP 1.90 + 0.04 1.65 + 0.06%
Iso(1l0 uM) cGMP 0.67 + 0.06 0.46 + 0.06
cAMP 46,50 + 4,25 42,30 + 1.59
SNP (100 uM) cGMP 7.08 + 0.17 6.69 + 0.39
cAMP 1.83 + 0.08 1,74 + 0.26
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Table 5.5. ngects of difgerent wasodilators on the levels of
["H]cAMP and [“H]cGMP in two distinct cultured VSMC
lines

Cultured VSMC were grown 3n 24 well dishes until confluent and then
labelled overnight with [“H]hypoxanthine (10 Ci/mmel; 2 pM).

Following removal of the labelling medium, the cells were washed with
fresh HBSS and then 0.45 ml of fresh HBSS was added to each well. Cells
were incubated with the vasodilators (isoproterenol (Iso), adenosine
(AD) and SNP) either singly or in combination (as indicated) for 1 min
at 37°C. Incubations were terminated by addition of ice;cold
tsichloroacetic acid (final concentration 5 % (w/v)). [3H]cAMP and
[“H]eGMP isclated fsom each sample are expressed as a percentage of

the corresponding [“H]nucleoside triphosphate. Values are means i

S. E.M. from 8 (W1) or 3 (W2) experiments. Significant changes in cyclic

(3H]nucleotide levels are indicated; *p < 0.05, *p < 0.001.
3 3
[7H]cAMP I H]cGMP
VSMC line . Additions (3 of [°H]ATP) (3 of (3H]GTP)
w1 None 0.08 % 0.01 0.07 + 0.01
Iso (1.0 pM) 3.32 + 0.48F 0.08 + 0.01_
SNP (10 uM) 0.09 + 0.02, 5.85 & 2.557
Iso (1.0 pM) 3.10 + 0.46 4.93 + 1.68™
+ SNP (10 M)
w2 None 0.08 + 0.02, 0.046 + 0.02
AD (100 uM) 0.30 + 0.05 0.04 + 0.01
SNP (100 uM) 0.09 + 0.02 0.03 + 0.01
AD (100 uM) 0.20 % 0.03 0.03 + 0.01

+ SNP (100 M)
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Table 5.6. Effegts of SNP, cilostamide and Ro 20-1724 on the increases
in [“H]cAMP caused by isoproterenol in cultured (W1} VSMC

Cultured VSMC (Wl) that had been prelabelled with [3H]hypoxanthine were
incubated for 1 min at 37° with the indicated concentrations of the
following compounds; Iso, isoproteremol; SNP; Cil, cilostamide; Ro, Ro
20-1724. 1Incubations wgre terminated by addition of trichloroacetic
acid (5% w/v) and the [“H]cAMP isolated from the acidified extracts.
Values are means *+ S.E.M. from 3 determinations in the same experiment
gnd those siggificantly different from the controls are indicated;

p < 0.001; p < 0,001. Also, a significant effect of Ro 20-1724

is noted; 2 p < 0.001.

[3H]cAMP [3H)cap

Additions

(3 of [3H]ATP) (% of [3H]GTP)
None 0.06 + 0.00** 0.08 £ 0.01
Iso (0.1 uM) 2.10 + 0.03 0.07 = 0.01**
SNP (10 ai1) 0.05 + 0.00 15.00 + 1.00
Cil (10 pM) 0.06  0.00, 0.06 + 0.01
Ro (300 uM) 0.11 + 0,01 0.07 + 0.01
Iso (0.1 M) 2.17 + 0.00%* 14.50 + 2.11%*
+ SNP (10 M)
Iso (0.1 pM) 2.17 + 0.05°* 0.07 + 0.01
+ Cil (10 uM) -
Iso (0.1 uM) 4.39 + 0.137°4 0.08 + 0.01

+ Ro (300 uM)
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Table 5.7. ngects of SNP, cilostamide and Ro 20-1724 on the increases in
["H]cAMP induced by adenosine in cultured (W2) VSMC

anfluent cultures of (W2) VSMC were labelled overnight with
[*H]hypoxanthine, After they had been washed and then covered with fresh
HBSS (37°C), the cells were incubated with the indicated compounds for 1
min at 37°C (AD, adenosine; SNP; Cil, cllostamide; Ro, Ro 20-1724).
Incubations were terminated by the addition of ice-cold trichloroacetic
acid (final concentration 5 % (w/v)). Values are means * S.E.M. from 3

determinations from the same experiment and_ those values iignificantly
different from the controls are indicated; "p < 0.05 and "'p < 0.001.
[3H]caMP [3H]coMP
Additions (% of [3H]ATP) (% of [SH]GTP)
None 0.04 + 0.00 0.08 + 0.C3
AD (100 pM) 0.08 + 0.01% 0.05 + 0.01
SNP (100 pM) 0.04 + 0.00 0.04 + 0.01
Cil (10 pM) 0.05 + 0.00 0.04 + 0,00
Ro (300 uM) 0.08 + 0.01* 0.06 + 0.01
AD (100 uM) 0.10 + 0.03 0.03 + 0,00
+ SNP (100 pM)
AD (100 uM) 0.11 + 0.02 0.04 + 0.01
+ Cil (10 pM)
AD (100 uM) 4,92 + 0.13%* 0.06 £ 0.01

+ Ro (300 gM)
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6.1. General discussion

6.1.1, Novel findings reported in this thesis

I have carried out experiments that led to the elucidation of the
molecular basis of the synergistic inhibition of platelet function by
nitrovasodilators and activators of adenylyl cyclase (Chapter 3). This
work is the first to demonstrate a nitrovasodilator-induced potentiation
of the increases in platelet cAMP caused by activation of adenylyl
cyclase, In addition, these results demonstrafe that cAMP, not cGMP, is
the cyclic nucleotide involved in the synergistic inhibition of platelet
function caused by simultaneous activation of adenylyl and guanylyl
cyclases. Although potentiation of the effects of PGT, by SNP (Levin
et al., 1982) or EDRF {(Radomski et al., 1987; Macdonald et
al., 1988) had previously been described, the effects of SIN-1 on the
PGl -induced inhibition of platelet function and the reported
synergism between SNP or SIN-1 and adenosine are novel. Also, this
study is the first to demonstrate that ¢GMP can exert cellular effects

by inhibiting the cGI-PDE.

I have also demonstrated a synergistic effect of nitrovasodilators
and isoproterenol on VSM tone. To my knowledge, this is the first study
describing a nitrovasodilator-induced potentiation of the effects of
isoproterenol (or any other activator of VSMC adenylyl cyclase) on

either relaxation or inhibition of contraction of VSM. In addition, the
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state of the VSM (i.e. contracted vs non-contracted) was shown to be an
important consideration in the study of synergism between agents that
act by increasing cyclic nucleotides., The potentiation by SNP of the
isoproterenol-induced increase in VSM cAMP and the increase in cAMP
caused by a higher concentration of the nitrovasodilator used alene, are
also the first significant effects of a nitrovasodilator on VSM cAMP to
be documented. Moreover, the correlation between these increases in
cAMP and the effects of SNF on VSM tone suggest that cAMP may play a
role in the effects of this agent on VSMC function. Although an earlier
report demonstrated that the PGIy-induced relaxation of porcine
arteries could be potentiated by EDRF present in an endothelial
superfusate (Shimokawa et al., 1988), the authors did not measure
the levels of either cyclic nucleotide in this tissue, nor did they

postulate a mechanism to explain the effects they observed.

To date, most investigators interested in the effects of cAMP or
cGMP in platelets ox VSMC function, have viewed the two cyclic
nucleotides as messengers of independent parallel signal transduction
systems. Thus, when platelet or VSM responses were inhibited by
incubation with compounds known to activate either adenylyl or guanylyl
cyclases, the effects were said to be mediated by caAMP or cGMP,
respectively. Indeed, in several reports (Tateson et al., 1977;
Kukovetz et al., 1979; Nishikawa et al., 1982; Silver et
al., 1982), strong correlations between the drug-induced changes in

cAMP or cGMP levels and drug-induced inhibition of function have
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been reported. Also, two recent reviews demonstrate that many believe
that cAMP and cGMP act independently of one another. In one, Lincoln
(1989) discusses the role(s) of cGMP in drug- or hormone-induced smocth
muscle relaxation and it is clear that the author views the effects of
cGMP in VSM function as independent of any effect attributable to the
activation of the adenylyl cyclase/cAMP system. This dissociation of
the roles played by the two cyclic nucleotides is evidenced by the
statement that "it is c¢GMP (not cAMP) which may be the more important
regulator of smooth muscle relaxation". Similarly, in a review of the
mechanism{s) of action of cAMP in drug- or hormone-induced smooth muscle
relaxation, Murray (1990) describes the relaxation caused by agents that
activate adenylyl cyclase in the context of cAMP-mediated effects with
lictle or no mention of the importance of c¢GMP, even thouzh the author
acknowledges the presence of a ¢GI-PDE in both platelets and VSM,
However, in a more recent publication, Lincoln et al. (1990)
proposes that some of the effects of cAMP may actually be mediated by
activation of the cGMP-PK in cultured VSMC from rat aorta. Also, in a
review of the effects of cGMP on platelet and VSM function, Walter
(1989), proposes that interactions between the two cyclic nucleotides

could ocecur.

6.1.2. Role(s) of cyclic nucleotides in mediating inhibitory

effects

As described in Chapters 3 and 4 of this thesis, previous attempts
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to measure increases in cAMP following incubation of platelets or VSM
with nitrovasodilators (including EDRF) have for the most part been
unsuccessful. I believe .the reason for the‘majority of failures to be
methodological. The inaccuracy of the methodological approaches used in
most of these studies has been such that only very large increases in
cAMP would have been detected (e.g Halbrigge et al., 1990). The
role of cGI-PDE in mediating the effects of cGMP in platelet and VSM
function described here is complementary to an opposite role for a
¢GS-PDE in other cells. Thus, it has been postulated that a ¢GS-PDE is
responsible for the agonist-induced reductions in tﬁe levels of cAMP in
certain cells (Fischmeister and Hartzell, 1990; MacFarland et al.,
1991). Although small amounts of a céS-PDE are known to be present in
platelets (Grant et al., 1990), the resﬁlts described in this thesis
demonstrate that the net effect of an increase in platelet cGMP is

inhibition of cAMP breakdown, not stimulation.

Although the supra-additive accumulations of cAMP in both platelets
and VSM described in this thesis correlate very well with the
synergistic inhibitions of function in both tissues, the mechanism(s) by
which this cyclic nucleotide mediates these inhibitions is not clear,
The most probable mechanism involves the activation of cAMP-PK and the
subsequent phosphorylation of specific protein substrates. cAMP-PK
activity was not measured in the present study but, since only modest
increases in cAMP are required for activation of the cAMP-PK (Halbrigge

et al., 1990), cAMP-mediated phosphorylations probably mediate
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most of these inhibitory effects. The small increase in cAMP required
for activation of the cAMP-PK may reflect the fact that a large
percentage of the cAMP present in resting cells is bound to the
regulatory subunit of inactive cAMP-PK (Khac et al., 1973). Since
the binding of cAMP to the two sites of the regulatory subunit of this
kinase has positivly cooperative effects on cAMP-PK activation (see
Section 1.11.), the presence of cAMP bound to the inactive enzyme
reduces the percentage Increase in cAMP required for full activation.
The inhibition of VSM contraction by 100 nM isoproterenol, in the
absence of easily measurable increases in cAMP (see Chapter 4}, iIs
consistent with this, though cAMP-independent actions of isoproterenol
cannot be ruled out. However, cAMP also has effects on the cGMP-PK (see
Section 1.13.2.). Thus, cAMP-stimulated autophosphorylation of purified
cGMP-PK has been shown to decrease the concentration of cAMP required
for activation of this kinase and also to decrease the rate of
dissociation of cGMP from Site 1 (see Section 1.13,2.,). However, since
most of these effects have been studied in vitreo with purified
cGMP-PK, the physiological importance of cAMP-mediated cGMP-PK
activation is not clear. If such an interaction were possible in
vivo, a simultanecus increase in cAMP and cGMP could have marked
effects on cGMP-PK activity. 1In this context, Lincoln et al. (1990)
has recently suggested that the activation of VSMC cGMP-PK by cAMP
mediates the forskolin- and isoproterenocl-induced inhibition of the

2+

[8-arginine]vasopressin-induced Ca“" transients in cultured rat aortic

VSMC.
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6.1.3, Physiological significance of synergism between
nitrovasodilators and activators of adenylyl cyclase In

platelets &nd VSMC

The synergistic effects of activators of adenylyl and guanylyl
cyclases described in this thesis may have broad physiological
significance. Thus, the EDRF synthesized from L-arginine by the
vascular endothelium (Palmer et al., 1987) and PGIZ, also produced
by the vascular endothelium (Moncada and Vane, 1979), have been shown to
inhibit platelet aggregation synergistically in vitro (Radomski et
al., 1987; Macdonald et al., 1988). The release of these agents
may also have synergistic inhibitory effects on platelet aggregation
in vivo. Thus, Bhardwaj et al, (1988) and Berteolini et al.

(1990) have both shown that EDRF inhibits platelet aggregation in whole
blood and Bowen and Haslam (1991) have shown that SIN-1 and PGE; act
synergistically to inhibit platelet function in whole blood. Agaln, the
latter effect was shown to be mediated by a supra-additive increase in
platelet caMP (Bowen and Haslam, 1991). These findings are particularly
significant in light of the fact that hemoglobin traps nitric oxide and
is a pdtent inhibitor of the effects of both nitrovasodilators and

EDRF. Results of in vivo experiments are fewer and more difficult

to interpret. Bhardwaj et al. (1988) also reported the in vivo
inhibition of platelet aggregation by EDRF and Hogan et al. (1988)

found that a bolus injection of carbachol into anaesthetized rabbits

resulted in inhibition of platelet aggregation and a significant
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increase in the level of platelet c¢GMP. In the latter study, both
effects were attributed to a carbachol-induced release of EDRF from the
vascular endothelium. However, cAMP levels were not measured in these
experiments. Thus, it remains to be.determined if PGI, and EDRF cause
synergistic inhibition of platelet function in vive and whethér this
effect is associated with Increased accumulation of cAMP. Also, since
EDRF s continuously released by endothelium (Martin et al., 1986),
this factor may contribute to the resting level of cGMP in eirculating
platelets. Thus, platelets in the circulation may be poised to respond
optimally to activators of adenylyl cyclase, such as PGI, or
adencsine. 1In this context, it is of interest that the basal level of
cGMP determined by Hogan et al. (1988) was substantially higher than
that reported in this thesis for washed platelets. Also, platelets have
recently been shown to be capable of synthesising nitric oxide (Radomski
et al., 1990a). This nitric oxide formation has been shown to
account for the formation of cGMP during platelet aggregation. Thus,
small aggregating stimuli may allow the formation of c¢GMP and this cGMP
may synerglize with activators of adenylyl cyclase to inhibit the
aggregation., This system would allow for very potent feedback

inhibition.

This thesis also documents synergistic interactions between
activators of adenylyl and guanylyl cyclases in VSM (Chapter 4). 1If
such an Interaction occured in vivo, potent vasorelaxant effects

could arise as a consequence of the simultaneous actions of PGI, and
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EDRF on VSM. Although individually PGI, and EDRF are well known to be
potent vasorelaxant agents in vitro and in vivo, virtually
- nothing is known about the combined effects of these agents on VSMC
function. In man, infusion of PGI, causes marked vasorelaxation and
increases heart rate (Moncada and Vane, 1979). However, this compound
is not a circulating hormone (e.g. Haslam and McClenaghan, 1981). The
pbysiological role of EDRF has only recently been sssessed. Collier and
Vallance'(1989) demonstrated that removal of the vascular endothelium of
the large veins of the back of the hand, led to a marked
vasoconstriction of these veins and a reduced vasodilation in response
to acetylcholine. Recently, Gardiner et al. (1990) have shown that
NG-monomethyl-L-arginine (L-NMMA), an inhibitor of niEric oxide
syntha;e, caused dose-dependent increases in blood pressure and
bradycardia in the rat. Thus, L-NMMA caused marked vasoconstriction of
the carotid, mesenteriec, renal and hindquarter vascular beds (Gardiner

et al., 1990).

Nitric oxide can also be produced and released by VSMC (Wood et
al., 1989). Also, this VSM-derived nitric oxide has recently been
shown to have important functional effects on vascular tone (Schini and
Vanhoutte, 1990). In this study, incubation of de-endothelialized rat
aorta with L-arginine was shown to have marked effeects on vascular
tone. Thus, the effects obtained with nitric oxide synthesis inhibiters
in vivo will have to be re-assessed in view of evidence that they
can act on both vascular endethelium and VSMC, To date, the

physiological relevance of the combined actions of EDRF and PGI, has
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not been investigated. However, since inhibitors of the cGI-FDE have
been shown to potentiate the effects of activators of adenylyl cyclase
is many wvascular be&s {see Chapter 4), a synergistic interaction between
these two compounds is to be expected. 1In one study, Willis et al.,
(1989), reported that nitroglycerin did not potentiate the effects
cf a P612 analogue in rats. Although the choice of animal (SHR) in
these experiments may have contributed to the results, it may be
important that reductions in basal tone rather than antagonism of an
agonist-induced increase in tone were studied. In my experiments,
synergism was much less evidént when relaxation of VSM was studied.
Also, endogenous EDRF may have already potentiated the effects of the
PGI, analogue rendering further synergism less conspicuous. EDRF may
also potentiate ﬁhe effects of other endogenous activators of adenylyl
cyclase. Thus, the calcitonin gene-related peptide (CGRP) has been
shown to increase cAMP in rat aortic smooth muscle (Kubota et al.,
1985). Other endogenous activators of guanylyl cyclase may also
potentiate the effects of activators of adenylyl cyclase. Thus, ANP
(Hamet et al., 1984), brain natriuretic peptide (BNP) (Sudch et
al., 1988) and C-type natriuretic peptide (CNP) (Sudoh et al.,

1990) all activate particulate guaunylyl cyclase in various tissues

(Furuya et al., 1990).
6.1.4. Therapeutic implications of synergism

A combination of specific agents that activate both adenylyl and



- 303 -
guanylyl cyclases only in the tissue of interest should allow selective
effects to be achieved. Thus, it is of interest that the PG12
analogue (5Z)-carbacyclin preferentially acts on platelet PGI,
receptors (Corsini et al., 1987). This structural analogue of
PGI, causes very little relaxation of rabbit mesenteric artery and
also causes much smaller increases in mesenteric artery cAMP than either
PGE; or PGI, (Corsini et al., 1987). 1In the simultaneous
presence of a low concentration of a nitrovasodilator with non-specific
effects, this of other selective activators of adenylyl cyclases might
be expected to have particularly potent antithrombotic effects. Another
possible approach by which tissue selective effects could be achieved
has been considered by Bowen and Haslam (1991). These authors suggested
that a compound that could simultaneously increase cAMP and cGMP could
have particularly potent effects. Thus, dipyridamole which Inhibits
platelet cGMP-PDE (Weishaar et al., 1986) and blocks adenosine
uptake by blood cells, so causing an adenosine and cAMP-mediated
inhibition of platelet aggregation (Gresele et al., 1983), could
have potent effects on platelet function in vivo. Whereas platelets
contain only soluble guanylyl cyclase, VSMC contain both soluble and
membrane-bound guanylyl cyclase activities. Thus, tissue-specific
functional synergism could be achieved in VSM by activation of the
particulace guanylyl cyclase, rather than the soluble enzyme, by using
ANP analogues. Thus, in principle, selective synergistic effects of
therapeutic interest might be obtained through the use of combinations

of pharmacological agents, each of limited specificity, that together
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activate both adenylyl cyclase and guanylyl cyclase only in the target

tissue,

6.1.5, cGI-PDE inhibition In other tissues

Although the presence of c¢GI-PDE has been reported in platelets,
VSM, cardiac muscle and adipose tissue, effects of cGMP-elevating agents
on cAMP levels in intact tissues have not been demonstrated in either
cardiac muscle or adipose tissue. Thus, it is difficult to assess the
importance of a cGMP-mediated inhibition of this enzyme in regulating
the effects of agents that activate adenylyl cyclase in these tissues.
In guinea pig atria, 8BrcGMP significantly reduced the positive
inotropic effects of a series of ¢GI-PDE inhibitors (Muller et al.,
1990). Although a cGS-PDE has been suggested to mediate this effect
(Fischmeister and Hartzell, 1990), 8BrecGMP is a poor activator of this
enzyme (Erneux et al., 1985). The effects of cGMP, or its
analogues, as cGI-PDE inhibitors in adipose tissue have not been

studied.

Canine tracheal smooth muscle was recently shown to contain a
¢GI-PDE (Torphy et &l., 1990). The enzyme isolated from this tissue
was very similar to the cardiac and platelet enzymes, both with respect
to its inhibition by SK&F 94120 and its kinetic characteristics. In an
earlier study, Torphy et al. (1985) had demonstrated that SNP caused

a significant increase in the level of cAMP in canine tracheal smooth
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muscle. This effect was blocked by indomethacin and, for this reason,
later work was carried out in the presence of this cyclooxygenase
inhibitor (Torphy et al., 1985). ‘Thus, the possibili~y exists that
the SNP-induced increase in cAMP in this tissue represents potentiation
of a prostaglandin-stimulated accumulation of cAMP, as a result of an
effect of cGMP on the tracheal smooth muscle cGI-PDE. However, the
effects of simultaneous addition of agents that activate adenylyl and
guaﬁylyl cyclases in this tissue have not been investigated. If a
synergistic increase in cAMP results from such a treatment, a
combination of a f-adrenergic agonist and a vaporizable
nitrovasodilator might be beneficial in the trestment of bronchial

conditions, such as asthma,

As described in Section 6.1.3., endothelial cells are not the only
cells capable of generating nitric oxide from L-arginine. One of the
first cell types shown to have this capacity was the macrophage (Hibbs
et al., 1987a). The generation of nitric oxide from L-arginine in
macrophages has been shown to be involved in the cytotoxicity of these
cells (Hibbs er al., 1987b). However, the system by which nitric
oxide gemeration in macrophages may be regulated appears teo be markedly
different from that in endothelial cells. Thus, it has been shown that
the release of macrophage-derived nitric oxide occurs only several hours
after stimulation of the cells (Marletta et al., 1988). Also,
increases in [Caz+i] may nct be required for nitriec oxide formation

in macrophages (Hauschildt et al., 1990). However, since these
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cells generate nitric oxide they represent a cell type iﬁ which the
presence of a ¢GI-PDE would allow symergistic interactions between
endogenous nitric oxide-medlated formation of e¢GMP and activaters of
adenylyl cyclase. The different types of PDEs present in macrophages
have, however, not yet been studied. The synthesis of nitric oxide has
also been shown in neutrophils (McCall et al., 1989). The formation
of this neutrophil-derived nitric oxide was shown to be inhibited by
L-NMMA. Also, incubation of neutrophils with platelets inhibited
platelet aggregation (McCall et al., 1989}, and incubation of these
cells with smooth muscle caused relaxation (Rimele et al., 1988).
Thus, since neutrophils synthesize nitric oxide, the presence of a
cGIL-PDE could bring about marked effects when these cells are
stimulated. Also, since the neutrophil-derived nitric oxide is released
continuously (McCall et al., 1989), its presence might make
neutrophils very susceptible to agonists that activate adenylyl
cyclase. A case in point might be the effects of adenosine on
polymorphonuclear cells described by Neilson and Vestal (1989). In
these experiments, adenosine increased cAMP and inhibited neutrophil
function at concentrations as low as 1 nM. Based on studies with caMP
PDE inhibitors, Wright et al. (1990) have reported that a
cGMP-insensitive PDE is a more important PDE in the neutrophil.
However, in one report, the c¢GI-PDE inhibitor milrinone was shown teo
suppress neutrophil function and to synergize with PGE; (Verghese and
Frangakis, 1988). 1In this context, Arnold et al. (1977) reported

that SNP not only increased cGMP in polymorphonuclear leukocytes but



- 307 -
also caused significant increases in the levels of caMp, Although these
results were never published in full, Arnold et al. (1977) report in
the discussion of their paper that this compound increased cAMP levels
by as much as 5- to 20-fold in these cells. Thus, nitrovasodilator-
induced increases in cAMP in these cells may represent an effect of cGMP
on a neutrophil ¢GI-PDE. Also, since the formation of nitric oxide in
these cells is dependent on an increase in {Ca2+i], synergistic
increases in cAMP might result from simultaneous incubation of these
cells with chemoattractants that stimulate CaZ* entry and activators
of adenylyl cyclase. Thus, it is perhaps significant that a synergiscic
Increase in cAMP was reported in neutrophils incubated with a Cal™
ionophore and aderiosine (Neilson and Vestal, 1989), However, cGMP

levels were not measured in this study.

Effects mediated by nitric oxide have also been reported in nervous
tissue. Although the initial report was related to CNS effects mediated
by activation of N-methyl.D-aspartate (NMDA)/glutamate receptors
(Garthwaite et al., 1989), several indications that peripheral
neurons may also be able to release nitric oxide have been published
recently (Gillespie et al., 1989; Gibson et al., 1990; Ignarro
et al., 1990), In cerebellum, the formation and release of nitric
oxide was shown to be coupled to activation of the NMDA receptor and to
occur as a result of a agonist-induced influx of Cal* (Garthwaite et
al., 1989). 1In the case of peripheral autonomic neurons, nitric oxlde

has been proposed to mediate the non-adrenergic non-cholinergic
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relaxation of anococcygeus muscle (Gibson et al., 1990) and of
corpus cavernosum smooth muscle (Ignarro et al., 1990). To date,
the presence of a c¢GI-PDE in these tissues has not been investigated,
but synergistic interactions with neurotransmitters acting via a cAMP

mechanism are conceiwvable.

Given the potential physiclogical and pharmacological importance of
a general mechanism by which c¢GMP may potentiate the effects of cAMP, I
believe that a major effort to determine whether synergistic increases

in ¢AMP occur in the tissues and cells mentioned above is warranted.
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