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1. The main aim of this study was to determine whehfé®- asymmetric
dimethylarginine (ADMA), like Nf-monomethyl-L-arginine (L-NMMA), blocks
basal but not acetylcholine-induced nitric oxidé\dty in female rat aorta, and if
S0, to investigate the possible mechanism(s) bethieske seemingly differential

actions.

2. Inthe rat aorta, ADMA, like L-NMMA, blocked basaitric oxide activity, as
assessed by its ability to enhance sub-maximalyd@ehrine-induced tone, and to
inhibit the endothelium-dependent, nitric oxide-na¢ed relaxation induced by

superoxide dismutase or the PDES5 inhibitor, TO156.

3. Inthe rat aorta, ADMA had little effect on enddibe-dependent, nitric oxide-
mediated relaxation induced by acetylcholine ordileium ionophore, A23187,
when studied at the same level of tone used irrabiigsues. It did, however,
significantly block relaxation induced by calcitargene-related peptide-1, an
agonist that had a significantly lower maximum wasge than acetylcholine or

A23187.

4. ADMA did, however, produce potent, apparent bloekatlacetylcholine-induced
relaxation in tissues where the level of tone, ulelockade of basal nitric oxide
activity, was permitted to rise above that of cohtissues. This apparent blockade
by ADMA was due to physiological antagonism rattiem blockade of nitric
oxide synthase, because control tissues takernuigadegnt levels of tone were

similarly inhibited.



. N®N'©-symmetric dimethylarginine (SDMA), the inert angle of ADMA, had no

effect on basal or acetylcholine-induced activityidric oxide in rat aorta.

ADMA and L-NMMA behaved similarly to the endogersosubstrate, L-arginine,

in protecting acetylcholine-induced relaxation agablockade by L-NAME.

. With the use of calmidazolium and wortmannin, resipely, the calcium-
calmodulin and the phosphatidylinositol 3-kinassmsduction mechanisms were
found to play only a minor role in the stimulatiohbasal nitric oxide production,
as assessed by the enhancement of phenylephrimeitdry blocking relaxation to
superoxide dismutase or TO156 in rat aorta. Inreshtnitric oxide activity

induced by acetylcholine, A23187 or calcitonin geelated peptide-1 seems to be

mediated mainly by the calcium-calmodulin transductmechanism.

. The M partial agonist, butyrylcholine, elicited concextitbn-dependent relaxation
in rat endothelium-containing aortic rings with aximal relaxant response lower
than that elicited by the full agonist, acetylcheli Moreover, unlike with

acetylcholine, this relaxation was significantlptited by ADMA.

. When rat endothelium-containing aortic rings weeated for 30 minutes with the
irreversible receptor alkylating agent, phenoxylaenine (3 M), followed by
washout and then submaximally contracted with dmelot-1, maximal relaxation
to acetylcholine was blocked by ~50%, while tlwabatyrylcholine was almost

abolished.



10.Under conditions where the apparent efficacy ofydckeoline was reduced to that
of a partial agonist using phenoxybenzamine, ADM#&doiced powerful

concentration-dependent blockade of the relaxation.

11. The results of this study strongly suggest thatsdemingly differential abilities of
L-NMMA and ADMA to block basal, but not acetylchioé-induced relaxation in
rat aorta may be explained by the blocking actieimdp critically determined by the
efficacy of the relaxant stimulus i.e. low efficaogsal activity in comparison to the

high efficacy acetylcholine-stimulated activity.
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Physiology of the vascular endothelium
General functions of the vascular endothelium

The lining of the blood vessels and chambets®heart consists of a monolayer of cells
termed the endothelium (Celemajer, 1997; SadeCateimajer, 2002; Galley and
Webster, 2004; Flammer and Lischer, 2010). Thewasendothelium was classically
regarded as a simple, passive barrier that sepataevascular wall from the blood. We
now know, however, that the endothelium is a highygamic structure whose functional
integrity is vital for many important physiologicatocesses (Vanhoutte, 1989; Celemajer,
1997; Sader and Celemajer, 2002; Galley and Wel#Q6d; Flammer and Lischer,

2010).

Figure 1.1, adopted from Galley and Webste®{2@lustrates many of these diverse
functions. For example, although the endotheliui lgrrier to the diffusion of large
molecules, it is under dynamic regulation in immane inflammatory processes.
Specifically, immune mediators (such as histamegkotrienes ¢and D) induce
endothelial contraction at the post-capillary vesuleading to the vascular leakage (local
oedema) that characterises the inflammatory regpdnsreover, endothelial damage
leading to barrier dysfunction permits entry irtte vascular wall of large, normally
restricted molecules, such as cholesterol-richdewsity lipoproteins, thus contributing to
atherosclerosis. The endothelium also regulatesbstasis vs thrombosis through the
balance between the release of a variety of pradaag(such as von Willebrand factor,
thromboxane Aand plasminogen activator inhibitor) and antithratdfactors (such as
prostacyclin, plasminogen activator inhibitor amditarombin). Moreover, platelets
adhesion and subsequent aggregation and activatprevented by the synergistic actions

of nitric oxide and the arachidonic acid derivatigeostacyclin. In addition, the



endothelium is an important site for the enzymatitvation of some mediators (e.g.

angiotensidl) and the destruction of others (e.g. bradykinin).

Also, vascular endothelial cells express recapimr some endogenous hormones, such as
oestrogen, progesterone, androgens and insulichwhay suggest a role for these
receptors in regulating endothelial dysfunctionrfiautte, 1989; Sader and Celemajer,

2002, Flammer and Luscher, 2010).
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Figure 1.1.Functions of the vascular endothelium (Modifieohfr Galley and Webster,

2004).



Regulation of vascular tone
The main focus of this study is to investigate tble the vascular endothelium plays in

the regulation of blood vessel tone.

The vascular endothelium has an important fundtidhe control of blood vessel
contractility by the manufacture and secretion gagety of endothelium-derived relaxing
factors (EDRF) and endothelium-derived constrictagjors (EDCF) that can alter the
tone of the vascular wall (Furchgott and Zawadz®B0; Vanhoutte, 1989; Rubanyi, 1991;
Celemajer, 1997; Féléton and Vanhoutte, 2000; Wakget al, 2003; Galley and
Webster, 2004; Koztowskat al, 2007; Flammer and Luscher, 2010; Thorin and €ljoz
2010). The most important endothelium-derived relgfactors are probably nitric oxide,
which induces vasorelaxation via activation of éingyme, soluble guanylate cyclase
(sGC), in the vascular smooth muscle cells, ancttiumthelial-derivetlyperpolarizing
factor (EDHF) whose identity is still a matter afldhte. Other important relaxing
substances produced by the vascular endotheliudi@prostacyclin (Vane, 1971).
Among the vasoconstricting substances releaselebyascular endothelium is the peptide

endothelin (ET) (Yanagisavet al, 1988).

Nitric oxide

The vascular endothelial cells manufactureaiiside from the amino acid, L-arginine,
through the chemical reaction that is catalysethikyenzyme nitric oxide synthase (Palmer
et al, 1988). While the production of nitric oxide rhibited by L-arginine analogues,
such as K-monomethyl-L-arginine (L-NMMA), its formation igimulated by the
shearing force produced by flowing blood or by agtensuch as acetylcholine, bradykinin
or thrombin, that act on their own receptors exgeddy the vascular endothelial cells

(Pohlet al, 1986; Flammer and Lischer, 2010). Nitric oxideuces vasorelaxation by



inducing the formation of its second messengericytlanosine monophosphate (cGMP)
via activation of the enzyme, soluble guanylatdase (sGC), in the vascular smooth

muscle cells (Rapoport and Murad, 1983).

Endothelium-derived hyperpolarising factor (EDHF)

Stimulation of the vascular endothelium witleahstress or receptor-dependent agonists
such as acetylcholine, bradykinin and substananRnoluce vasorelaxation by
mechanisms other than the release of NO such asgylarisation of the underlying
vascular smooth muscle cells. This vasorelaxatias fwund to be resistant to inhibitors of
cycloxygenase, such indomethacin, or to agentsatigaiknown to block the synthesis
and/or the actions of NO, such as L-NMMA, methylbhee and haemoglobin (Cheh
al., 1988; Féléeton and Vanhoutte 1988; Planal, 1995). Moreover, the resultant
vasorelaxation does not correlate with increaséstiacellular concentrations of second
messengers, cGMP and cAMP, in the vascular smoa#tle cells. This hyperpolarisation
was thought to be mediated by endothelium-deriwgbtpolarisation factor(s) (EDHF)
whose exact character is still under investigatidre vasorelaxation due to endothelium-
dependent hyperpolarisation has been reporteceihdiman coronary circulation as well as
in animal vascular beds such as rat arteries, raaphenous and ear arteries, and the
canine coronary arteries (Komori and Suzuki, 19&tezuki, 1988; Cheat al, 1988;
Feletou and Vanhoutte, 1988; Chen and Suzuki, 1@8&majer, 1997; Koztowslet al,

2007).

The exact character of the EDHF is still unaaréand there is a spectrum of molecules
that are proposed to function as endothelium-ddriwgerpolarisation factors depending
on animal species and the vascular bed used (Matada 2000; Koztowskat al., 2007,

Griffith, 2004; Flammer and Luscher, 2010). Thesgtde potassium ions {K(Edwards



et al, 1998; Féléton and Vanhoutte, 2000; Griffith, 20Ro0ztowskaet al, 2007),
metabolic products of cytochrome P-450 epoxygenidsegpoxyeicosatrienoic acids
(Rosolowsky and Campbell, 1993; Fisslthaeal, 1999), hydrogen peroxide £{8,)
(Matobaet al.,2000; Féléton and Vanhoutte, 2000; Griffith, 208Aimokawa and

Matoba, 2004; Koztowsket al, 2007), a cannabinoid (Randatlal, 1996), C-type
natriuretic peptide (Weat al, 1994; Flammer and Luscher, 2010). Alternativéig,

EDHF process may function via electronic spreadnafothelial hyperpolarisation to the
underlying vascular smooth muscle cells through engothelial gap junctions that
resulting in the closure of voltage-operated cafcithannels with subsequent reduction in

calcium influx leading to smooth muscle relaxat{@miffith, 2004; Griffith et al, 2004).

Prostacyclin (Prostaglandin b, PGly)

This endothelium-derived mediator is synthesisgthe vascular endothelial cells from
arachidonic acid by the cycloxygenase-1 (COX-1)yang, but it has a short half-life (~2-3
minutes) as it is rapidly transformed into its $aéndproduct, 6-oxo-PGHMoncadaet
al., 1976; Moncada, 1982; Féléton and Vanhoutte, 2B@Gnmer and Lischer, 2010). The
relaxant actions of PG@are thought to be mediated by stimulating adenylgtéase with
the subsequent increase in intracellular conceotraif the second messenger, CAMP
(Gormanet al, 1977; Tatesost al, 1977). In some tissues such as the rabbit coyona
arteries relaxation is accompanied by hyperpolaosaf the vascular smooth muscle
cells as a result of opening of ATP-dependent paias channels (kp), as these effects
are blocked by glibenclamide (Jacksaral, 1993; Féléton and Vanhoutte, 2000; Flammer
and Luscher, 2010). P&dooperates with NO in preventing platelet aggriegaind
subsequent thrombus formation, however, it diffese nitric oxide in that the latter is
released continuously from the vascular endothelimnite the former is produced

transiently and does not therefore play a roleustaning the resting vascular tone in



major arteries (Moncada, 1982). Furthermore, thease of PGlis provoked by a range of
stimuli such as shear stress, bradykinin, angiagtdhshrombin, calcium ionophore
A23187, adenine nucleotides (ADP and ATP) and tedati-hypertensive drugs such as
bendroflumethiazide and nitroglycerine (Moncad&82,Qacksomt al, 1993; Celemajer,

1997; Flammer and Luscher, 2010).

Endothelin (ET)

Although there are three isoforms of endothelil-(E ET-2 and ET-3), only ET-1 is
known to be produced by the vascular endotheliume. Biosynthesis of ET-1 consists of
two stages; initially the polypeptide proET-1 ikst by a furin-like endopeptidase to
yield another polypeptide molecule, big ET-1 (38raracids), then the endothelin-
converting enzymes (ECES) cleave the latter moéetuproduce a 21-amino acid peptide,
ET-1 (Yanagisawa et al., 1988; Kirkley al, 2008; Barton and Yanagisawa, 2008; Thorin

and Clozel, 2010).

ET-1 is the most potent spasmogens recogniséal smd its pharmacological effects are
proposed to be mediated through direct action®owtn receptors, Exland EE (Masaki,
1989; Boulanger and Luscher, 1990; Luscher, 19@ter@ajer, 1997; Flammer and

Luscher, 2010).

ETa receptors expressed by vascular smooth musckamad cardiomyocytes and
mediate ET-1-induced contraction, andsE&ceptors expressed by the vascular
endothelial cells and facilitate vasodilatation - ETiptake and regulation of ET-1 release
(Kirkby et al, 2008; Barton and Yanagisawa, 2008; Thorin arut€l| 2010). However,
an additional minor component of ET-1-induced vasstriction is also thought to be

mediated by stimulating the release of renin, sdapnto renal vasoconstriction, and/or



enhancing sympathetic output as a result of iescéffon the central nervous system

(Masaki, 1989; Rubanyi, 1991).

The release of ET-1 can be stimulated by a rafigémuli such as adrenaline, shear
stress, thrombin, angiotensin I, calcium ionoph&28187, hypoxia and oxidised low
density lipoproteins (Yoshizuneit al, 1989; Kohneet al, 1989; Kourembanaet al,
1991; Liuscher, 1990; Boulanger and Luscher, 1990jdhgeret al, 1992; Celemajer,
1997; Flammer and Luscher, 2010). Moreover, vassspaduced by ET-1 can be

antagonised by calcium antagonist, nitric oxide paiknteral nitrovasodilators.

Within physiological concentrations, ET-1 actsnaintain basal vascular tone whereas
higher concentrations are reported in pathophygiosd conditions such as pulmonary
arterial hypertension (PAH), coronary heart diseas®cardiac failure (Boulanger and
Luscher, 1990; Celemajer, 1997; Flammer and LUs@®410). Pharmacological
antagonists of ET-1 such as the selectivg &¥agonists, sitaxsentan and ambrisentan,
and the non-selective antagonist, bosentan, arently prescribed for the treatment of

PAH (Kirkby et al, 2008; Thorin and Clozel, 2010).

Further focus on the role played by nitric oxide inthe regulation of vascular tone.

Synthesis of nitric oxide

In 1980 the vascular endothelial cells were fiesiognised to synthesise a powerful
vasodilating agent, endothelium-derived relaxingda(EDRF), when Furchgott and
Zawadzki (1980) noticed that rabbit aortic ringsxed in response to acetylcholine only
when they were endothelium-intact. Many subseqgsterties showed that the physical,
chemical and pharmacological properties of EDRFevigentical to those of nitric oxide

(Palmeret al.,, 1987).The major problem at that time, however, was tloasystem existed



that could detect nitric oxide at the nanomolarocemrtrations that promote vasodilatation.
The breakthrough occurred in 1987, however, whieiglaly sensitive chemiluminescence
detection system for nitric oxide was developedr(ieaet al, 1987). The use of this

system demonstrated not only that endothelial petdsuced NO, but also that they did so

in amounts that could fully account for the vasatdit action of EDRF.

Cells other than the vascular endothelial cellshsas neurons in the peripheral and
central nervous systems (Garthwaidteal, 1988; Gillespiest al, 1989) are also able to
produce nitric oxide as a physiological mediataradldition, it was found that
immunologically-activated macrophages synthesigemxide from the amino acid L-
arginine, (Marlettaet al, 1987), and subsequent work showed that L-arginias the

substrate for the synthesis of nitric oxide in @hdbal cells as well (Palmet al, 1988).

Nitric oxide synthase (NOS), the key enzyme rasfae for the production of NO, exists
in three isoforms (Férstermaehal, 1991, Sader and Celemajer, 2002): NS
neuronal NOS (nNOS) is a soluble enzyme in thepdsteim of the neurons of the central
and peripheral nervous systems (Knovdeal, 1989; Toda and Toda, 2011); NOSor
endothelial NOS (eNOS) which is mainly a particelahzyme in the caveolae of the
endothelial cell membrane (Férstermaatral,, 1991). These two isforms are normally
found in the cells in the inactive state and regfarmation of the calcium-calmodulin
complex for their activation. They produce smallcamts of NO for signalling purposes.
On the other hand, NOI$ or inducible NOS (iNOS) is not normally expresdeat, is
synthesised by the macrophages, the vascular smagble cells and other cell types
after induction by cytokines, such as interfegor by bacterial endotoxins (Knowles
al., 1989; Buss & Mulsch, 1990; Grayal, 1991; Toda and Toda, 2011), but does not

require activation by the calcium-calmodulin comxpl€ight calmodulin binding at low

10



concentrations of intracellular calcium ensures tN®S is maximally active (assuming
adequate supply of substrate, L-arginine) and malassive amounts of NO that exert
cytotoxic and cytostatic actions on invading micgamisms. This action represents an
important component of the immune response. THudrae NOS isoforms catalyse the

manufacture of nitric oxide from the cationic amamd, L-arginine.

The reaction that yields nitric oxide requires gresence of oxygen as a co-substrate and
results in the formation of the by-product, L-ciline, in equimolar proportions (Bust
al., 1992; Toda and Toda, 2011). The reaction algoires 5 electrons supplied by the co-
factor NADPH, and these flow through FAD, FMN aettahydrobiopterin (Bhj to
complete the synthesis of nitric oxide. This reatis thought to be a two-stage reaction
(Wallace & Fukuto, 1991; Pufakt al, 1992). The first stage involves th&-N
hydroxylation of L-arginine to produce®hydroxy-L-arginine (NOHLA) followed by the

subsequent formation of nitric oxide and L-citndi(Figure 1.2).

11
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Figure 1.2.Nitric oxide synthase catalyses the oxidationrad of the guanidino nitrogens

of L-arginine to produce nitric oxide (Modified froKnowles and Moncada, 1994).
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Basal NO activity

It has been reported that the vascular endothajemerates nitric oxide in the absence of
external stimuli, i.e. under basal conditions, #rat this basal activity of nitric oxide
exerts a tonic vasodilator effect that suppredsesttions of vasoconstrictor agents
(Martin et al, 1986b; Reest al, 1989; Mooreet al, 1990; Mian & Martin, 1995). These
findings are supported by the observation that rerhof the endothelium from rat aortic
rings results in an augmentation of contractiorugetl by vasoconstricting agents in

comparison to those induced in control rings (Akaml, 1983; Eglemet al., 1984).

A question raised is whether nitric oxide canms$attorily account for the actions of both
basal and agonist-stimulated EDRF activity. Kelrd aa-workers (1998) found in
cultured endothelial cells that bradykinin- and A3timulation, produces nitric oxide as a
free radical and this nitric oxide completely aaesufor vasodilatation produced by
EDRF. However, Mian and Martin (1995) found thgbetoxide generators, such as
hypoxanthine/xanthine oxidase or pyrogallol, inhmsal but not agonist-stimulated
EDRF activity in rat aortic rings. Furthermore, yhreported that the superoxide scavenger,
superoxide dismutase (SOD) significantly enhan@shbEDRF activity, but it did not

alter the acetylcholine-elicited EDRF activity.

The researchers who first documented the presefigasal nitric activity in rat aorta
(Martin et al, 1986b; Reest al, 1989; Mooreet al.,, 1990) proposed that it was produced
spontaneously by the vascular endothelium withleeitnteed for an external stimulus; this
potentially excludes the existence of an intrad¢atlaignalling mechanism to control the
synthesis of basal nitric oxide. This proposal sagported by the observations made by

Rapoport and Murad (1983) that the resting levetsGMP in entirely unstimulated

13



endothelium-containing rat aortic rings were 2-BHioigher than those in endothelium-
denuded rings. Their findings too suggest thabtmal nitric oxide activity in

endothelium-containing rings occurs in the absai@ny stimulus.

On the other hand, other researchers have prdpbsexistence of triggering stimuli that
operate within the vascular endothelium to gendrasal nitric oxide activity. Such
stimuli may include calcium ions that pass from ¢batracting vascular smooth muscle
cells through myo-endothelial gap junctions todkdgcent endothelial cells (Doeaal.,
2000; Jacksost al., 2008) where they (calcium ions) provoke theaséeof nitric oxide
presumably via the calcium-calmodulin-mediatedmedhzolium-sensitive activation of
endothelial nitric oxide synthase. Alternativelyeinget al (1999) proposed that
isometric contraction may generate a mechanicasston the endothelial cytoskeleton that
triggers the release of nitric oxide via a phosilyéihositol 3-kinase(PI 3-kinase)-
mediated, wortmannin-sensitive phosphorylation actt/ation of endothelial nitric oxide

synthase, similar to that induced by shear stressrgted by blood flow.

Agonist-stimulated nitric oxide activity

Receptor-dependent agonists, such as acetylehdiadykinin, ATP and substance P, or
receptor-independent agonists, such as calciunplmre A23187, react with the vascular
endothelium to promote the production and rele&sétiac oxide by stimulating eNOS via
calcium-dependent mechanism that is proposed tecand conformational change that
permits dissociation of the enzyme from its infabjtanchor protein, caveolin-1 (Michel
et al, 1997; Moncadat al, 1991; Schini and Vanhoutte, 1992; Dudzinski Ehchel,
2007). Moreover, the release of nitric oxide by tlmechanism is inhibited by the

calmodulin-antagonist, calmidazolium.
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On the other hand, the shearing force of flowbtapd induces the generation of nitric
oxide via a wortmannin-sensitive, calcium-indepergsosphorylation of Ser1177/1179
of eNOS through phosphatidylinositol 3-kinase dmdownstream serine/threonine
protein kinase Akt, resulting in enhanced NO foiora(Fultonet al, 1999; Gallist al,
1999; Dimmeleet al, 1999; McCabet al, 2000; Galley et al., 2004). Other sites on
eNOS are also targets for phosphorylation by pndtgiases. For example, threonine 495
can be phosphorylated by AMP-activated kinase aattm kinase C (PKC) with the
resultant suppression of eNOS enzymatic activitygfi@t al, 1999), and shear stress can
result in phosphorylation of eNOS at Ser 116 (Gallial, 1999), however, the responsible
protein kinase(s) and the functional implicatioheOS phosphorylation at this site are
uncertain. Furthermore, the catalytic activity bi@S can be reduced by phosphorylation
of its tyrosine residues (Gaa-Gardefaet al, 1995) although the exact site(s) and the
protein kinase(s) involved are not known. Certgjarasts, including vascular endothelium
growth factor (VEGF) and insulin, also stimulaté&igioxide production using this
pathway (Zeng and Quon, 1996; Papapetropcetlas, 1997; Fultoret al, 1999; Fleming

et al, 2001).

Moreover, agonist-induced EDRF is more reststanestruction by superoxide anion
(O,) than the basal EDRF (Mian and Matrtin, 1995). Rertevidence that agonist-induced
EDRF activity is resistant to destruction by sup@e anion has been reported in the
rabbit aorta (Furchgott al, 1994). These workers proposed that the ideatigDRF
changed during stimulation with acetylcholine, stizdt it was resistant to destruction by
superoxide anion immediately after activation, betame sensitive to destruction after 3-4

minutes of stimulation.
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Mechanisms of action of nitric oxide

The majority of the signalling actions of nitrigide are produced by stimulation of the
soluble isoform of guanylate cyclase (sGC) (Hobbal, 1999). The combination between
nitric oxide and the enzyme's heme subunit regulésructural changes that enhance the
action of this enzyme about 400-fold and lead$iéformation of intracellular second
messenger, cGMP (Figure 1.3). The latter catalyseacttivation of protein kinase G and
results in a series of phosphorylation steps (lgnand Kadowitz, 1985; Waldman and
Murad, 1987). Myosin light chain kinase is phosptated, thus preventing its activation
by the calcium-calmodulin complex. Furthermorecah mobilisation in the smooth
muscle cells is blocked through inhibition of calti release by the inositol trisphosphate
(IP3) mechanism, together with inhibition of calciunfluxx through the voltage-gated (L-
type) and store-operated calcium channels. Asudtyghosphorylation of myosin light
chains is inhibited, diminishing smooth muscle tane causing dilatation of blood

vessels.
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Figure 1.3.Mechanisms of action of nitric oxide and prostdicyinn vascular smooth

muscle and blood platelets (Modified from Jegtal, 2002).
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In contrast to the effects of low concentratiohsitric oxide used as a signalling agent,
high concentrations produced following induction®S have different cellular targets
that result in cytotoxic and cytostatic actionshigh concentrations, nitric oxide can result
in constant suppression of the actions of certairymes such as complex | and complex Il
of the mitochondrial electron transport chain whiglonsidered as a mechanism of
macrophage-derived cytotoxicity (Nathan & Hibbs919Daviset al, 2001). Also, nitric
oxide can slow down the action of ribonucleotidéusase, which is a regulatory enzyme
in DNA synthesis. These actions of high concerdregicause nitric oxide to be cytotoxic
or cytostatic to rapidly dividing cells or to invad microorganism (Figure 1.4). In
addition, nitric oxide interacts with superoxideanto yield the potent oxidant,
peroxynitrite (Daviset al, 2001; Pachest al, 2007). This agent can cause structural and,
as a consequence, physiological injuries by nitggéind oxidising biological molecules

such as proteins, lipids and nucleic acids.
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Direct effects of nitric oxide
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Indirect effects of nitric oxide
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Stable NO donors

DNA oxidation
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Figure 1.4.Summary of the targets of nitric oxide, the direkfects of nitric oxide (A) are

frequently produced at low concentrations of nitrkide, whereas the indirect effects (B)

are produced at high concentrations of nitric oXMedified from Daviset al,, 2001).
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The vascular endothelium and cardiovascular disease

The normal, healthy vascular endothelium plagstecal role in maintaining vascular
homeostasis. Generally, this is achieved, as stdiede, through maintaining the
equilibrium between the productions of endothelidenived relaxing and contracting
factors, and between the coagulation and fibrinolgystems in addition to regulating
inflammatory reactions (Vanhoutte, 1989; Celemdj687; Sader and Celemajer, 2002;

Widlanskyet al, 2003; Galleyet al 2004; Flammer and Luscher, 2010).

However, in the presence of cardiovascular r&itdrs, whether the conventional ones
such as age, cigarette smoking, dyslipidaemia, tepsion and hyperglycaemia, or the
more recently recognized ones such as obesityceedphysical activity and chronic
systemic infections, a long-lasting inflammatorpgess starts in the vascular endothelium
that eventually disturbs vascular homeostasis (Beret al, 1994; Steinbergt al, 1996;
Libby et al.,2002; Prasadt al, 2002; Widlanskt al, 2003; Flammer and Liuscher,
2010). As a result, the endothelium-dependent seledvasoconstricting and pro-
coagulant factors exceeds that of relaxing andtardimbotic ones. In addition, there is an
abnormal increase in the expression of adhesioecutds and release of chemotactic
factors and inflammatory mediators that promoteeadin of inflammatory cells, such as
monocytes and lymphocytes, to endothelial cellsthed subsequent migration into the
vessel wall, the formation of foam cells (lipid-&admacrophages) and proliferation as well
as migration of vascular smooth muscle cells. Rm#iese events lead to the development
of an atherosclerotic plaque. In addition, oxidatsiress due to increased formation of
reactive oxygen species (ROS) such as superoxida é0,) or hydroxyl radical (HO")
play a major role in the development of endothalyafunction; the former by destroying,

and thus reducing the bioavailability of nitric d&| and/or by the formation of
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peroxynitrite (ONOO ) that oxidatively damagesittieacellular macromolecules such as
DNA or enzymes responsible for maintaining cellyghysiology. Moreover, pathological
conditions that may be caused by, or result franpaired function of the vascular
endothelium, such as renal dysfunction, systempehgnsion, atherosclerosis and
pregnancy-induced hypertension, are associatedimgtbased production of ROS
(Winquistet al, 1984; Oyamat al, 1986; Lockettet al, 1986; Durantet al, 1988; Cai
and Harrison, 2000). Furthermore, inactivation itricioxide can also be induced by lipid
radicals that are formed in the process of lipidiatton and formation of oxidised low

density lipoproteins (Tannet al, 1991; Freemaat al,, 1997; Cai and Harrison, 2000).

In addition, it was found that circulating conttations of the endogenous inhibitor of
endothelial nitric oxide synthase, asymmetric dmgketrginine (ADMA), increase in
patients with pathological conditions that may based by, or result from, endothelial
dysfunction such as renal dysfunction, systemicehigmsion, atherosclerosis and
pregnancy-induced hypertension (Vallaetal, 1992; Bogeet al, 1998; Miyazaket al,
1999; Kielsteiret al, 1999; Boger 2003;eiper and Vallance, 2006; Siroehal., 2006;
Andersshoret al 2010). These high concentrations may be due teased production,
diminished catabolism or impaired excretion of thisibitor secondary to vascular
endothelial dysfunction. Moreover, these high com@ions of ADMA further inhibit the
bioavailability of nitric oxide and add to the berdcreated by the dysfunctional

endothelium.

Modulation of nitric oxide bioactivity
Modulation of nitric oxide activity in the bodyderlies the ability of many drugs to
provide clinical benefit in a number of pathologiesluding inflammation, sexual

dysfunction and cardiovascular disease (Napolilgndrro, 2003). Indeed, a number of
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traditionally used and recently introduced medisiaet wholly or partly by modifying the

nitric oxide signalling pathway. Such agents inelud

Agents that enhance nitric oxide bioactivity

Superoxide dismutase

The main source of intracellular superoxide asigrthe mitochondria through the
respiratory chain enzymes (Yurkeval, 2003). This generation process is enhanced when
the cellular levels of nitric oxide are sufficigotinactivate mitochondrial enzymes such as
cytochrome oxidase and NADH cytochrome c reduci@ederosaet al, 1996). However,
there are other generators of superoxide anion asiehdehyde oxidase, peroxidases,
catecholamines and xanthine oxidase (¢, 1999). More recently, NADPH oxidase
present on both endothelial and smooth muscle memebkrhas been implicated in the
superoxide-mediated destruction of nitric oxida inumber of cardiovascular pathologies

(Rajagopalaret al, 1996).

Interestingly, it has been demonstrated thatrwthe cells are deprived of L-arginine, the
substrate for NOS, or the cofactor BMOS shifts from production of nitric oxide to
superoxide anion (Paet al, 1992; Xiaet al, 1996; Potet al, 1999; Roseet al, 2002).
Under such conditions, NOS becomes uncoupled $athtte electrons supplied by

NADPH are now used to reduce the co-substrat® @rm superoxide anion (£).

One of the important pharmacological tools usedar to combat the destructive effects
of O,against NO is the enzyme superoxide dismutase ($GBplewskiet al., 1986;
Rubanyi and Vanhoutte, 1986; Marghal, 1994; Mian and Martin, 1995; MacKenzae
al., 1999) and this protective effect of SOD extetadsitric oxide produced by the

vascular endothelial cells and nitrergic nervesnitic oxide synthesised by eNOS and
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NNOS, respectively. The proposed mechanism behmgrotective action of SOD
involves an oxidation-reduction (with the consuraptof hydrogen ions) reaction that
converts @ into hydrogen peroxide @#®,) with the liberation of molecular oxygen

(Fridovich, 1983).

Excessive formation of superoxide anions dimiessthe bioavailability of NO and
results in dysfunctional vascular endothelium. Tditer is associated with a spectrum of
pathological conditions such as diabetes mellliypertension, ischaemic heart disease
and atherosclerosis (Mohan and Das, 1997; Laght, 1998; MacKenziet al, 1999).
As a consequence, by scavenging superoxide ar8@i3,represents a potential

therapeutic intervention in the management of quathophysiological conditions.

In addition to its usefulness in situations widative stress, SOD induces endothelium-
dependent, nitric oxide-mediated relaxation in tigablood vessels; an effect that is
attributed to its ability to protect basal nitrigide from destruction by superoxide anions
produced by vascular endothelial cells under phggioal circumstances (Gryglewsai
al., 1986; Rubanyi and Vanhoutte, 1986; Ohlstein Miathols, 1989; Mian and Martin
1995; MacKenziet al, 1999). However, in light of the mechanism oi@ttof SOD,
relaxation induced by SOD seems to have two distamponents; the first through
protection of basal NO activity from destructiondyperoxide anions. This pathway is
sensitive to blockade by nitric oxide synthasebitbrs, such as L-NAME and L-NMMA
(Palmeret al,, 1988; Reest al, 1989; Aisakaet al, 1989; Reest al.,1990; Mooreet al,
1990; Hobbst al, 1999; Masudat al, 2002). The second mechanism is through
production of hydrogen peroxide as a result of disting superoxide anion. Hydrogen

peroxide induces both endothelium-dependent andtbalium-independent relaxations
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and this pathway is inhibited by catalase (Rubamyg Vanhoutte, 1986; Furchgettal.,

1994; Yanget al, 1999; lesaket al, 1999; Itohet al, 2003).

Phosphodiesterase (PDE) inhibitors

There are eleven isoforms of PDE enzyme (Bea®®5)lwhose main intracellular action
is to hydrolyse and thereby curtail the actionthefsecond messengers, cyclic AMP
(cAMP) and cyclic GMP (cGMP). PDE 5 and 6 selediivdegrade cGMP (Beawet al,
1994); PDE 3 and 4 are responsible for the decoitipo®f CAMP, while PDE 1 and 2

can degrade both cyclic nucleotides.

Zaprinast was the first agent developed with BD&hibitory activity, but it lacked the
selectivity and potency to reach the clinic (Ballat al, 1998). Another example is
sildenafil (Viagra) which is currently used for ttieatment of erectile dysfunction. Itis a
very effective and selective inhibitor of PDE 5ttigahighly expressed in human penile
smooth muscle. Thus, it potentiates the actionstat oxide by preventing the

degradation of its second messenger cGMP (Salatralg 2002; Rossoret al., 2007).

Tadalafil and vardenafil are two more recent epdasiof PDE 5 inhibitors used to treat
erectile dysfunction (Porst, 2002; Pryor, 2002;&iai et al, 2004). These have a longer
biological half-life than sildenafil, and may thésee have improved therapeutic
usefulness. There has been renewed interest usthef PDE inhibitors to treat
cardiovascular diseases resulting from impairedcroixide activity. Indeed, PDE 5
inhibitors may have utility in the treatment of pudnary hypertension (Michelakes al,

2002; Guazzet al, 2004).
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Angiotensin-converting enzyme (ACE) inhibitors

Pharmacological compounds that inhibit the reramgiotensin-aldosterone axis can
indirectly influence the actions of nitric oxidenmore than one way. Since ACE is the
principle enzyme responsible for the catabolisrbraflykinin, ACE inhibitors can enhance
the nitric oxide -releasing actions of the pepf(ifiaylor-McCabeet al, 2001). Moreover,
by reducing angiotensii-mediated formation of superoxide anion by NADPHdase,
ACE inhibitors indirectly prolong the half-life arattions of NO (Rajagopalaat al.,

1996; Manciniet al, 1996).

Statins

The main indication of the 3-hydroxy-3-methylgiitlcoenzyme A (HMGCoA)
reductase inhibiting agents (statins) is to loviaerltlood cholesterol levels (Shephetd
al., 1995). However, it has been shown that thesetagan increase the expression of
NOS in the endothelial cells and exhibit anti-oxidaffects, even without altering the
level of cholesterol in the blood. In addition, yrean inhibit the increase in vascular tone
due to reduced expression of eNOS in responsepioxigy (Laufset al., 1997; Wilsoret
al., 2001; Filusctet al, 2008; Rossoret al, 2008). Furthermore, randomised clinical
trials showed that the administration of statinpatients with clinically evident
atherosclerotic coronary artery disease producethprovement of coronary arterial tone

(Andersoret al, 1995; Treasuret al, 1995).

Nitric oxide donors
These are pharmacologically effective agentsdhafble to donate nitric oxidevivo or

in vitro (Napoli and Ignarro, 2003).These agents are stdgogsed into:
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Nitric oxide itself

Nitric oxide gas has a role in aiding respiratiopremature infants and in adults with
respiratory distress syndrome (ARDS). However,u$e of NO gas has been restricted to
the inhalational route of administration due tdiitsted half-life and quick interaction

with molecular oxygen (Ignarret al, 2002).

Nitric oxide donors requiring metabolism

These agents need to be biotransformed by badyress to donate nitric oxide. They
include nitroglycerine, amyl nitrite, isosorbidentifate, isosorbide mononitrate and
nicorandil. These agents represent the classipalay nitric oxide substitution treatment
and are commonly employed for the treatment ofremgeectoris. Although highly
effective, this category of drugs has limiting seftects such as the development of
tolerance and haemodynamic adverse actions suotaasache (Ignarret al, 2002). On
the other hand, sodium nitroprusside, a differésdscof nitric oxide donor, is indicated for
the management of acute hypertensive crisis. Tharadges of this medication are
narrowed by its drawbacks of being active only perally and, following continuous
therapy, the possibility of thiocyanate poisonimgl ghe development of tolerance

(Gruetteret al, 1981; Ignarreet al, 2002).

Hybrid NO donors

These drugs are generated by adding functionatéléasing groups, namely, nitrate
esters an&-nitrosothiols groups to pharmacological compouthas are already in use
without altering the therapeutic effectivenesshef principal drug (Ignarret al,, 2002).
Nitrosocaptoprilis an S-nitrosylated analogue of captopril, a vdatal, angiotensin-

converting enzyme inhibitor and anti-thromboticgi{Loscalzoet al, 1989). The blood
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pressure-lowering actions of the ACE inhibitor atgmented by the vasodilatory actions

of nitric oxide.

Nitric oxide -releasing non-steroidal anti-inflamatory drugs (NONSAIDSs) such as nitric
oxide-aspirin represent another class of hybridonitxide donors. These agents have the
same anti-inflammatory actions of traditional NSA|ut the nitric oxide releasing group

reduces the incidence of gastric ulceration (Walkal, 1997).

Agents that inhibit nitric oxide bioactivity
Inhibitors of soluble guanylate cyclase

The majority of signalling actions of nitric oxdére mediated by its combination with the
heme group of the soluble guanylate cyclase enZitobbset al, 1999). This was
confirmed by use of methylene blue (Gruetieal, 1981; Martiret al, 1985), or the
chemical agent 1H- [1, 2, 4] oxadiazolo [4, 3,-ajngpxalin-1-one (ODQ) (Moret al.,
1996; Toda and Toda, 2011), both of which inhib& €nzyme by oxidising its critical

ferrous (F&") haem group to the ferric (E&form.

Agents that destroy nitric oxide e.g. superoxide aan

The different routes of superoxide anioryJ@rmation are discussed above. This free
radical reacts with nitric oxide at a rate (7*M* s) that is somewhat faster than the rate
(2*10° M s%) of its reaction with superoxide dismutase (P&®quadrito, 1995;
MacKenzieet al, 1999; Toda and Toda, 201This rapid, favourable reaction leads to the
loss of biological activity of nitric oxide and tipeoduction of the damaging oxidant,

peroxynitrite.
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Inhibitors of nitric oxide synthesis
The flavoprotein inhibitors

These agents, such as diphenylene iodonium (DRiRit the NADPH-dependent
flavoprotein (FAD) which is one of the importantfactors for the synthesis of nitric oxide
(Stuehret al.,1991). The inhibition of NOS by these agentsrsviersible in a way that

neither NADPH nor FAD is able to restore the actdMNOS.

The calmodulin inhibitors

These agents, such as calmidazolium and W %@, the ability to inhibit the activity of
constitutive NOS in the endothelial and neurondsdmut not the inducible NOS (Archer
and Cowan, 1991; Schini and Vanhoutte, 1988¢y therefore exert a degree of isoform

selectivity.

Isoform selective inhibitors

Isoform selective inhibitors are useful tools éxploring the role of the different
isoforms in different physiological or pathologi¢ahctions. For example, in cerebral
ischaemia (stroke) there is an enhanced stimulafioNOS as a result of glutamate
release, which results in the formation of high ante of nitric oxide (Zhang & Snyder,
1995). This neuronal nitric oxide seems to augmentotoxicity. Thus the use of nNOS
selective inhibitors like 7-nitroindazole oNropyl-L-arginine have the potential to block
this neurotoxicity, whereas non-selective inhilstarould have inhibited eNOS and nNOS
and led to exacerbation of cerebral damage byduréducing blood supply to the brain
(Dawsonet al, 1991; Zhang & Snyder, 1995; Toda and Okamur@320odaet al.,

2009).
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Moreover, selective inhibitors of INOS, suchlaamino-2-hydroxy-guanidine\u etal.,
1995) have been shown to modulate the haemodynamig@ekancountered in animal
models of endotoxaemi@hisindicates that these agents may have usefulndls in

management of septic shock.

Inhibitors of NOS expression e.g. corticosteroids

It is well established that the vascular endadiheklls, smooth muscle cells, immune
cells or other cell types express the inducibléoiso of nitric oxide synthase (iNOS) when
these cells are exposed for several hours to imflatory mediators such as interferpn-
(INF-y), or the bacterial cell wall component, lipopolysharide (LPS), whether in
experimental settings am vivo, e.g. in inflammatory bowel diseases or septicaemi
(Radomskiet al, 1990; McCalkt al, 1991; Saurat al, 1995; Simmonst al., 1996;
Linehanet al, 2004). In addition, when this enzyme is induges, capable of producing
copious amounts of nitric oxide hence the precysttall in blood pressure seen in septic
shock. One of the therapeutic strategies emplayseptic shock and inflammatory bowel
diseases is the administration of anti-inflammatgococorticoids such as hydrocortisone
and dexamethasone (Radomekal, 1990; McCalkt al, 1991; Saurat al, 1995;
Simmonset al, 1996). These therapeutic agents are known ttkhifee synthesis of
proteins whose expression is induced in respons#l&mnmatory mediators, such as
INOS. However, the precise molecular mechanismrkthie effects of these drugs may
be more complex, as more than one mechanism isciatgdl. For example, some
researchers concluded that the glucocorticoids;degitisone and dexamethasone,
inhibited in a receptor-mediated mechanism(s) #pgassion of INOS, but they did not
exert a direct blocking action on functionalitytbé enzyme (Radomskt al, 1990). This

blocking action of glucocorticoids is inhibitedanconcentration-dependent manner by
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cortexolone, a partial agonist of glucocorticoidaptors. Other researchers proposed that
dexamethasone might have blocked the expressidQ$ directly or, indirectly, by
inhibiting the production and/or action of the arfimatory cytokines implicated in
inducing its expression (McCall al, 1991). In agreement with this finding, Lineharda
co-workers (2004) concluded that the therapeutecafeness of the corticosteroids,
prednisolone and budesonide, in the treatmentflainnmatory bowel diseases such as
colitis, is attributed to their ability to inhibibe formation of inflammatory mediators, such
as IL-1, IL-12, TNFe. and prostaglandins, that are implicated in tldeigtion of INOS
expression. However, another group of researceprated that dexamethasone directly
blocks both of the expression and functionalityief enzyme as a result of inhibition of
the nuclear transcription factor, NdB, which controls the expression of INOS (Saeira

al., 1995). Moreover, a reduction in the accessybditL-arginine and the cofactor, BH

for INOS has been proposed to be the mechanismhimhwdexamethasone inhibits the
activity of the enzyme in cytokine-induced endoitilatells of the cardiac
microvasculature (Simmoret al, 1996). Steroids have no effect on expressiactvity

of eNOS or nNOS (Radomsét al, 1990).

The guanidino (N®)-substituted analogues of L-arginine

In view of the finding that it is one of the egalent guanidino nitrogens of L-arginine
that is incorporated into nitric oxide (Yokei al, 1994), the earliest inhibitors of NOS
were the guanidin¢N®)-substituted analogues of L-arginine (Reeal, 1989, 1990;

Mooreet al, 1990; Hobbet al, 1999; Toda and Toda, 2011):

N®-monomethyl-L-arginine (L-NMMA)
NC-nitro-L-arginine (L-NOARG)

NC —nitro-L-arginine methyl ester (L-NAME)
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These agents (Figure 1.5) are generally acceptadttas conventional competitive,
reversible inhibitors of nitric oxide synthase itas possible to prevent or reverse their
inhibitory effects by adding increasing concentmasi of the endogenous substrate for
nitric oxide synthase, L-arginine (Palnedral, 1988). However, the use of these inhibitors
has been almost entirely restricted to laboratavgkwvhere they are employed to
investigate the importance of the L-arginine-nitiagde pathway in the living body. This
is probably because these agents indiscriminatebklall the three isoforms of nitric
oxide synthase which is perhaps not ideal for amicdl therapeutic agent (Moncaelaal,
1991; Nathan, 1992). These agents are also stefectige, i.e. the D-isomer, for example
D-NMMA is inactive and the effects of the activadomer inhibitors can be prevented or
reversed by L-arginine but not D-arginine (Palreal, 1988). However, the ability of L-
arginine to reverse the blocking actions of thageroxide synthase inhibitors seems to
be governed by the animal species, the vasculaobietkerest and/or the inhibitor in
question (Randall and Griffith, 1991). For examjatethe rat aorta L-arginine was able to
reverse the blockade of endothelium-dependentylabetine-induced relaxation produced
by L-NORG, 30 uM, but not that produced by 100 piMhe@ same inhibitor in the same
tissue (Mooreet al, 1990; Unmans, 1990). Moreover, L-arginine waly able to partially
reverse the vasopressor effects induced by L-NOARBe anaesthetised guinea pig,
whereas those induced by L-NMMA were fully rever¢8teinberget al, 1990).
Furthermore, in the rabbit ear vascular bed, L-NAMBduced a powerful blockade of
basal as well as acetylcholine-induced nitric oxadgvity, however, L-arginine was only
able to reverse blockade of the former (Randall@niffith, 1991). The authors attributed
these findings to the possible mechanism behingt mkide production under basal and

agonist-stimulated circumstances.
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Figure 1.5.Structures of L-arginine and its guanidind®féubstituted analogues used as

inhibitors of nitric oxide synthase (Modified froReeset al, 1990).



Endogenous inhibitors of NOS (Endogenous guanidingN®)-substituted analogues of
L-arginine)

Figure 1.6 shows the three examples of endogamanidino (N)-substituted
analogues of L-arginine: SNmonomethylarginine (L-NMMA), KN®- asymmetric
dimethylarginine (ADMA) and KN' ®-symmetric dimethylarginine (SDMA). These
compounds are produced by adding methyl groups fnatiionine to the arginine
guanidino nitrogens in proteins. This posttranstai adjustment, which takes place in the
nucleus, is regulated by enzymes known as protginiae methyltransferases (PRMT)
(McBride & Silver, 2001; Vallancet al, 1992; Siroeret al, 2006; Leiper and Vallance,
2006). While ADMA and SDMA are synthesised by PRMpe 1 and type 2,
respectively, L-NMMA can be synthesised by eitlyget The quantity of methylarginines
produced is proportional to the level of argininethylation in protein as well as to the
rate of proteolysis, because these inhibitors eceeted into the plasma after proteolysis

(Siroenet al.,, 2006).

ADMA is considered to be the major endogenotsbitor of nitric oxide synthase
(Vallance and Leiper, 2004; Siroehal, 2006; Colonnat al, 2007; Anderssohet al,
2010, because under normal conditions the circulatingeotration of ADMA (0.68 uM)
is higher than that of L-NMMA (0.11 pM) and beca@&@MA does not appear to be a
competitive inhibitor of nitric oxide synthase (Véalceet al, 1992; Sydow and Munzel,
2003; Linzet al, 2012). Furthermore, it was found that circulgttoncentrations of
ADMA increase in patients with renal dysfunctiona{Mnceet al, 1992; Kielsteiret al.,
1999) and in other pathological conditions that haycaused by, or result from, impaired
function of the vascular endothelium, such as systdypertension, atherosclerosis and

pregnancy-induced hypertension (Bogeal, 1998; Miyazaket al,, 1999; Boger 2003;
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Leiper and Vallance, 2006; Siroehal, 2006; Andersshoet al2010). In addition, high
plasma levels of ADMA were found to be positivetyrielated with the manifestations of
insulin resistance syndrome, and drugs that redogetin sensitivity, e.g. the PPAR

agonist, rosiglitazone, also restored plasma levieifDMA (Stuhlingeret al, 2003.
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Differential actions of L-NMMA on basal and agonistinduced activity of NO

Although generally regarded as a classical coineeinhibitor of nitric oxide synthase
(Reeset al, 1989, 1990; Hobbst al, 1999; Mooreet al, 1990; Vallancet al., 1992;
Leiper and Vallance, 2006), some findings with L-NI/ appear to be inconsistent with
this view. For example, L-NMMA has been found tb @& a “mechanism-based”
insurmountable inhibitor of, and an alternativesttdtte for INOS in murine macrophages;
it is converted to produce N-methyl-N-hydroxy-L-srige, which tends to irreversibly
inhibit the enzyme (Olken, 1991; Feldmetral, 1993; Olken and Marletta, 1993).
Moreover, in a different study, L-NMMA stimulateldet production of superoxide anion by
NNOS (Powet al, 1999). This study showed that this effect of MINA seems to be not
due to metabolism of L-NMMA, but due to competitimeeraction between L-NMMA and

L-arginine that prevents the latter from inhibitisgperoxide anion production.

Other studies have reported that L-NMMA doesinbibit nitrergic nerve-mediated
relaxation in the bovine retractor penis musclertvaet al, 1993), or in the bovine penile
artery (Liuet al, 1991) or ciliary artery (Overend and Martin, Zp0Owvhile both L-NAME
and L-NOARG are effective inhibitors. Quite surprgly in these tissues, L-NMMA
seemed to be a better substrate for the formafiorrac oxide, because it was more potent
than the endogenous substrate, L-arginine, atgmtenitrergic transmission from
inhibition by L-NAME and L-NOARG. In addition, Calk and Moncada (1997)
concluded that, like L-arginine, L-NMMA is able both prevent and reverse the blockade
of nitrergic nerve-mediated relaxation induced BMQRAG in the rabbit anococcygeus

muscle.
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Similar differential actions of L-NMMA have als@én reported in blood vessels from
other species. For example, while L-NMMA blockeetgtcholine-induced relaxation in
rabbit aorta (Reest al,, 1989), it did not do so in rat aorta, althoupdiid inhibit the basal
activity of nitric oxide which exerts a powerfulnic vasodilator influence that opposes
vasoconstriction in this tissue (Frewal, 1993). In that study the inhibition of basariait
oxide activity by L-NMMA was prevented by L-argimnin contrast, L-NMMA behaved
similarly to L-arginine in protecting acetylcholinend ATP-induced relaxation from
blockade by L-NOARG. Moreover, in rat aorta andnpaihary artery, L-NMMA behaved
similarly to L-arginine, where both agents augmemtiric oxide production, assessed
using a chemiluminescence assay, whereas L-NOARGuped the anticipated blockade
of nitric oxide synthesis (Archer and Hampl, 199R®)us, in rat aorta, L-NMMA has the
curious effect of blocking basal nitric oxide adivin an L-arginine-reversible manner yet
acts like L-arginine in preventing blockade of aigtistimulated activity of nitric oxide by

L-NOARG.

Differential actions of ADMA on basal and agonistnduced activity of NO

The short-term actions of ADMA are thought toaohieved by blocking the enzymatic
activity of NOS and, in turn, inhibiting nitric cok¢ production by the vascular
endothelium. Such effects were restored by L-anginbut not D-arginine (Vallane al.,

1992; Cookeet al, 1997; Moncada & Higgs, 2002).

However, the correlation between elevated pldswvels of ADMA seen in various
clinical conditions (Kielsteiret al, 1999; Zoccalet al, 2002; Boger 2003) suggests that
there are mechanisms other than simple inhibitidd@®@S that underlie the

pharmacological actions of ADMA.
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For example, Suda and co-workers (2004) sugd¢iséd some of the long-term vascular
effects of ADMA might be mediated via ATeceptor activation, as they demonstrated that
long-term administration of ADMA resulted in up-régtion of vascular ACE and
enhanced the formation of superoxide anion in bokth-type and eNOS-knockout mice.
Furthermore, they found that formation of both wdacand systemic nitric oxide was not
affected by administration of ADMA and these effeaft ADMA were not blocked by L-
arginine. In addition, blockade of ACE or the AfEceptor abolished superoxide anion

synthesis and the associated vascular actions MAD

It is well-known that chronic administration arfigiotensin Il enhances the activity of
vascular NADPH oxidases (Griendliegal, 1994) and most of the superoxide anion
produced in blood vessels is through this pathwagse effects of angiotensin Il are
blocked by the AT blocker losartan. More recently, Veresh and cokers (2008) found
that ADMA decreased basal arteriolar diameter dadked the arteriolar dilatation in
response to flow in rat skeletal muscle arterioldgese actions of ADMA were found to
be inhibited by the ACE inhibitor, quinalapril, tiRd 1 receptor blocker, losartan, the
superoxide scavenger, superoxide dismutase, atitebghibitor of NADPH oxidase,
apocynin. As a result, the authors concluded thyht boncentrations of ADMA stimulate
the RAS in the vascular wall, which in turn enhanttee formation of angiotensin Il and
the latter stimulates the NAD(P)H oxidase pathwide resultant production of

superoxide anion reduces the biological activityitric oxide (Figure 1.7).
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Figure 1.7.Proposed mechanisms by which ADMA induces oxid@asitress and

vasomotor dysfunction (Modified from Vereshal, 2008).
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The structural similarities between ADMA and IMMA may suggest that these two
NOS inhibitors share similar actions mediated leydhme mechanisms. Both these
substituted L-arginine analogues are asymmetrierims of the distribution of methyl
group(s) around nitrogen atoms such that the simgiéhyl group of L-NMMA and the two
groups of ADMA are attached to one of the two gdena nitrogen atoms of L-arginine
(Leiper and Vallance, 1999; Kielstedt al., 2007). As a result, and in view of the finding
that it is one of the equivalent guanidino nitrogeh L-arginine that is incorporated into
nitric oxide (Yokoiet al, 1994), ADMA might act as an alternative substffat, and/or a
“mechanism-based” irreversible inhibitor of, nitogide synthase in a way similar to that
proposed for L-NMMA (Olken, 1991; Feldma al, 1993; Olken and Marletta, 1993).
Moreover, similar to L-NMMA (Frewet al, 1993), ADMA may be able to block basal but
not agonist-stimulated activity of nitric oxideriat aorta and to protect acetylcholine-

induced relaxation in rat aorta from blockade bNAME.

Thus, both L-NMMA and ADMA, two methylated anglees of L-arginine, exhibit
anomalous actions that cannot be explained by plsimhibition of NOS. Some of the
pharmacology of L-NMMA and ADMA may arise from supride formation and some
may arise from blockade of NOS. This dual pharmagpmay explain some of the

anomalous actions of these two agents.

40



Aim of the study
The aim of this study is to seek an explanatwrsome of the above differential actions
of L-NMMA and ADMA. In particular, an attempt wibe made to determine if a common

mechanism is responsible for these differentiabastof L-NMMA and ADMA.

The specific aims of the study are to:

1. Determine if previous experiments demonisigahat L-NMMA blocks basal but not

agonist-stimulated nitric oxide activity in rat sofFrewet al, 1993) can be confirmed.

2. Determine if ADMA, like L-NMMA, blocks basdlut not acetylcholine-induced
nitric oxide activity in rat aorta, and if so, irstegate the possible mechanism(s) behind

these differential abilities.

It was hoped that these studies would providexatanation for the seemingly
differential actions of L-NMMA and ADMA. Those aig) from the actions of ADMA
may be clinically relevant, because this agenhi®an to accumulate in a growing number

of pathological conditions.
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Introduction

Three decades have now elapsed since Furcgb®awadzki (1980) first discovered
that the vascular endothelial cells produce a Bt vasodilating agent, endothelium-
derived relaxing factor (EDRF), which subsequentkwdentified as nitric oxide (Palmer

et al, 1987).

The bioactivity of nitric oxide is liable tohibition by different classes of agents, and
those of particular interest to this study areghanidino (N)-substituted analogues of L-
arginine that act by inhibiting nitric oxide syntiea(Reegt al, 1989, 1990; Mooret al,
1990; Hobb=t al, 1999). The initial representatives of this classe N°- monomethyl-
L-arginine (L-NMMA), N°- nitro-L-arginine (L-NOARG) and & nitro-L-arginine
methyl ester (L-NAME). These agents are generalbepted to act as conventional
competitive, reversible inhibitors of nitric oxidgnthase, as it is possible to prevent or
reverse their inhibitory effects by adding incregstoncentrations of the endogenous
substrate for nitric oxide synthase, L-argininelifia et al., 1988). However, the use of
these inhibitors has been almost entirely resttitbdaboratory work where they are
employed to investigate the importance of the Lirang-nitric oxide pathway in the living
body. This is probably because these agents inais@tely block all the three isoforms of
nitric oxide synthase which is perhaps not ideabfpotential therapeutic agent (Moncada

et al, 1991; Nathan, 1992).

The interest in the properties of L-NMMA hasre&sed when it was found that it was
produced endogenously together with two other nlatbinines: NNN®- asymmetric
dimethylarginine (ADMA) and RN'®-symmetric dimethylarginine (SDMA). These three

methylarginines are formed following the breakdafiproteins that had been
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posttransationally methylated by the enzyme pradeginine methyl transferase (Vallence
et al, 1992; Siroeret al, 2006;Leiper and Vallence, 2006). In addition, it hasrbee
reported that the plasma levels of ADMA are raisepathophysiological conditions that
are caused by, or result from, vascular endotheyisfunction (Vallancet al, 1992;
Bogeret al.,, 1998; Kielsteiret al, 1999; Miyazaket al, 1999; Béger 2003;eiper and

Vallence, 2006; Siroeet al, 2006; Andersshoet al 2010).

Thus, because of the current interest in ADMA @®tential contributor to human
cardiovascular and other diseases, it seemed iamidd determine if this methylarginine
showed some of the paradoxical actions of its tyasdated analogue, L-NMMA.

Specifically, the aims of this part of the studyreie

To determine if ADMA, like L-NMMA, blocks basal buiot agonist-induced

activity of nitric oxide in the rat aorta.

To determine if the blockade of basal activity @fio oxide induced by ADMA is
sensitive to reversal by L-arginine, the endogersulpstrate for nitric oxide

synthase.

To determine if the availability of L-arginine isitical for basal as well as for

acetylcholine-stimulated release of nitric oxidehe rat aorta.

To determine if the level of phenylephrine-indutede has an influence on

acetylcholine-induced relaxation in control and ABNteated rat aortic rings.
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» To determine if the choice of the contractile agesed (phenylephrine vs 5-
hydroxytryptamine or PGE) has an influence on acetylcholine-induced relaxat

in control and ADMA-treated rat aortic rings.

* To determine if ADMA, similarly to L-arginine, pretts acetylcholine-induced

relaxation against blockade by L-NAME in the rattao
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Material and Methods
Preparation of aortic rings

The preparation of aortic rings was essentsihyilar to that previously discussed (Al-
Zobaidyet al, 2010). Specifically, female Wistar rats weighitig-200 g were killed by
stunning and exsanguination. The descending thoeasta was exposed by removing the
heart and lungs, and excised from just above thehdagm to just below the aortic arch.
The vessel was cleared of adhering fat and conmetitisue, placed in a Petri dish
containing Krebs' solution, and cut transversely b5 mm wide rings using a device with
parallel razor blades. The vessel was handledufréd avoid unintentional damage to
the intimal surface. In some experiments, the drelnim was removed from some rings
by gently rubbing the intimal surface for 30 s watkvooden stick dampened in Krebs'
solution. Care was taken not to over-stretch thgsrduring rubbing in order to avoid
damaging their muscular layer. Endothelial denwutatvas considered successful if the

endothelium-dependent vasodilator, acetylcholingM}, failed to produce relaxation.

Tension recording

The aortic rings were mounted under 10 mN rggemsion on two stainless steel hooks
in 10 ml organ baths at 37 °C. The upper hook wasected with thread to a tension
transducer and the lower was connected to a rigsidThe bathing solution was Krebs
solution composed of (mM): NaCl 118, KCI 4.8, CaZb, MgSQ 1.2, KH,PO, 1.2,
NaHCQ; 24, glucose 11, and continuously gassed with 95#n@® 5% CQ The
temperature of the solution within the baths wagtamed using a water jacket heated by
a thermostatically controlled pump (Techne, Cirtal&-85D). Contractions were
recorded isometrically with Grass FTO3C transduaesresponses displayed and

recorded on a PowerLab (AD Instruments, Hasting§, Wissues were allowed to
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equilibrate for approximately 90 min, before ex@ugiexperimental protocols, during

which time the resting tension was re-adjusteddtonN when required.

Cumulative concentration-effect curves to phenyleptine and the effects of the
vascular endothelium on phenylephrine-induced contiction

The aims, from performing cumulative concentmnateffect curves to phenylephrine in
female rat endothelium-containing and endothelilentled aortic rings, were to
determine if the contractions produced were comagah-dependent, to obtain the
maximal response () and -log EGo (PEGso), and to assess the vasodepressant effect of
basal nitric oxide generated by the vascular erediotim on phenylephrine-induced

contractions.

In these experiments, endothelium-contaiminglenuded aortic rings were allowed to
equilibrate for 90 min and the resting stretch weaadjusted to 10 mN, if required.
Phenylephrine was then added in increasing coraténis to the tissues in the organ baths
using the sequence 1 nM, 3 nM, 10 nM, 30 nM, 10Q 880 nM, 1uM, 3 uM and 10uM,
without washing out after each concentration. Eaatessive concentration of
phenylephrine was added after stabilisation of {gmoeluced by the preceding
concentration. When the point was reached thatéxé concentration of phenylephrine
failed to produce a further increment in tone, dsweoncluded that the maximal response
to phenylephrine had been achieved. The drug veasdtther washed out to conduct
another concentration-response curve, or papavégotuM) was added to produce full

relaxation of the tissues.
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Cumulative concentration-effect curves to acetylcHome and the effects of the
vascular endothelium on acetylcholine-induced relaation

The aims, from performing cumulative concentmnateffects curves to acetylcholine in
female rat endothelium-containing and endothelilentled aortic rings, were to
determine if relaxations were concentration-depet)de obtain the maximal response
(Emay and -log EGo (PEGsg), and to assess the endothelium-dependence célthations

produced.

In these experiments, endothelium-containinglenuded aortic rings were allowed to
equilibrate for 90 min and the resting stretchdgisted to 10 mN, if required. Tissues
were precontracted to ~50% of maximal tone usirgnglephrine (100-300 nM). After
stabilisation of phenylephrine-induced tone, insneg concentrations of acetylcholine (1
nM-10 uM) were added to the tissues in the orgdihshasing the sequence 1 nM, 3 nM,
10 nM, 30 nM, 100 nM, 300 nM, @M, 3 uM and 10uM, without washing out after each
concentration. Each successive concentration aflabeline was added after relaxation to
the preceding concentration had maximised. Whepar was reached that the next
concentration of acetylcholine did not produceHartrelaxation, it was concluded that the
maximal response to acetylcholine had been achiévezldrug was then either washed
out to conduct another concentration-response corvygapaverine (300M) was added to

produce full relaxation of the tissues.

The effect of L-arginine on basal nitric oxide actrity
The rationale for conducting these experimeras t@ assess if the availability of L-
arginine, the endogenous substrate for nitric ogidehase (Palmet al, 1988; Schmidt

et al, 1988), was limiting for production of the basdlic oxide activity that suppresses
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vasoconstrictor tonfMartin et al, 1986b; Moorest al, 1990; Reest al, 1989; Mian &
Martin, 1995). If the availability of L-arginine wdimiting, it was expected that its

addition would result in a fall in phenylephrinedirced tone.

The approach employed in these experimentswedahduction of intermediate (10.7 +
1.0 mN) phenylephrine (50-70 nM) tone in femalearadlothelium-containing aortic rings.
After stabilisation of tone, L-arginine (10 mM, )Y \Wwas added to the tissues in the organ
baths and its effects on tone assessed. Time-nuhtcmerols were treated with the solvent

(0.9% normal saline solution) used in the preparatif L-arginine.

The effect of L-arginine on acetylcholine-induced elaxation

The rationale for conducting these experimeras to assess if the availability of L-
arginine, the endogenous substrate for nitric ogigghase, is limiting for the production
of nitric oxide stimulated by acetylcholine. If thgailability of L-arginine was limiting, it

was expected that its addition would potentiatéydaeoline-induced relaxation.

In these experiments, control female rat endathretontaining aortic rings and rings
treated with L-arginine (10 mM, 1 h) were precoatea to ~50% of maximal
phenylephrine tone. After stabilisation of tondéulhcumulative concentration-response
curve to acetylcholine (1 nM-10 uM) was conductsdnadicated previously. When the
maximal response to acetylcholine had been achjeliedirug was then either washed out
to conduct another concentration-response curveapaverine (30QM) was added to

produce full relaxation of tissues.
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Effects of nitric oxide synthase inhibitors on basknitric oxide activity

Basal activity of nitric oxide generated by ttesgular endothelium exerts a tonic
vasodilator effect that suppresses the actionasbeonstrictor drugs (Martet al, 1986b;
Mooreet al, 1990; Reest al, 1989; Mian & Martin, 1995). As a result, agethtat reduce
the synthesis or actions of nitric oxide produceahancement of vasoconstrictor-induced
tone by removing this endothelium-dependent sugpmef vasoconstriction. Therefore,
the aim of these experiments was to investigatefiieets of nitric oxide synthase
inhibitors on basal nitric oxide activity by assaggheir ability to enhance phenylephrine-

induced contraction in female rat endothelium-cioring aortic rings.

In these experiments two strategies were emgldyethe first strategy, blockade of
basal nitric oxide activity was assessed by meaguhe enhancement of phenylephrine-
induced tone observed following the addition ofiaibxide synthase inhibitors to female
rat endothelium-containing aortic rings. In thegpeximent, after the tissues had
equilibrated and the resting stretch was re-adjustel0 mN, a low-level (~2-5 mN) tone
was induced with phenylephrine (60 nM). After tbaed had stabilised, the tissues were
treated with L-NMMA, L-NAME, ADMA (all at 100uM) or SDMA (1 mM) with the

resulting enhancement of tone measured after 1 h.

In another experiment in this series, the gbdita range of concentrations of ADMA
(0.3-300uM) to enhance low-level phenylephrine-induced teas assessed. The
threshold concentration of ADMA, its pgand the concentration producing maximal

enhancement ghenylephrine-induced tone were determined.
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In the second strategy, blockade of basal nitxide activity was evaluated by
measuring the augmentation of phenylephrine-indwoadractions occurring in female rat
endothelium-containing aortic rings that had beentpeated with the nitric oxide synthase
inhibitors 1 h prior to constructing a cumulativancentration-effect curve to
phenylephrine (1 nM-10 uM), when compared with timatched controls.

Using this same approach, the concentration-dbgerability of ADMA to block basal
nitric oxide activity in female rat aorta was alsgestigated. In these experiments, ADMA
was added at three different concentrations (100,a8d 1000 uM) for 1 h before

performing a full concentration-response curvehernylephrine (1 nM-10 uM).

This protocol was also employed to investightedndothelium-dependent ability of
ADMA to block basal nitric oxide activity in femalat aorta. In these experiments,
endothelium-containing and endothelium-denudedadic rings were treated with
ADMA (100 puM, 1 h) prior to conducting a full conteation-response curve to
phenylephrine (1 nM-10 uM) and the resulting cacttcans were compared in the two

groups.

The ability of L- or D-arginine to reverse and/or pevent the blockade of basal nitric
oxide activity induced by nitric oxide synthase infbitors

As will be seen in the Results, nitric oxide thase inhibitors enhance phenylephrine-
induced tone by blocking basal nitric oxide activit female rat endothelium-containing
aortic rings. Further experiments were aimed testigate whether this blockade can be
reversed and/ or prevented by the substrate of oide synthase, L-arginine, or its

optical isomer, D-arginine.
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In the experiments designed to investigate Hil@yof L- or D-arginine to reverse the
blockade of basal nitric oxide activity, a low-léye2—-5 mN) of phenylephrine (60 nM)
tone was induced and after the tone had stabiltedjssues were treated with L-NAME,
L-NMMA or ADMA (all at 100 uM) for 1 h or until thenhanced tone had stabilised.

L- or D-arginine (10 mM) was then added to theutssand the effects on tone assessed

after 1 h.

In the experiments designed to investigatethikty of L- or D-arginine to prevent the
blockade of basal nitric oxide activity, L- or Dgamine (10 mM) was added to the tissues
for 1 h prior to the induction of a low-level (~2#/1N) of phenylephrine (60 nM) tone.
After the tone had stabilised, the nitric oxidetbase inhibitor was added and the effects

on tone assessed after 1 h.

The effect of ADMA on the contractile response to-hydroxytryptamine or
prostaglandin Fy,

These experiments were conducted to determihe i&bility of ADMA (100 uM) to
augment vasoconstrictor tone through blockade sélatric oxide activity in female rat

aorta is independent of the nature of the conteaagent.

In these experiments, cumulative concentratgsponse curves were conducted to
5-hydroxytryptamine (1 nM-100 uM) or prostaglanég (1 nM-30 uM) in control and in
ADMA (100 pM; 1 h)-treated female rat endotheliuontaining aortic rings.
Comparisons were then made of the contractile retserved in control and ADMA-

treated rings.
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The effects of nitric oxide synthase inhibitors oracetylcholine-induced nitric oxide
activity

The previous experiments in this Chapter ingastid the effects of nitric oxide synthase
inhibitors on basal nitric oxide activity in femalat aorta. The aim of these experiments
was to investigate the effects of these inhibitorsacetylcholine-induced nitric oxide

activity.

In these experiments, female rat endotheliuntainimg aortic rings were allowed to
equilibrate for 90 min and resting stretch wasdpsted to 10 mN. The tissues were then
treated with L-NAME (100 uM or 1 mM for 30 min), NMMA (100 uM or 1 mM for 45
min), ADMA (100 uM or 1 mM for 1 h) or SDMA (1 mNbf 1 h). After this time the
treated tissues and their time-matched controle wes-contracted to ~50% of maximal
phenylephrine tone. Care was taken to induce caabpstevels of tone both in control
and treated tissues by using lower concentratibps@enylephrine in the latter. After
stabilisation of tone, a full concentration-respooarve to acetylcholine (1 nM-10 uM)
was conducted. In some experiments involving L-NM&IALOO uM or ADMA at 1 mM,
this was followed by a second and a third concéntraesponse curve to acetylcholine
where the tissues were washed out in between reatktl again with the same
concentration of L-NMMA or ADMA and pre-contractéal ~50% of maximal
phenylephrine tone . The aim here was to determihe sensitivity of control tissues to

acetylcholine or the blocking actions of L-NMMA ADMA changed with time.
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Effect of the level of tone on acetylcholine-induckrelaxation in control and ADMA-
treated tissues

The aims of these experiments were to deternhitie ilevel of phenylephrine-induced
tone affected the magnitude of acetylcholine-induedaxation in control tissues or the
ability of ADMA to block this relaxation in femal&at endothelium-containing aortic rings.

In these experiments, endothelium-containingi@angs were contracted to ~50% of
maximal phenylephrine tone using phenylephrine {300 nM) before conducting a full
concentration-response curve to acetylcholine (21MuM). The tissues were then
washed out and treated with ADMA (100 uM, for lbkejore being contracted using the
same concentration of phenylephrine (100-300 nNhjckvthis time produced a higher
level of tone, due to blockade of basal nitric exattivity. A full concentration-response
curve to acetylcholine (1 nM-10 uM) was then conddat the highest level of tone. The
tissues were then washed out, treated again witltlADLOO puM, for 1 h) and this time
contracted to the original ~50% of maximal phenlglape tone using a lower
concentration of phenylephrine before performirfgliaconcentration-response curve to
acetylcholine (1 nM-10 uM). The ability of acetytitime to produce relaxation at each

level of tone was then compared.

In another set of experiments, control endatheicontaining aortic rings and rings
treated with ADMA (100 puM, for 1 h) were contractesing phenylephrine to different
levels of tone ranging from low, maximal to supraximal, before full concentration-
response curves to acetylcholine (1 nM-10 uM) veareducted. The ability of
acetylcholine to produce relaxation at these dffietevels of tone in control and ADMA-

treated tissues was then compared.
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The effect of L-arginine, L-NMMA, ADMA and SDMA on blockade of acetylcholine-
induced relaxation by L-NAME

As will be seen in the Results, that when expents were conducted at similar levels of
sub-maximal tone that the inhibitor of nitric oxisignthase, L-NAME, produced powerful
blockade of acetylcholine-induced relaxation in &@&rat endothelium-containing aortic
rings, but L-NMMA and ADMA had little effect. Thei@re, the aim of the current
experiments was to investigate if L-NMMA or ADMA gldl interfere with the ability of
L-NAME to produce blockade of acetylcholine-indugethxation. The possibility that the
substrate, L-arginine, or the inactive analogueM®Dcould interfere with the ability of

L-NAME to produce blockade of acetylcholine-indugethxation was also investigated.

In these experiments two approaches were eragldg the first, to determine if
blockade produced by L-NAME (30 uM) could be preeenby L-arginine, L-NMMA,
ADMA or SDMA (all at 1 mM), the latter were addemlthe tissues in the organ baths 1 h
prior to the addition of L-NAME. Matched intermetiaone was then induced with
phenylephrine both in control and treated tissodsetfollowed by a full concentration-
response curve to acetylcholine (1 nM-10 uM). Thiétg of acetylcholine to produce

relaxation in the different conditions was then paned

In the second approach, to determine if the LMEAInduced blockade could be
reversed by L-arginine, L-NMMA, ADMA or SDMA, théssues were treated with L-
NAME (30 uM for 1 h) to establish the blockade thesated with L-arginine, L-NMMA,
ADMA or SDMA (all at 1 mM) for 1 h prior to induain of matched intermediate

phenylephrine-induced tone. After stabilisatiorpb&nylephrine-induced tone, a full
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concentration-response curve to acetylcholine (11MiM) was conducted. The ability of

acetylcholine to produce relaxation in the différeonditions was then compared.

Drugs and chemicals

Acetylcholine chloride (ACh), R, N® —dimethyl-L-arginine dihydrochloride (ADMA),
L-arginine hydrochloride, 5-hydroxytryptamine (5-HN® —nitro-L-arginine methyl ester
(L-NAME), N® —monomethyl-L-arginine acetate (L-NMMA), papaverimydrochloride,
phenylepherine hydrochloride (PE) and prostaglafginvere all obtained from Sigma,
Poole, UK. N, N© —dimethyl-L-arginine dihydrochloride (SDMA) wastaimed from

Enzo Life Sciences, Exeter, UK. All drugs were digsd and diluted in 0.9% saline.

Data analysis

Contractions were measured in milliNewtons.&®apine (30QuM) was added at the
end of each experiment to produce full relaxatibfissues and the relaxant responses to
acetylcholine were expressed as percentage afeflaisation. Data are expressed as the
mean + S.E.M of n separate observations. Concentraffect curves were analysed and

drawn by fitting the data to following formula (R#adl and Griffith, 1991):

R, xXA™
R= Fl Pl
FEC*+A4™"

WhereR is the percentage tissue response to ag@aiste concentration of agonist,
Rmax the maximum response induced by agomistis the slope anBCs is the

concentration of agonist that induces 50% of th&imal response.
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Statistical analysis was done by one-way anslykvariance followed by Bonferroni's
post-test or by Student'sest, as appropriate, with the aid of a compugeseld program
(Graph Pad, San Diego, USA). Values were consideree statistically different when P

was< 0.05.
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Results
Effects of the vascular endothelium andNnitro-L-arginine methyl ester on
phenylephrine-induced contraction

A full concentration-effect curve to phenylejple (1 nM-10 nM) in female rat
endothelium-containing aortic rings resulted inEgpyof 14.4 £ 1.5 mN and a pEkgof
6.75 + 0.07 (Figure 2.1). Removal of the endottmelar pretreatment with f-nitro-L-
arginine methyl ester (L-NAME, 100 uM) significanthcreased the tissue sensitivity to
phenylephrine (pE£8.25 £ 0.14 and 7.80 + 0.12, P< 0.06dspectively), but had no
effect on the Rax(18.2 = 1.0 mN and 18.2 + 1.6 mN, P> 0.05, respelst), consistent
with the presence of basal nitric oxide activitpgressing vasoconstrictor tone in this

tissue.

Effects of the vascular endothelium and L-NAME orcatylcholine-induced relaxation
Following sub-maximal (7.8 = 0.6 mN, n=7) t@action with phenylephrine (100-300
nM), acetylcholine (1 nM-10 uM) produced concentratdependent relaxation in
endothelium-containing rings of female rat aorta(81.8 + 1.6% and pEfof 7.70 +
0.02) (Figure 2.2). In endothelium-denuded (EGysitaken to the same sub-maximal
level of tone as control tissues, acetylcholinethto produce relaxation. In endothelium-
containing rings treated with the nitric oxide syme (NOS) inhibitor, L-NAME (100
K1M), and taken to the same sub-maximal level of tagetylcholine-induced relaxation

was significantly blocked (fx19.8 + 1.6% and pEg of 6.35 + 0.06).

Effects of L-arginine on basal nitric oxide actiwt
Following induction of intermediate tone (1& 7.0 mN) in rat endothelium-containing
aortic rings using phenylepherine (50-70 nM), sgosat addition of the NOS substrate,

L-arginine (10 mM, 1 h), did not significantly affiethe level of tone (Figure 2.3). It is
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therefore unlikely that the availability of L-argie is limiting for the production of basal

nitric oxide activity that suppresses vasocongritbne.
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Figure 2.1.Cumulative concentration-effect curves showingtiatile responses to PE in
female rat aortic rings. Responses are showndsudis in the presence (control) or in the
absence (EC-) of endothelium, or tissues with dmlntm but treated with L-NAME (100

HM). The sensitivity of tissues was enhanced by leodothelial denudation and L-NAME

treatment. Each point represents the mean + SEBAI&f observations.
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Figure 2.2. Cumulative concentration-effect curves showingxal@an to acetylcholine in
female rat aortic rings submaximally contractechviAE. Responses are shown for tissues
in the presence (control) or the absence (EC-hdbthelium, or tissues with endothelium
treated with L-NAME (100 pM). Acetylcholine-induceelaxation was powerfully

blocked by both endothelial denudation and L-NANé&atment. Each point represents the
mean + SEM of 6-7 observations. *** P< 0.001 indé&saa significant difference from

control.
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Figure 2.3.Histogram showing the contractile response to3E7Q nM) in female rat
endothelium-containing aortic rings in the absesmog presence of L-arginine (10 mM for
1 h). L-arginine did not significantly affect PEdimced contraction. Data represent the

mean + SEM of 7 observations.
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Effects of L-arginine on acetylcholine-induced retation

Following treatment with L-arginine (10 mM,)ldnd contraction to ~ 50% of maximal
phenylephrine tone, acetylcholine-induced relaxan.x75.4 + 4.1% and pEg of 7.59
+ 0.02) was similar to that of control tissueg{8B2.7 + 2.7% and pEggof 7.63 + 0.03)
(Figure 2.4). It is therefore unlikely that the daiility of L-arginine is limiting for the

production of nitric oxide stimulated by acetylcinel.

Effects of L-NAME on basal nitric oxide activity

Following induction of low tone (4.3 £ 0.6 mh) female rat endothelium-containing
aortic rings using phenylepherine (30-60 nM), sabsat addition of L-NAME (100 uM,
1h) significantly potentiated the tone, consisteith blockade of basal nitric oxide activity
(Figure 2.5). L-arginine (at 10 mM, 1 h), givenaapgost-treatment or pre-treatment,
significantly reversed and prevented, respectivibly,potentiation of phenylephrine-

induced tone by L-NAME.

Effects of N° —monomethyl-L-arginine on basal nitric oxide actty

Following induction of low tone (4.0 £ 0.4 mh) female rat endothelium-containing
aortic rings using phenylephrine (30-60 nM), subseq addition of § —monomethyl-L-
arginine(L-NMMA, 100 uM for 1 h) significantly potentiatethe tone, consistent with
blockade of basal nitric oxide activity (Figure R.6-arginine (at 10 mM, 1 h), given as a
post-treatment or pre-treatment, significantly reed and prevented, respectively, the

potentiation of phenylephrine-induced tone by L-NMM

Effects of N°, N® —dimethyl-L-arginine and of ¥, N ®~dimethyl-L-arginine on basal
nitric oxide activity
Following induction of low tone (3.5 £ 0.5 mh) female rat endothelium-containing

aortic rings using phenylephrine (30-60 nM), sulbsed addition of K, N® —dimethyl-L-
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arginine(ADMA, 100 uM for 1 h) significantly enhanced thene (18.3 + 2.2 mN, P<
0.001) consistent with blockade of basal nitricdexactivity (Figures 2.7 and 2.8). L-
arginine (10 mM, 1 h), given as a post-treatmergrertreatment, significantly reversed
and prevented, respectively, the potentiation @ngtephrine-induced tone by ADMA. In
contrast, D-arginine, the other optical isomer @riginine, neither reversed nor prevented

the potentiation of phenylephrine-induced tone BN,

In contrast to ADMAN®, N°® —dimethyl-L-argininSDMA, 1 mM for 1 h) did not

affect phenylephrine-induced tone in rat endotimelzontaining aortic rings (Figure 2.9).

Concentration-dependence and endothelium-dependersiche ability of ADMA to
block basal nitric oxide activity

Following induction of low tone (3.1 £ 0.6 mhi)rat endothelium-containing aortic
rings using phenylepherine (30-60 nM), subsequeditian of ADMA (0.3-300 uM; the
response to each concentration was measured dfjerdsulted in a concentration-
dependent enhancement of the tone (Figure 2.1@)tArkeshold concentration of ADMA
enhancing tone was 0.3 uM, the pE®Was4.78 + 0.06 and the maximum was obtained at

100 puM.

A concentration-effect curve to phenylephefth@M-10 uM) produced a maximal
contraction of 14.4 + 1.5 mN and a p&Gf 6.75 + 0.07 in rat endothelium-containing
aortic rings (Figure 2.11). Pretreatment with ADNIKOO uM, 1 h) significantly enhanced
both of the tissue maximal response{22.2 £ 0.8 mN) and sensitivity (pE§7.88 £
0.04) to phenylepherine. Increasing the concepimaiif ADMA to 300 or 1000 uM

produced a very little further enhancement.

64



In contrast to the effect on endothelium-canitag rings, ADMA did not enhance

phenylephrine-induced tone in the absence of tdeteelium (Figure 2.12).

Effects of ADMA on the contractile responses to enoxytryptamine

A full concentration-effect curve to 5-hydroxyptgmine(1 nM-100 pM) in rat
endothelium-containing aortic rings resulted inEanxof 17.7 £ 2.1 mN and a pkgbf
5.33 £ 0.13 (Figure 2.13). Pretreatment with ADMI®Q puM, 1 h) significantly enhanced
both the tissue maximal responsg {24.3 £ 0.8 mN) and sensitivity (pE§5.83 £ 0.07)

to 5-hydroxytryptamine, consistent with blockaddéagal nitric oxide activity.
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Figure 2.4.Cumulative concentration-effect curves showingxation to acetylcholine in
female rat endothelium-containing aortic rings sakimally contracted with PE in the
absence and presence of L-arginine (10 mM). L-argihad no effect on acetylcholine—

induced relaxation. Each point represents the meaEM of 6 observations.
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Fig.2.5 Histogram showing the contractile response t¢3®E60 nM) in female rat
endothelium-containing aortic rings. Responseshosvn for control PE-contracted
tissues, PE-contracted tissues treated with L-NAMED uM for 1 h), PE-contracted
tissues treated with L-NAME then with L-arginined(hM for 1 h), or tissues treated with
L-arginine (10 mM for 1 h) before contraction wRft then treatment with L-NAME (100
UM for 1 h). L-arginine, the substrate for nitrixide synthase, both reversed and
prevented the potentiation of PE-induced tone BYAME. Data represent the mean *
SEM of 4-9 observations. *** P< 0.001 indicatesgngicant difference from PE; ### P<

0.001 indicates significant differences from tisstreated with L-NAME alone.
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Figure 2.6. Histogram showing the contractile response tq3®E60 nM) in female rat
endothelium-containing aortic rings. Responseshosvn for control PE-contracted
tissues, PE-contracted tissues treated with L-NM@0 uM for 1 h), PE-contracted
tissues treated with L-NMMA then with L-arginineQ(inM for 1 h), or tissues treated with
L-arginine (10 mM for 1 h) before contraction wRit then treatment with L-NMMA (100
UM for 1 h). L-arginine, the substrate for nitrixide synthase, both reversed and
prevented the potentiation of PE-induced tone BYNIMA. Data represent the mean +
SEM of 4-9 observations. *** P< 0.001 indicatesgngicant difference from PE; ### P<

0.001 indicates significant differences from tisstreated with L-NAME alone.
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Figure 2.7.Trace showing a female rat endothelium-containmgi@ring contracted with
PE to a low level of tone then treated with ADMAI(fL h). ADMA powerfully
potentiated PE-induced tone. Concentrations of iREADMA are given as log molar

units.
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Figure 2.8. Histogram showing the contractile response t¢3260 nM) in female rat

endothelium-containing aortic rings. Responseshosvn for PE-contracted tissues, PE-

contracted tissues treated with ADMA (100 pM fdr)1PE-contracted tissues treated with

ADMA then with L-arginine or D-arginine (both at 1M for 1 h), or PE-contracted

tissues treated with L-arginine or D-arginine (batii0 mM for 1 h) before contraction

with PE then treatment with ADMA (100 uM for 1 h}arginine, the substrate for nitric

oxide synthase, but not D-arginine, both reversetipgevented the potentiation of PE-

induced tone by ADMA. Data represent the mean + Bl observations. ** P< 0.001

indicates a significant difference from PE; ###M801 indicates significant differences

from tissues treated with ADMA alone.
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Figure 2.9.Histogram showing the contractile response toJEGQ nM) in female rat
endothelium-containing aortic rings. Responseshosvn for PE-contracted tissues or
PE-contracted tissues treated with the L-arginmaagues, ADMA (100 uM for 1 h) or
SDMA (1 mM for 1 h). PE-induced contraction wasniigantly enhanced by ADMA, but
not by SDMA. Data represent the mean + SEM of @olagions. *** P< 0.001 indicates a

significant difference from PE.
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Figure 2.10.Concentratioreffect curve showing the enhancement of low le\&®(30-60
nM)-induced contraction by ADMA in female rat enldelium-containing aortic rings. The
response to each concentration of ADMA was measaiited 1 h. Each point represents

the mean + SEM of 4-5 observations.
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Figure 2.11.Cumulativeconcentration-effect curves showing contractilgpoeses to PE

in female rat endothelium-containing aortic ringghe absence and presence of ADMA
(0.1 mM, 0.3 mM or 1 mM, all for 1 h). Contractionere almost maximally enhanced by
0.1 mM ADMA,; higher concentrations produced lildditional enhancement. Each point
represents the mean + SEM of 8-15 observationsP%*0.001 indicates a significant

difference from control.
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Figure 2.12.Cumulative concentration-effect curves show comtileacesponses to PE in
female rat endothelium-denuded aortic rings inabgence and presence of ADMA (100
UM for 1 h). ADMA did not enhance PE-induced coati@ns in the absence of the

endothelium. Each point represents the mean + SEd/obbservations.
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Figure 2.13.Cumulative concentration-effect curves showing amsttle responses to 5-
hydroxytryptamine (5-HT) in female rat endotheliwantaining aortic rings in the absence
and presence of ADMA (100 uM for 1 h). The sengiiand maximal contraction to 5-

HT were enhanced in the presence of ADMA. Eachtpgejoresents the mean + SEM of 6

observations. * P< 0.05 indicates a significantedé@nce from control.
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Effects of ADMA on the contractile responses to thestaglandin R,

A full concentration-effect curve to prostaglan F, (1 nM-30 uM) in rat endothelium-
containing aortic rings resulted in apd&of 19.4 + 0.7 mN and a pEkgbf 4.96 + 0.19
(Figure 2.14). Pre-treatment with ADMA (100 uM, ldignificantly enhanced both the
tissue maximal responsen(f 23.8 £ 0.8 mN) and sensitivity (pE§5.67 + 0.13) to

prostaglandin k&, consistent with blockade of basal nitric oxidé&\aty.

Effects of L-NAME and L-NMMA on acetylcholine-indued relaxation

Following induction of ~ 50% of maximal phengteerine-induced tone in rat
endothelium-containing aortic rings in the preseofcée NOS inhibitor, L-NAME (100
or 1000 puM for 30 min), acetylcholine (1 nM-10 puM§uced relaxation was powerfully
blocked when compared with control tissues sdtesame level of tone (Figure 2.15;

Table 2.1).

In contrast to L-NAME, and as previously shawnFrewet al (1993), L-NMMA (100
or 1000 uM for 45 min) had little effect on acetydline-induced relaxation when
experiments were conducted at ~ 50% of maximal ylepherine-induced tone (Figure
1.15; Table 1.1). When tissues were tested aftea2d 3 h, there was a small progressive
reduction in tissue sensitivity to the relaxani@ctbf acetylcholine both in control and L-
NMMA (100 pM)-treated tissues (Figure 2.16). Theximaal response of L-NMMA-
treated tissues to acetylcholine was not signifigatifferent from that seen in time-

matched controls.

Effect of ADMA and SDMA on acetylcholine-induced lexation
Like L-NMMA, but unlike L-NAME, ADMA (100 or 100 uM for 1 h) produced a

small but significant decrease in tissue sensytivatacetylcholine without affecting the
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EmaxWhen experiments were conducted at ~ 50% of maxpieahylepherine-induced tone
(Figure 2.17; Table 2.1). When tissues were testinl 3 and 4.5 h, there was a small
progressive reduction in tissue sensitivity torgl@xant action of acetylcholine both in
control and ADMA (1 mM)-treated tissues, but witQra@ater reduction in the latter
(Figure 2.18). However, the maximal response of ABiveated tissues to acetylcholine

was not significantly different from that seenime-matched controls.

On the other hand, following induction of ~ 5@¥amaximal phenylepherine-induced
tone in female rat endothelium-containing aortigs pre-treated with the inactive
analogue, SDMA (1 mM, 1h), acetylcholine (1 nM-1@)-induced relaxation was

similar to that of control tissues (Figure 2.19plEa2.1).

Effect of the level of tone on the apparent abilby ADMA to inhibit acetylcholine -
induced relaxation

When rat endothelium-containing aortic rings @veontracted with phenylepherine (100-
300 nM) to an intermediate level of tone (11.9 ¥ &N), acetylcholine (1 nM-10 pM)
produced concentration-dependent relaxation witk.grof 77.5 £ 7.8% and a pkgof
7.30 £ 0.03 (Figures 2.20A and 2.21). When thaeiassvere washed and ADMA (100
p1M) added for 1 h, the same concentration of pteghdrine (100-300 nM) now produced
a higher level of tone (18.8 £ 1.5 mN), consisigith blockade of basal activity of nitric
oxide, and acetylcholine-induced relaxation appéoee significantly blocked (&x22.1
+ 3.1%; pEGp6.91 £ 0.04). However, when these same tissuesweasbked and
constricted with a lower concentration of phenyleaie (10-30 nM) in the presence of
ADMA to give an intermediate level of tone simitarcontrol vessels, the maximal
response to acetylcholine was no longer blockgeg«(E7.6 + 4.0%), but there was a

decrease in tissue sensitivity to acetylcholine-ldy7 fold (pEGy7.06 £ 0.04). It was
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therefore possible that the apparently potent l@dekof acetylcholine-induced relaxation
seen with ADMA at a higher level of tone than cohtrssues might be due to

physiological antagonism, rather than to blockafdd@S.

The effect of the level of tone on control acetytdime-induced relaxation

Having established that the level of tone wésgcal in determining whether or not
ADMA appeared to block acetylcholine-induced retao it became important to
determine how the level of tone affected the magi@tof acetylcholine-induced relaxation

in control tissues.

In control, rat endothelium-containing aoriiegs precontracted with phenylephrine to
two different but submaximal levels of tone (3.0.#4 and 10.3 + 0.5 mN), acetylcholine
(1 nM-10 uM) produced similar relaxant responsegufe 2.22a). However, relaxation
was significantly depressed when the level of plepherine-induced tone was maximal
for endothelium-containing tissues (14.1 = 0.5 mNhen tissues constricted with
phenylephrine to sub-maximal levels of tone of 4.6 or 10.2 + 0.5 mN in the presence
of ADMA (100 puM), the magnitude of acetylcholinedunced relaxation was similar to that
in control tissues precontracted with phenylephtcmeomparable levels of tone (Figure
2.22b). When ADMA-treated tissues were constrieteti phenylephrine to 15.7 £ 0.5
mN tone, acetylcholine produced the same deprass&inal relaxation to that in control
tissues precontracted to the same level of phehyileptone (Figures 2.22a, b). At levels
of phenylepherine tone of 20.3 £ 0.7 mN and 240/6mN, which cannot be induced in

control tissues, acetylcholine-induced relaxati@siurther depressed.

It was therefore clear that the level of tameritical in determining the magnitude of

acetylcholine-induced relaxation in both contraoll #&DMA-treated tissues, and that little

78



blockade by the latter was seen when the levedré tvas matched with that of control

tissues.

The effect of L-NMMA and ADMA on the blockade of atylcholine-induced relaxation
by L-NAME

Having established that L-NMMA and ADMA had litifect on acetylcholine—induced
relaxation when tone was matched with that of adrissues, it was important to

determine if they could interfere with the blockiaction of L-NAME.

In the presence of L-NAME (30 uM, 1h) and foliag induction of ~50% of maximal
phenylephrine-induced tone in rat endothelium-daoirig aortic rings, acetylcholine
(1 nM-10 pM)-induced relaxation was reduced to aimam of ~ 40% (Figure 2.23).
This blockade by L-NAME was significantly preventasiwell as reversed following pre-
treatment or post-treatment, respectively, withghdogenous substrate of NOS, L-
arginine (ImM, Figure 2.23a). L-NMMA (1 mM) aloneateased tissue sensitivity to the
relaxant action of acetylcholine by ~2.6-fold with@educing the maximal response to
acetylcholine (Figure 2.23b). Moreover, like witkakginine, treatment with L-NMMA (1
mM) both prevented and reversed the blockade df/leteline-induced relaxation by L-
NAME. ADMA (1 mM) too on its own produced a 3-fotdduction in sensitivity to
acetylcholine without reducing its maximal relagat(Figure 2.23c). It too largely
prevented the blockade of acetylcholine-inducedxagion by L-NAME, but did not
reverse it (Figure 2.23c). SDMA (1 mM) alone hadeffect on acetylcholine-induced
relaxation and it had no effect on blockade of Wchbline-induced relaxation by L-

NAME (Figure 2.23d).
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Figure 2.14.Cumulative concentration-effect curves show comileacesponses to
prostaglandin k& in female rat endothelium-containing aortic rimgshe absence and
presence of ADMA (100 uM for 1 h). Contractions ergnificantly enhanced in the
presence of ADMA. Each point represents the me8&M of 6 observations. ** P< 0.01

indicates a significant difference from control.
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Figure 2.15.Cumulative concentration-effect curves showingxadi@n to acetylcholine

in female rat endothelium-containing aortic ringbmaximally contracted with PE in the
absence and presence of L-NAME or L-NMMA (both 4t &d 1mM). Maximal
relaxation was powerfully blocked by L-NAME at batbncentrations, but not affected by
either concentration of L-NMMA. Each point repretsetine mean + SEM of 6-9

observations. *** P< 0.01 indicates a significaiffatence from control.
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Figure 2.16.Concentration—effect curves showing relaxationcetycholine in female rat
endothelium-containing aortic rings submaximallyttacted with PE. Responses are
shown for the same tissues treated with L-NMMA .atiM (a) for 45 minutes (L-

NMMA 1), 2 h (L-NMMA 2) or 3 h (L-NMMA 3), and fotheir time-matched controls
(b); control 1, control 2 and control 3, respediiv@ here is no significant time-dependent
inhibition of maximal acetylcholine-induced relaxat by L-NMMA. Each point is the

mean = SEM of 6 observations.
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Figure 2.17.Cumulative concentration-effect curves showingxadi@mn to acetylcholine
in female rat endothelium-containing aortic ringbmaximally contracted with PE in the
absence and presence of ADMA (0.1 and 1 mM, 1hMADproduced a small but
significant decrease in tissue sensitivity to alcéigline without affecting the maximal
relaxation. Each point represents the mean + SEM®bbservations. * P< 0.05 and

*** P< (0.001 indicate significant differences frooontrol.
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Table 2.1 The effects of different NOS inhibitors on acehgline-induced relaxation in

rat endothelium-containing aortic rings submaxigpnatintracted with PE, together with
their time-matched controls.

Treatment Concentration PECso fax £ SEM (%)
Control - 7.54 £ 0.05 81.7+3.8
ADMA 0.1 mM (1 h) 7.13 + 0.07 ** 84.3+19
ADMA 1 mM (1 h) 7.16 + 0.06 ** 83.8+2.8
Control - 7.54 £ 0.05 86.0+5.8
L-NMMA 0.1 mM (30 min) 7.34+£0.11 83.2+2.38
L-NMMA 1 mM (30 min) 7.12+0.04 * 89.0 +4.3
L-NAME 0.1 mM (30 min) 6.35+0.10 *** 19.8 5.1 ***
L-NAME 1 mM (30 min) ND 3.0+5.6 **
Control - 7.51+£0.03 93.3+28
SDMA 1 mM (1 h) 7.52 +0.04 91.2+4.4

Data are the mean + SEM of 5-9 observations. * P§,0* P< 0.01 and *** P< 0.001
indicate significant differences from relevant coht
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Figure 2.18.Concentration—effect curves showing relaxationcetycholine in female rat
endothelium-containing aortic rings submaximallyttacted with PE. Responses are
shown for the same tissues treated with ADMA atM (a) for 1 h (ADMA 1), 3 h
(ADMA 2) or 4.5 h (ADMA 3), and for their time-méted controls (b); control 1, control
2 and control 3, respectively. There was no sigaift time-dependent inhibition of
maximal acetylcholine-induced relaxation by ADMAadh point is the mean £ SEM of

5-6 observations.
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Figure 2.19.Cumulative concentration-effect curves showingxadi@mn to acetylcholine
in female rat endothelium-containing aortic ringbmaximally contracted with PE in the
absence and presence of SDMA (1 mM, 1h). SDMA ladffect on acetylcholine-

induced relaxation. Each point represents the meaiBM of 6 observations.
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Fig. 2.20.Traces show acetylcholine-induced relaxation comtrol (trace A)
endothelium-containing rat aortic ring submaximalntracted with PE (160 nM). When
the same tissue was washed and treated with ADNdA (M for 1 h) and contracted with
the same concentration of PE, the level of tonehigiser (trace B) and acetylcholine-
induced relaxation seems to be blocked. Howeveenvthe same tissue was washed again,
treated with ADMA and contracted to the same legelhe control by using a lower
concentration (25 nM) of PE (trace C), the blockaflacetylcholine-induced relaxation

was almost entirely abolished. Concentrations oRE&ACh are given in log molar units.
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Figure 2.21.Cumulative concentration-effect curves showingycholine-induced
relaxation in female rat endothelium-containingti@aings contracted to an intermediate
() level of tone with PE (100-300 nM). When ADMAQO puM, 1 h) enhanced PE (100-
300)-induced tone to a high (H) level, acetylchelinduced relaxation appeared
powerfully inhibited. However, when these sameugsswere washed, with intermediate
PE (10-30 nM)-induced tone (I) re-established enghesence of ADMA, the blockade of
acetylcholine-induced relaxation was almost entieddolished. Each point is the mean +

SEM of six observations. *** P< 0.001 indicatesigngficant difference from control.
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Figure 2.22.Cumulative concentration-effect curves showingxation to acetylcholine

in female rat endothelium-containing aortic ringeqontracted with PE to different levels
of tone (shown in mN). Responses are shown focqalrol tissues and (b) ADMA-treated
tissues (0.1 mM for 1 h). Acetylcholine-inducedasedtion was significantly inhibited both
in control and ADMA-treated tissues precontractetligh but not low or intermediate
levels of PE-induced tone. Each point represemtsrteéan + SEM of 6-9 observations.

* P<0.05, * P< 0.01 and *** P< 0.001 indicate sificant differences from control.
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Figure 2.23. Concentration—response curves showing acetylchottheced relaxation in
female rat endothelium-containing aortic rings sakimally contracted with PE and
blockade of this relaxation with L-NAME (30 uM, ). he ability of (a) L-arginine, (b)
L-NMMA, (c) ADMA and (d) SDMA (all at 1 mM) to eitér protect against or reverse
blockade by L-NAME is also shown. Note that theewrdf listing of drugs reflects their
order of addition to tissues. Each point is theme&EM of 6-9 observations. *** P<
0.001 indicates significant blockade by L-NAME; B# 0.01 and ### P< 0.001 indicate

significant protection against or reversal of blad& induced by L-NAME.
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Discussion

Basal nitric oxide activity in female rat aorta issignificantly blocked by L-NAME, L-
NMMA and ADMA, but not affected by SDMA or L-argini ne

It has been reported that the vascular endothejiemerates nitric oxide in the absence
of external stimuli, i.e. under basal conditionsg ¢hat this basal activity of nitric oxide
exerts a tonic vasodilator effect that suppredsesttions of vasoconstrictor drugs (Martin
et al, 1986b; Reest al, 1989; Mooreet al, 1990; Mian & Martin, 1995). These findings
are supported by the observation that removalegtidothelium from rat aortic rings
results in an augmentation of contraction inducgsldsoconstricting agents in comparison
to those induced in control rings (Allab al, 1983; Eglemet al, 1984). As a
consequence of these findings, it is generally pteckthat agents that inhibit nitric oxide
synthesis or block the actions of nitric oxide expected to produce an enhancement of
vasoconstrictor-induced tone by removing this ehdlaim-dependent suppression of

vasoconstriction.

In agreement with the concept that basal dgtofinitric oxide exerts a tonic vasodilator
influence on blood vessels, the results of thidysghowed that endothelial denudation or
treatment of endothelium-containing female ratiaomgs with the nitric oxide synthase
inhibitors, L-NAME, L-NMMA or ADMA, resulted in augnentation of low level
phenylephrine-induced tone. This augmentation ¢ twas both prevented and reversed
by adding a high concentration of the endogenobsteate for nitric oxide synthase, L-
arginine, but D-arginine was ineffective. This segtg that L-arginine produced its effects
in a stereospecific way (Eddahgtial., 1992) and that the inhibition of basal nitridaex

activity by L-NAME, L-NMMA or ADMA takes place thragh classical surmountable
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antagonism (Palmet al, 1988; Reest al, 1989; Aisakat al.,, 1989; Reest al.,1990;

Mooreet al, 1990; Hobbet al, 1999; Masudat al., 2002).

An additional important observation in thisdstus that L-arginine itself had no effect
on phenylephrine-induced tone in endothelium-coimgi rings of rat aorta. This suggests
that the availability of L-arginine is not limitinfgr the production of the basal nitric oxide
activity that suppresses vasoconstrictor tone. filhgéng is in agreement with previous
reports (Cooket al, 1991; Moritokiet al, 1991) which showed that pre-treatment with L-
arginine did not affect the contractile responsesdrepinephrine or phenylephrine in
rabbit and rat aortic rings, respectively. Moregvkis finding is consistent with that
reported by Jun and Wennmalm (1994) that intravemeiusion of L-arginine did not
change mean arterial blood pressure in normotematge Thus, the availability of L-
arginine does not appear to be limiting for basatpction of nitric oxide eithan vitro or

in vivo.

A likely explanation for the inability of exogeuas L-arginine to promote further basal
nitric oxide synthesis may be found when we compa@esndogenous level of L-arginine
(100-300 uM) reportedly found in endothelial celish estimates of it&,, for nitric oxide
synthase (2-3 uM). Thus, it would appear that erdogs levels are such saturated that
the enzyme would normally be fully saturated (Sydow Minzel, 2003; Teerlingt al.,
2009; Zhanget al, 2011). Moreover, within the context of the cohexperiments
conducted in this study, there is no inhibitor wfia oxide synthase such as ADMA
presents, which would compete with L-arginine dmngstnecessitate additional substrate to
overcome this surmountable inhibitidn.vivo in humans, however, where evidence for

the presence of ADMA has been presented (Boged; Bde-Bbgeet al., 2007,
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Teerlinket al, 2009), the addition of L-arginine was, in costraeen to increase nitric
oxide activity. This ability of exogenously admitgiged L-arginine to enhance nitric oxide
activity in vivo has been termed the “arginine paradox” and igbedl to result from
reversal of blockade by endogenous ADMA, rathentinam an abnormally low

endogenous level of L-arginine.

In addition, the results of the present studynstd that SDMA did not affect
phenylephrine-induced tone in rat endothelium-daoirtg aortic rings, and so had no
effect on basal nitric oxide activity, which isagreement with previous data indicating
that SDMA is not an inhibitor of nitric oxide syrtbe (Masudat al, 2002; Siroeret al,

2006).

The blockade of basal nitric oxide activity by ADMAIs both endothelium- and
concentration-dependent

The results of this study showed that the tiwkkconcentration of ADMA to enhance
submaximal phenylephrine-induced contraction thiobigckade of basal nitric oxide
activity in rat aorta, was 0.3-1 uM, which is catent with the concentrations of ADMA
reported in the plasma of patient with pathologamiditions associated with renal
dysfunction or vascular endothelial dysfunctionl(&faceet al, 1992; Siroeret al, 2006).
Moreover, this effect of ADMA seemed to be concatntn dependent with an 4gof 17
MM and treatment with 100 uM of ADMA was almost egb to abolish basal activity of

nitric oxide, as increasing the concentration tdA. QM produced very little further effect.

It is worth noting that ADMA augmented submaximantractions induced not just by

phenylephrine, but by a range of different vasotraisrs, such as 5-hydroxytryptamine
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and prostaglandinz; in female rat endothelium-containing aortic ringlus, basal nitric

oxide activity, suppresses tone induced by a rafigasoconstrictors in rat aorta.

In endothelium-denuded rat aortic rings, ADMAGglithe other nitric oxide synthase
inhibitors, L-NMMA and L-NAME, failed to augment phylephrine-induced
contractions. These findings were as expected usecandothelium-denuded vessels are

unable to produce basal nitric oxide activity.

Acetylcholine-induced relaxation in female rat aora is endothelium-dependent and
nitric oxide-mediated

Data from this studghowed that the concentration-dependent relaxataurced by
acetylcholine in rat aorta was abolished by end@thdenudation or treatment with the
standard nitric oxide synthase inhibitor, L-NAMEhése findings are consistent with
previous reports (e.g. Furchgott & Zawadzki, 198@} the lining endothelium of blood
vessels plays a vital role in facilitating vasottitaresponses to relaxant agents such as
acetylcholine, substance P and the calcium ionaphA@8187, due to the production of an
endothelium-derived relaxing factor (EDRF), lateown to be nitric oxide (Palmet al,

1987).

Acetylcholine-induced relaxation in female rat aoré is not affected by L-NMMA,
ADMA or SDMA

Probably the most important finding of this stusithat despite producing potent
blockade of basal nitric oxide activity in rat agrADMA at 100 uM produced only a very
modest effect on acetylcholine-induced relaxattbere was a slight (2-3-fold) decrease in

tissue sensitivity without affecting the maximaspense to acetylcholine. Even increasing
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the concentration of ADMA to 1000 uM and prolongthg duration of treatment to 3 h
failed to produce further blockade. Moreover,itieffectiveness of ADMA against
acetylcholine-induced relaxation was seen in rabaegardless of the agent used to
induce contraction (phenylephrine, 5-hydroxytrypitaeror PGI,). Most experiments
were conducted using submaximal phenylephrine-ieduone matched to that of control
tissues, but very little blockade was seen.

These effects of ADMA in blocking basal but not@gt&holine-induced activity of nitric
oxide are similar to those of L-NMMA reported byelar and co-workers (1993) in the

same tissue.

The level of tone has an influence on acetylcholineduced relaxation in control and
L-NMMA- or ADMA-treated female rat aorta rings

The results from this study showed that when phegiyiine-induced tone in the
presence of ADMA or L-NMMA was held at intermedi&eels, virtually no blockade of
acetylcholine-induced relaxation was seen; there awaodest reduction in tissue
sensitivity without any effect on the maximal redéinn. However, under conditions where
ADMA had potentiated phenylephrine-induced tonadar maximal levels, it appeared to
produce blockade of acetylcholine-induced relaxatikhis latter effect of ADMA was
almost certainly due to physiological antagonistheathan blockade of nitric oxide
synthase, since matching this increased tone itradrssues with additional

phenylephrine produced a similar degree of appdieckade.

The findings of this study are clearly in cactfith previous studies on rat aorta which

reported blockade of acetylcholine-induced relaraby ADMA (Vallanceet al, 1992;

Jin and D'Alecy, 1996; Fergg al, 1998). Since these authors made no mention of
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matching the tone in control and ADMA-treated tessut is likely that the “blockade of
acetylcholine-induced relaxation” they reportedutesd from physiological antagonism,
due to over-contraction, rather than to blockadeitic oxide synthase.

Furthermore, the results of this study showed 8DMA, the endogenously produced
inert analogue of ADMA, had no effect on tissuesstarity, or the maximal response, to
acetylcholine, consistent with previous reportg 8I2MA has no effect on nitric oxide

activity (Masudeet al,, 2002; Siroeret al., 2006).

Although all of the results presented in thigdgtrelate to the anomalous abilities of L-
NMMA and ADMA to block basal but not agonist—stiratdd activity of nitric oxide in
female rat aorta, such actions seem not to be geadsite-specific. Evidence for this has
separately been reported in male rat aorta anehiralie rat carotid artery (AL-Zobaiay
al., 2011), where L-NMMA and ADMA each enhanced sudximal phenylephrine-
induced tone, consistent with blockade of basaicrixide activity, but they had almost no
effect on acetylcholine-induced relaxation, where®AME uniformly inhibited both

basal and agonist-stimulated activity .

L-arginine availability for acetylcholine-stimulated nitric oxide activity

The results of this study showed that endotheliependent, nitric oxide-mediated
relaxation to acetylcholine in female rat aortioys, precontracted with phenylephrine, is
not affected by treatment with L-arginine. This gesgts that availability of the substrate
for nitric oxide synthase is not limiting for theggluction of nitric oxide in response to
acetylcholine in this tissue. These findings aragreement with those reported by
Moritoki and co-workers (1991) who found that errdium-dependent acetylcholine-

induced relaxation in male rat aortic rings wasaftcted by pre-treatment with L-
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arginine although the substrate on its own induwcsbbwly developing, concentration-
dependent relaxation in both endothelium-contaimind denuded rings. The authors
attributed these relaxations to an endotheliumpeddent, but nitric oxide-mediated
mechanism, as relaxation was blocked by the rottide synthase inhibitors L-NMMA
and L-NOARG. Moreover, Cooke and co-workers (198L)nd that endothelium-
dependent, acetylcholine-induced relaxation ineitgal aortic rings obtained from normal
rabbits infusedn vivo with L-arginine, was similar to that of untreatedbbits. These
authors attributed their findings to the existeata high intracellular concentration of L-

arginine which saturated endothelial nitric oxiglathase.

In contrast to the situation in normal animéalgrginine supplementation does appear to
improve endothelial function in animals with dysftional vascular endothelium resulting
from hypercholesterolaemia (Bogetral,, 1995; Candipagt al, 1996; Boger and Bode-
Bdger, 2001). Similar findings were reported in laun® with pathological conditions
associated with vascular dysfunction (Reetoal, 1996; Blumet al, 1999; Watanabet
al., 2000; Boger and Bode-Béger, 2001). Howevetelidt no effect of L-arginine has
been reported in normal healthy volunteers. Thewlas effects of L-arginine observed in
pathological conditions caused by vascular end@th&ysfunction has been attributed to
the higher circulating concentrations of ADMA irsasiation with these conditions
(Vallanceet al, 1992; Bogeet al, 1998; Kielsteiret al, 1999; Miyazaket al, 1999;
Bdger 2003eiper and Vallence, 2006; Siroehal, 2006; Andersshoet al 2010). In
addition, it has been reported that endotheliunepreshdent mechanism(s) such as
stimulating the release of histamine or vasodilatmmones such as insulin might
contribute to the vascular actions of infused Lrairge (Smulder®t al, 1994; Mehtaet

al., 1996; Guiglianeet al, 1997).
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The possible explanations for the lack of vascettect of L-arginine in rat isolated
aortic rings demonstrated by the results of thegmestudy include the lack of availability
of vasodilator hormones that could potentially cifmite toin vivo. Moreover, the aortic
rings used in the present study were obtained frormal, healthy animals where it is
known rats and it is well-known that the intrackdhui_-arginine concentrations (100-300
M) are high enough to saturate endothelial ndxicle synthase, 2-3 uM) (Sydow and

Minzel, 2003; Teerlinket al.,2009; Zhanget al, 2011).

ADMA and L-NMMA, like L-arginine, protect acetylcho line-induced relaxation
against blockade by L-NAME

The results of this study showed that the ackbfine-induced, endothelium-dependent,
nitric oxide-mediated, relaxation in female rattaovas powerfully blocked by the
standard nitric oxide synthase inhibitor, L-NAMB.dddition, although the early findings
of this study showed that L-NMMA, another inhibitirnitric oxide synthase, blocked
basal but not acetylcholine-induced relaxation,sihiesequent results of this study showed
that L-NMMA acted similarly to L-arginine, the engienous substrate for nitric oxide
synthase by both preventing and reversing the bldelof acetylcholine-induced
relaxation produced by L-NAME. These findings ar@agreement with those reported by
Frew and co-workers (1993) who hypothesised thlMMA may function as an
alternative substrate for nitric oxide synthase mités stimulated with agonists like
acetylcholine or ATP. Moreover, chemiluminescenegdtion has shown that L-NMMA,
in common with L-arginine, increases the synthesisitric oxide in rat aorta and

pulmonary artery, whereas L-NOARG inhibits it (Aecrand Hampl, 1992).
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Therefore, in light of the similarities betwee®DWA and L-NMMA at blocking basal but
not acetylcholine-stimulated activity of nitric abd in rat aorta, it was interesting to
investigate whether ADMA can protect acetylcholinduced relaxation against blockade
by L-NAME. Indeed, the results of this study showteat ADMA behaves similarly to L-
arginine; it protects acetylcholine-induced rel@omtgainst blockade by L-NAME,
however, it failed to reverse that blockade aftehaur of treatment, perhaps due to a
lower potency of ADMA than L-arginine or L-NMMA. Wdther or not longer treatments
on higher concentrations ADMA would have reversesltilockade by L-NAME was not

investigated.

In light of the similarities between L-NMMA arR’DMA found in this study so far,
ADMA,; like L-NMMA and L-arginine might have behavex$ a substrate for

acetylcholine-stimulated nitric oxide synthase sdcaprevent the blockade by L-NAME.

It is unlikely that a demethylation reactionfoom L-arginine explains the abilities of
ADMA and L-NMMA to behave as alternative substrdt@sagonist-stimulated
endothelial nitric oxide synthase, because thelkalde they produce of basal nitric oxide

activity is sustained, suggestive of on-going ditgtnf these agents.

Possible explanations for the anomalous abilitied &-NMMA and ADMA to block
basal but not agonist—stimulated activity of nitricoxide

One theory that may explain these anomalous actbADMA and L-NMMA is the
existence, within the vascular endothelial celfanore than one isoform of nitric oxide
synthase; one that catalyses the synthesis of oxide under basal conditions, and

another that catalyses agonist-stimulated nitrideproduction. Other workers, using
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aorta from endothelial and neuronal nitric oxidategse enzymes knockout mice, or
studying the effects in intact rats or human vadens of S-methyl-L-thiocitrulline, a
presumably selective blocker of neuronal nitricdexsynthase, have postulated that the
latter enzyme catalyses the synthesis of nitridexinder basal conditions, and the
endothelial nitric oxide synthase catalyses agestistulated nitric oxide production

(Wakefield et al., 2003; Nangle et al., 2004; Migiket al., 2009; Seddon et al., 2009).

Another possible hypothesis behind the anonsadations of ADMA and L-NMMA, is
that the different signal transduction mechanisiggéred by different stimuli may result
in structural or conformational changes in enda#heitric oxide synthase that alter its
requirement for substrates and inhibitors. Sucimgla could perhaps result in nitric oxide
synthase recognising ADMA or L-NMMA as substratather than as inhibitors. For
example, nitric oxide production induced by agantkiat signal through calcium-
calmodulin pathway, such as acetylcholine (Schmgi ¥anhoutte, 1992), is little affected
by ADMA, whereas flow-mediated production of nitdogide, believed to be mediated
through phosphorylation of nitric oxide synthasettiy phosphatidylinositol 3-kinase/Akt
pathway (Fultoret al, 1999; Gallist al, 1999), is inhibited by ADMA in humans (Boger
et al, 1998; Vladimirova-Kitovaet al, 2008). Further studies would be required, howeve
to compare the effects of ADMA and L-NMMA againstaxant stimuli that bring about
their effects through calcium-calmodulin or the gbleatidylinositol 3-kinase/Akt

pathway, using same tissue.

One other potential explanation for the anomsabilities of ADMA and L-NMMA to

block basal but not agonist-stimulated activityndfic oxide may relate to the degree to

which endothelial nitric oxide synthase is stimethtSpecifically, the low level activation
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of the enzyme which underpins basal activity ofiibxide may be easier to block than
the powerful enzyme activity resulting from agorsstulation. Indeed, this is supported
by previous work which suggests that the efficacthe relaxant agonist is critical in
determining the ability of nitric oxide synthasiinitors to block endothelium-dependent
relaxation (Martiret al, 1992). The results of testing this hypothesislva presented in

Chapter Four.

In conclusion, the findings so far demonstthtd in female rat aorta, the basal nitric
oxide activity that suppresses vasoconstrictor tefdocked, in an L-arginine-preventable
and reversible manner, by the nitric oxide synthakibitors, L-NAME, L-NMMA and
ADMA. In sharp contrast, however, acetylcholine¥silated nitric oxide activity is little
affected by L-NMMA or ADMA alone, but these agefikg L-arginine oppose the

blocking action of L-NAME.

A summary of the effects of L-arginine, L-NAMENMMA, ADMA and SDMA on

basal and acetylcholine-stimulated activity ofinitixide in the rat aorta is shown below

(Figure 2.24).
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Agonist (ACh)-stimulated———— Nitric oxide activity in ——  Basal NO activity

NO activity the rat aorta
Endothelium-dependent SDMA ~No effect SDMA Suppression of
relaxation L-arginine PE-induced tone
L-arginine L-NAME
L-NMMA L-NMMA
-
)'z> ADAMA ADMA
% Enhancement of PE-induced
I tone
Little or no effect
Potent blockade of ACh- L-arginine, L-NMMA _Protection of ACh-
induced relaxation ADAMA “induced relaxation

Figure 2.24.Summary of the effects of L-arginine and methyilairges on basal and

acetylcholine-stimulated activity of nitric oxide the rat aorta.
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In the next Chapter the anomalous abilities ®#MMMA and ADMA to block basal but
not agonist—stimulated activity of nitric oxide ke further explored by using different
experimental approaches. For example, the effédtSNMMA and ADMA on
endothelium-dependent relaxation induced by supeeckismutase or the
phosphodiesterase isoform 5 inhibitor, T-0156, dlexamined as these two agents are
known to induce endothelium-dependent relaxatiopdigntiating basal nitric oxide
activity (MacKenzieet al,, 1999; Mochidaet al, 2002; Mochidat al, 2004). Moreover,
the effects of L-NMMA and ADMA will be examined anitric oxide activity stimulated
by a range of different agonists that are knowprtmuce endothelium-dependent, nitric
oxide-mediated relaxations in rat aorta, such as#icium ionophore A23187
(Weinheimer and Osswald, 1986; Schini and Vanhp0282), and calcitonin gene-related

peptide-1 (Gray and Marshall, 1992; Wisskiecheteal.,, 1999).

In addition, the transduction mechanism(s) thay play a role in the release of nitric
oxide, under basal and stimulated conditions, lvéglexplored using the calcium-
calmodulin antagonist, calmidazolium (Schini anch\Nautte, 1992), and the
phosphatidylinositol 3-kinase/Akt pathway inhibit@rortmannin (Michelkt al,, 1999;

Fultonet al, 1999; Dimmeleet al., 1999).
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Introduction

The findings of the first part of this study sleal that L-NMMA and ADMA exhibit
anomalous abilities to block basal but not agafaisetylcholine)-stimulated activity of
nitric oxide in female rat aorta. In addition, th@werful blockade of basal nitric oxide
activity produced by these two inhibitors of nitagide synthase is surmountable, i.e. it
can both be prevented and reversed by adding @hagimcentration of L-arginine, the
endogenous substrate for nitric oxide synthasénodiigh, L-NMMA and ADMA had little
effect on acetylcholine-stimulated activity of iétoxide, they displayed properties similar
to L-arginine, i.e. they prevented the ability 6NAME to block acetylcholine-induced

relaxation.

The above effects of L-NMMA or ADMA on basal aadgonist-stimulated activity of
nitric oxide were examined by assessing their &fea phenylephrine-induced tone and
on acetylcholine-induced relaxation in rat aoriimgys, respectively. The purpose of this
part of the study was to explore further theseedéihtial abilities of L-NMMA and ADMA
to block basal but not agonist—stimulated actieityitric oxide, using different
experimental approaches. Specifically, superoxidedtase is known to produce
endothelium-dependent relaxation by protecting laitdc oxide against inactivation by
superoxide anions (Ohlstein and Nichols, 1989; Miad Martin, 1995; MacKenzet al.,
1999). In addition, phosphodiesterase isoform thitdrs, including T-0156, are known to
elicit endothelium-dependent relaxation becausg plagentiate basal nitric oxide activity
by extending the life span of the nitric oxide-degent second messenger, cyclic
guanosine monophosphate (cGMP), by preventingegsatiation in the vascular smooth
muscle cells (Martiret al., 1986a; Mochida&t al, 2002; Mochidat al, 2004). As a

consequence, the effects of L-NMMA and ADMA on bastic oxide activity will be
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examined by assessing the influence they exerhdatbelium-dependent, nitric oxide-

mediated relaxation induced by superoxide dismwuaaseT0156 in female rat aorta.

On the other face of the coin, agonists suatafstonin gene-related peptide-1 and the
calcium ionophore A23187 are known to produce dmelatm-dependent, nitric oxide-
mediated relaxation by receptor- and non-receptediated actions, respectively
(Weinheimer and Osswald, 1986; Gray and Marsh@f24a; Schini and Vanhoutte, 1992;
Wisskirchenret al, 1999). Thus, the effects of L-NMMA and ADMA olnet activity of
nitric oxide stimulated by these agonists in femrateaorta will be compared with their

actions on that induced by acetylcholine.

In addition, the differential abilities of L-NMMXand ADMA to block basal but not
agonist-stimulated activity of nitric oxide in rabrta may be related to differences in the
transduction mechanisms that control the generatioitric oxide by nitric oxide synthase
under basal and agonist-stimulated conditions. fiyythesis will be examined by
assessing the influence of the calcium-calmodulmbitor, calmidazolium (Archer and
Cowan, 1991; Schini and Vanhoutte, 1992), and Hosphatidylinositol 3-kinase
inhibitor, wortmannin (Michelket al, 1999; Fultoret al, 1999; Dimmeleet al, 1999), on
basal and agonist-stimulated nitric oxide activitys will be done by comparing the
impact they have on the endothelium-dependentc¢ mikide-mediated relaxation induced
by superoxide dismutase and T0156, on the one laaadon that induced by

acetylcholine, A23187 and calcitonin gene-relateptiole-1, on the other hand.
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Materials and Methods
Preparation of aortic rings for tension recording

The preparation of aortic rings for tension relaay was essentially similar to that

described in the previous Chapter except thatimaas were killed by C@overdose.

Role of the vascular endothelium in relaxation indaed by superoxide dismutase or
the PDE 5 inhibitor, T-0156

In the previous Chapter, basal nitric oxidevégtwas assessed by examining the
enhancement of phenylephrine-induced tone seen tiygoeddition of nitric oxide
synthase inhibitors. In this Chapter an alternatngans of assessing this was sought by
producing endothelium-dependent relaxation thrquafientiation of basal nitric oxide

activity.

In these experiments, female rat endotheliumainimg or endothelium-denuded aortic
rings were allowed to equilibrate for 90 min and thsting stretch was re-adjusted to 10
mN, if required. Some tissues were then treatel vatalase (3600 u thfor 30 min to
remove any b, present), L-NAME (100 puM for 30 min) or the coméiiion of catalase
and L-NAME. After this time the treated tissues dmeir time-matched controls were pre-
contracted to ~50% of maximal phenylephrine torevér concentrations of
phenylephrine were required to induce the samd tdene in endothelium-denuded and
L-NAME treated tissues as in control tissues beeafisemoval of the vasodepressant
action of basal nitric oxide. After stabilisatiohtone, increasing concentrations of SOD
(0.1-300 u mif) were added cumulatively to the tissues in thaotgaths using the
sequence 0.1 uml0.3 umt, Luml, 3um*, 10 u m*, 30 u m*, 100 u mt* and 300 u

mi™*and relaxation assessed. The drug was then eiéigrad out to conduct another
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concentration-response curve, or papaverine (B00was added to produce full

relaxation of the tissues.

As will be seen in the Results, SOD-inducedxation appeared to comprise separate
components due to nitric oxide angd®4. As a consequence, all further experiments with
SOD were conducted in the presence of catalas® (@®ai") to ensure any relaxation

produced was solely due to nitric oxide.

In another set of experiments, female rat dmelntm-containing or endothelium-
denuded aortic rings were allowed to equilibratedf® min and the resting stretch was
re-adjusted to 10 mN, if required. The tissues wieea pre-contracted to ~50% of
maximal tone using phenylephrine. After stabilisatof phenylephrine-induced tone,
increasing concentrations of SOD or the PDE 5 iibdnipT-0156, were added
cumulatively to the tissues in the organ bathsratakations assessed. The drug was then
either washed out to conduct another concentragspense curve, or papaverine (300

uM) was added to produce full relaxation of theues

Effects of nitric oxide synthase inhibitors on relaation induced by superoxide
dismutase or T-0156

In these experiments, female rat endotheliuntaining aortic rings were allowed to
equilibrate for 90 min and resting stretch wasdgisted to 10 mN, if required. The tissues
were then treated with L-NAME (100 pM for 30 mib)NMMA (100 puM 45 min) or
ADMA (100 pM for 1 h). After this time the treatéidsues and their time-matched
controls were pre-contracted to ~50% of maximalgtephrine tone. Care was taken to

induce comparable levels of tone both in contral &eated tissues by using lower
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concentrations of phenylephrine in the latter. Afiiabilisation of tone, a full
concentration-response curve to superoxide disratas-300 u mt) or T-0156 (1-300
nM) was conducted. Thereafter, papaverine (300 w4 added to produce full relaxation

of the tissues.

Effects of calmidazolium and wortmannin on relaxaton induced by superoxide
dismutase or T-0156

The aim of these experiments was to determinedleeof endothelial calcium and the
phosphatidylinositol 3-kinase (Pl 3-kinase) pathwagelaxation induced by SOD or T-
0156. This was investigated using the calcium-calia antagonist, calmidazolium
(llliano et al, 1992;Schini and Vanhoutte, 1992and the PI3 kinase inhibitor, wortmannin

(Michell et al.,1999; Fultoret al, 1999; Dimmeleet al, 1999), respectively.

In these experiments, female rat endotheliomtaining aortic rings were allowed to
equilibrate for 90 min and resting stretch wasdpsted to 10 mN, if required. The tissues
were then treated with calmidazolium (10 puM) alomettmannin (100 nM) alone, or with
a combination of the two agents, for 1 h. Aftesttime the treated tissues and their time-
matched controls were pre-contracted to ~50% ofimalxphenylephrine tone. After
stabilisation of tone, a full concentration-respouarve to SOD (0.1-300 u Hlor T-

0156 (1-300 nM) was conducted and relaxation asde3hereatfter, papaverine (300 uM)

was added to produce full relaxation of the tissues

Effects of calmidazolium and wortmannin, compared wh L-NAME, on basal nitric

oxide activity assessed by their effects on phenplerine-induced contraction

The previous experiments in this Chapter investidaihe effects of L-NAME,
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calmidazolium and wortmannin on basal nitric oxa#ivity assessed by their ability to
affect relaxation induced by SOD or T-0156 in feen@t endothelium-containing aortic
rings. The current experiments were conducteduestigate and compare the effects of
these three agents, alone and in combination, sal b#ric oxide activity as assessed by

their ability to enhance the contractile effectpbénylephrine.

In these experiments, female rat endotheliuntaining aortic rings were allowed to
equilibrate for 90 min and the resting stretch weaadjusted to 10 mN, if required. The
tissues were then treated with calmidazolium (10 aMne, wortmannin (100 nM) alone,
L-NAME (100 uM) alone, calmidazolium and L-NAME, wmannin and L-NAME,
calmidazolium and wortmannin, or a combinationh# three agents, before performing a
full concentration-response curve to phenylephfineM-10 uM). The differential ability
of these treatments to enhance phenylephrine-imdcmetraction through inhibition of the

depressant action of basal nitric oxide activitys\ilzen assessed.

Effects of nitric oxide synthase inhibitors on relaation induced by acetylcholine,
calcium ionophore A23187 or calcitonin gene-relategeptide-1

In the previous Chapter it was found that L-NMMnd ADMA had little effect on
endothelium-dependent relaxation of rat aorta ieduzy acetylcholine, despite powerfully
inhibiting basal nitric oxide activity. The aim tifese experiments was to investigate the
effects of L-NMMA and ADMA on the endothelium-demEmt relaxation induced by a
range of agents, i.e. acetylcholine, calcium iorphA23187 or calcitonin gene-related
peptide-1 (CGRP-1) in female in female rat endatinelcontaining aortic rings.

In these experiments, female rat endotheliumainmg aortic rings were allowed to

equilibrate for 90 min and resting stretch wasdgisted to 10 mN, if required. The tissues
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were then treated with L-NAME (100 puM, 30 min), LIMWIA (100 uM, 45 min) or

ADMA (100 puM, 1 h). After this time, the treatedgues and their time-matched controls
were pre-contracted to ~50% of maximal phenyleghtame. Care was taken to induce
comparable levels of tone both in control and #eaissues by using lower concentrations
of phenylephrine in the latter. After stabilisatiohtone, a full concentration-response
curve to acetylcholine (1 nM-10 uM), A23187 (1 nMtlM) or CGRP-1 (0.1 nM-1 pM)
was conducted. Thereafter, papaverine (300 uM)aaded to produce full relaxation of

the tissues.

Effects of calmidazolium and wortmannin on relaxaton induced by acetylcholine,
calcium ionophore A23187 or calcitonin gene-relategeptide-1

The aim of these experiments was to determinedlleeof endothelial calcium and the PI
3-kinase pathway in relaxation induced by acetylioep A23187 or CGRP-1. This was
investigated using the calcium-calmodulin antagoeamidazolium (llliancet al, 1992;
Schini and Vanhoutte, 1982and the P13 kinase inhibitor, wortmannin (Midretl al.,

1999; Fultoret al, 1999; Dimmeleet al, 1999), respectively.

In these experiments, female rat endotheliuntainimg aortic rings were allowed to
equilibrate for 90 min and resting stretch wasdgisted to 10 mN, if required. The tissues
were then treated with calmidazolium (10 pM) or tn@annin (100 nM) for 1 h. After this
time the treated tissues and their time-matchettalsnwvere pre-contracted to ~50% of
maximal phenylephrine tone. After stabilisatiortafe, a full concentration-response
curve to acetylcholine (1 nM-10 uM), A23187 (1 nMtlM) or CGRP-1 (0.1 nM-1 pM)
was conducted and relaxation assessed. Thergadfgayerine (300 uM) was added to

produce full relaxation of the tissues.
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Effects of L-NAME on relaxation induced by isoprendine or forskolin

The rationale for conducting these experiments toaletermine if isoprenaline or
forskolin induce a nitric oxide-dependent comporanelaxation that is susceptible to
blockade by the nitric oxide synthase inhibitoMNAME, in female rat endothelium-
containing aortic ring. If so, this would give appmrtunity to examine the effects of L-
NMMA and ADMA on agents that produce a componerretdxation via nitric oxide
release stimulated by agents that elevate cAMRddB®o and Jo, 2003).

In these experiments, female rat endotheliuntainimg aortic rings were allowed to
equilibrate for 90 min and resting stretch wasdpsted to 10 mN, if required. The tissues
were then treated with L-NAME (100 uM, 30 min). é&ftthis time the treated tissues and
their time-matched controls were pre-contracted30% of maximal phenylephrine tone.
Care was taken to induce comparable levels of botie in control and treated tissues by
using lower concentrations of phenylephrine inlgteer. After stabilisation of tone, a full
concentration-response curve to isoprenaline (11L\M) or forskolin (1-300 nM) was
conducted and relaxation assessed. Thereaftery@apa (300 uM) was added to produce

full relaxation of the tissues.

Drugs and chemicals

Acetylcholine chloride (ACh), asymmetri®NN®-dimethyl-L-arginine dihydrochloride
(ADMA), calmidazolium chloride, R-nitro-L-arginine methyl ester (L-NAME), &
monomethyl-L-arginine acetate (L-NMMA), papaverimgrochloride, phenylephrine
hydrochloride (PE), superoxide dismutase (SOD; fbmwine erythrocytes), isoprenaline
hydrochloride and forskolin hydrochloride weredatained from Sigma, UK. Calcium
ionophore A23187 and wortmannin were obtained fEmo Life Sciences, UK. Catalase

(bovine liver) and calcitonin gene-related peptidgruman) were obtained from
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Calbiochem, UK. T-0156 (2-(2-methylpyridin-4-yl) thgl-4-(3,4,5-trimethoxyphenyl)-8-
(pyrimidin-2-yl)methoxy-1,2-dihydro-1-oxo-2,7-napiyridine-3-carboxylic acid methyl
ester hydrochloride) was obtained from Tocris, BK.drugs were dissolved and diluted
in 0.9% saline, with the exceptions of calmidazoljur-0156, calcium ionophore A23187
and wortmannin, which were dissolved in 100% DM&Ay calcitonin gene-related

peptide-1 which was dissolved in 5% acetic acidl@ImM stocks).

Data analysis

Contractions were measured in milliNewtons. Ragae (300uM) was added at the end
of each experiment to produce full relaxation s§ties and the relaxant responses to
agonists were expressed as a percentage of threlarhtion induced by this agent. Data
are expressed as the mean = S.E.M of n separatevahiens. Concentration-effect curves
were analysed and drawn by fitting the formula noer@d on page 56, and statistical
analysis was performed using one-way analysis w&nee followed by Bonferroni's post-
test or by Studenttstest, as appropriate, with the aid of a computeseld program (Graph
Pad, San Diego, USA). Values were considered widiestically different when P was

0.05.
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Results

Superoxide dismutase-induced relaxation

Following induction of ~ 50% of maximal phenyteme tone in female rat endothelium-
containing aortic rings, superoxide dismutase (S@D;300 u nif) induced
concentration-dependent relaxation (maximal relarat3.3 £ 6.0% of initial tone; Figure
3.1). This relaxation was not significantly affettey 30 min pretreatment with catalase at
3600 u mt*, but it was partially blocked following a 30-mimetreatment with the NOS
inhibitor, L-NAME, at 100 uM. However, in the preme of catalase, SOD-induced
relaxation was almost completely abolished by L-NAKFigure 3.1), or after endothelial
denudation (Figure 3.2). Since SOD-induced relaxagippeared to comprise separate
components due to nitric oxide and®4, all further experiments with this agent were

conducted in the presence of catalase to allovadugtudy of the former component only.

Two other NOS inhibitors, ADMA and L-NMMA (both 400 uM) in the presence of
catalase, significantly blocked SOD-induced relemxain endothelium-containing vessels

(Emax15.9 £ 4.2 and 21.5 * 3.6 for ADMA and L-NMMA, resgiively; Figure 3.3).

SOD-induced relaxation in endothelium-contagniat aortic rings was not changed by
either the PI 3-kinase inhibitor, wortmannin (10@)ralone, or the calmodulin antagonist,
calmidazolium (10 uM) alone, but the combinatiorita two agents resulted in a slight

but significant inhibition of relaxation (Figure43.
It is therefore likely that in the presencecafalase, SOD-induced relaxation is mediated
by protecting basal nitric oxide activity from desition by superoxide anions, and that

this explains its blockade by endothelial denudaatiopretreatment with NOS inhibitors.
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The PI 3-kinase and calcium-calmodulin pathwaydikedy to play only a minor role in

basal nitric oxide production.
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Figure 3.1.Cumulative concentration-effect curves showingxation to superoxide
dismutase (SOD) in rat endothelium-containing aattigs sub-maximally contracted with
PE. Responses are shown for control tissues, §isaube presence of (3600 uthbf
catalase alone, or L-NAME (100 uM) alone, or tisstreated with both catalase and L-
NAME. Although SOD-induced relaxation was signifitig depressed in the presence of
L-NAME, it was completely abolished by L-NAME indlpresence of catalase. Each point
represents the mean + SEM of 5-6 observations. .5 and *** P< 0.001 indicate

significant differences from control.
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Figure 3.2.Cumulative concentration-effect curves showingxation to SOD in rat

aortic rings submaximally contracted with PE in ginesence (control) and absence (EC-)
of endothelium. SOD-induced relaxation was compjedbolished by endothelial
denudation. All experiments were conducted in tres@nce of catalase (3600 u'hb
remove the influence of any.8, produced. Each point represents the mean + SEM of

observations. *** P< 0.001 indicates a significdifference from control.
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Figure 3.3. Cumulative concentration-effect curves showirlgxation to SOD in rat
endothelium-containing aortic rings submaximallytacted with PE in the absence and
presence of L-NAME, L-NMMA or ADMA, all at 100 puM5OD-induced relaxation was
powerfully blocked by each of the three nitric axisynthase inhibitors. All experiments
were conducted in the presence of catalase (360I0uto remove the influence of any
H,0O, produced Each point represents the mean + SEMBoblaservations. *** P< 0.001

indicates a significant difference from control.
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Figure 3.4.Cumulative concentration-effect curves showingxation to SOD in rat
endothelium-containing aortic rings submaximallytacted with PE in the absence and
presence of wortmannin (Wtm) at 100 nM, calmidaral{CMZ) at 10 uM, or both.
Neither wortmannin nor calmidazolium alone had fi@ce on SOD-induced relaxation,
however, the combination of the two drugs prodwsigdificant blockade. All experiments
were conducted in the presence of catalase (3600"uo remove the influence of any
H,O, produced. Each point represents the mean + SEB/obbservations. * P< 0.05

indicates a significant difference from control.
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Relaxation induced by the PDE 5 inhibitor, T-0156

The PDE 5 inhibitor, T-0156 (1-300 nM), proddaeaore powerful relaxation in
endothelium-containing than in endothelium-denudiegts of rat aorta (§x89.9 + 3.2%
and 53.5 *+ 3.4%, respectively; Figure 3.5). Theotinelium-dependent component of T-
0156-induced relaxation was significantly blockgdelach of the NOS inhibitors, L-

NAME, L-NMMA or ADMA, all at 100 uM (Figure 3.6).

Relaxation induced by T-0156 in endotheliumteming aortic rings was not affected
by either wortmannin (100 nM) alone, or calmidaawii(10 uM) alone, but the
combination of the two agents resulted in a sliglitsignificant inhibition of relaxation

(Figure 3.7).

The endothelium-dependent component of T-GhB6eed relaxation is likely to occur
through potentiation of basal nitric oxide activayd this explains its blockade by the NOS
inhibitors. These experiments also suggest thaPtt&kinase and calcium-calmodulin

pathways are likely to play only a minor role irshhnitric oxide production.

Effects of wortmannin and calmidazolium on basaltric oxide activity assessed by their
effects on PE-induced contractions

The maximal response as well as the sertgitiirat endothelium-containing aortic
rings to phenylephrine (1nM-10 pM) was significgrehhanced by pretreatment with L-
NAME (100 uM), consistent with blockade of basdtinioxide activity (Figure 3.8).
Wortmannin (100 nM) alone, calmidazolium (10 uM)ra#, and the combination of the
two also led to an enhanced sensitivity and maxmsponse to phenylephrine, but the

magnitude of these was much lower than for L-NAN#ereover, the ability of
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wortmannin or calmidazolium, either alone or conglointo enhance PE-induced

contraction was abolished when the tissues werérgated with L-NAME.

Therefore, basal nitric oxide activity which pogsses vasoconstrictor tone is greatly
blocked by pre-treatment with the NOS inhibitorNAME. These experiments suggest
that the PI 3-kinase and calcium-calmodulin pathsyalgy a role in basal nitric oxide

production, but only to a minor extent.
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Figure 3.5.Cumulative concentration-effect curves showingxation to the PDE 5
inhibitor, T-0156, in rat aortic rings submaximadlgntracted with PE in the presence
(control) and absence (EC-) of endothelium. T-Oh&$ both endothelium-dependent and
endothelium-independent components of relaxatiachEpoint represents the mean +

SEM of 6 observations. *** P< 0.001 indicates andigant difference from control.

122



1007 @ control
o0] & L-NAME

A [ -NMMA
801 m ADMA

701

50- *k*k

401 *k*k
*k*k

Relaxation( % )

20
10-

-10 -9 8 7 -6
Log [T-0156] M

Figure 3.6.Cumulative concentration-effect curves showingxation to T-0156 in rat
endothelium-containing aortic rings submaximallytacted with PE in the absence and
presence of L-NAME, L-NMMA or ADMA, all at 100 pMThe endothelium-dependent
component of T-0156-induced relaxation was sigaiftty blocked by each of the three
nitric oxide synthase inhibitors. Each point représ the mean + SEM of 6 observations.

*** P< 0.001 indicates a significant difference finccontrol.
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Figure 3.7.Cumulative concentration-effect curves showingxation to T-0156 in rat
endothelium-containing aortic rings submaximallytacted with PE in the absence and
presence of wortmannin (Wtm) at 100 nM, calmidamol{CMZ) at 10 uM, or both.
Neither wortmannin nor calmidazolium alone had #@ct on T-0156-induced relaxation;
however, the combination of the two drugs produzstight but significant blockade.
Each point represents the mean £ SEM of 5-7 obsenga * P< 0.05 and ** P< 0.01

indicate significant differences from control.

124



307

201

154

104

Contraction (mN)

® Control
O wim

A L-NAME oo

*k%k

| m Wim + L-NAME

*k*k

40 © 8 7 6 5
Log [PE]M

4

Contraction (mN)

201

15

10

aq
1

=]
i

"] ® Control

¥ CMz
A L-NAME

1w cmz+ L-NAVE

*%;

0 9 -8 7 6 5 4
Log [PE] M

Contraction (mN)

251

201

151

101

1 ® Control

O Wtm +CMZ
A L-NAME
B Wtm + CMZ + L-NAME

*kk
*k*k

0 © 8 7 -6 b 4
Log [PE] M

Figure 3.8. Cumulative concentration-effect curves showingtiarctile response to PE in

rat endothelium-containing aortic rings in the adzseor presence of (a) wortmannin

(Wtm; 100 nM), L-NAME (100 uM) or both, (b) calmidalium (CMZ; 10 uM), L-NAME

or both, and (c) wortmannin and calmidazolium, L& or all the three agents. PE-

induced contraction was significantly enhanced BYAME or by wortmannin or

calmidazolium alone and combined. However, the rntade of the enhancement of PE-

induced contraction produced by wortmannin and waolium, either alone or in

combination was lower than that produced by L-NANHach point represents the mean +

SEM of 5-7 observations. * P< 0.05, ** P< 0.01 &mdP< 0.001 indicate significant

differences from control.
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Acetylcholine-induced relaxation
Having established the effects of NOS inhibitevertmannin or calmidazolium on basal
nitric oxide activity, it became important to intigate the effects of these agents on

agonist-stimulated nitric oxide activity.

Following induction of ~ 50% of maximal phenyleme tone in rat endothelium-
containing aortic rings, acetylcholine (1 nM-10 ppdduced concentration-dependent
relaxation that was significantly blocked by L-NAMEOO uM), but little affected by L-
NMMA or ADMA (both at 100 uM; Figure 3.9a), in keieg with findings in the previous

Chapter.

Acetylcholine-induced relaxation was significarithpcked by calmidazolium (10 uM),

but unaffected by wortmannin (100 nM; Figure 3.9b).

Thus, acetylcholine-induced relaxation appearsyolve calcium-calmodulin but not

the PI 3-kinase pathway.

Relaxation induced by the calcium ionophore A23187

After induction of submaximal phenylephrine-icéd tone in rat endothelium-
containing aortic rings, the calcium ionophore A2311 nM-1 uM), produced
concentration-dependent relaxation{96.2 £ 1.2%Yhat was significantly blocked by
pre-treatment with 100 uM L-NAME (&« 36.4 = 1.6%); Figure 3.10a). A23187-induced
relaxation was powerfully blocked by pre-treatmeith 10 pM calmidazolium (fax56.7

* 2.7%), but unaffected by wortmannin (100 nM; Fe3.10b).
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Therefore, relaxation produced A23187, like tioadcetylcholine, seems to be
susceptible to blockade by L-NAME, but not L-NMMA ADMA, and occurs via the

calcium-calmodulin but not the PI 3-kinase pathway.
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Figure 3.9.Cumulative concentration-effect curves showingxation to acetylcholine in
rat endothelium-containing aortic rings submaxignatintracted with PE in the absence
and presence of (a) L-NAME, L-NMMA or ADMA (all d00 pM), or (b) wortmannin
(Wtm) at 100 nM or calmidazolium (CMZ) at 10 uM.IBRetion was significantly
blocked by L-NAME or calmidazolium, but not by L-NWA, ADMA or wortmannin.
Each point represents the mean + SEM of 6-15 obtiens. *** P< 0.001 indicates a

significant difference from control.

128



1107 o control 1107 @ control
A L-NAME 0 wim §
901 A L-NMMA 904 Y CMzZ
m ADMA E
S 7] s 70
= 5 Kk
2 501 £ 50
3 3
[5) 5]
o o
301 *%k% 301
104 101 ) 4
-10- -10-
9 8 7 6 9 8 7 6
Log [A23187] M Log [A23187] M

Figure 3.10.Cumulative concentration-effect curves showingxation to calcium
ionophore A23187 in rat endothelium-containing i@aihgs submaximally contracted
with PE in the absence and presence of (a) L-NAMBMMA or ADMA (all at 100
HM), or (b) wortmannin (Wtm) at 100 nM or calmidéam (CMZ) at 10 uM. Relaxation
was significantly blocked by L-NAME or calmidazaty but not by L-NMMA, ADMA or
wortmannin. Each point represents the mean = SEMbbbservations. *** P< 0.001

indicates a significant difference from control.
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Relaxation induced by calcitonin gene-related pejatil

After induction of submaximal phenylephrinediiced tone in rat endothelium-
containing aortic rings, calcitonin gene-relategtie-1 (CGRP-1; 0.1 nM-1 uM) elicited
concentration-dependent relaxatiom{E57.6 £ 3.2%) that was significantly blocked by L-
NAME (100 pM; Figure 3.11a). Unlike with acetylcived and A23187, however, CGRP-

1-induced relaxation was also blocked by L-NMMA akidMA (both 100 puM).

CGRP-1-induced relaxation was also powerfulycked by calmidazolium (10 uM), but

not by wortmannin (100 nM; Figure 3.11b).

Thus, surprisingly, despite appearing to opdgtthe same calcium-calmodulin-
dependent, Pl 3-kinase-independent pathway useddtylcholine and A23187, CGRP-1-
induced relaxation is blocked by all three NOS laitiors and not just L-NAME. Why
CGRP-1 behaves so differently from acetylcholing A&3187 in this regard requires

further investigation.

Relaxation induced by isoprenaline and forskolin

After induction of ~ 50% of maximal phenylephritome in female rat endothelium-
containing aortic rings, isoprenaline (1 nM-10 pamd forskolin (1 nM- 300 nM) each
produced relaxation that was only slightly deprddseL-NAME (100 puM; Figure 3.12a
and b). Since there was no substantial nitric oxieleendent component to relaxation by
these agents, the effects of L-NMMA, ADMA, wortmam@and calmidazolium were not

examined.
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Figure 3.11.Cumulative concentration-effect curves showingxation to calcitonin

gene-related peptide-1 (CGRP-1) in rat endothelb@miaining aortic rings submaximally

contracted with PE in the absence and presena fNAME, L-NMMA or ADMA (all

at 100 uM), or (b) wortmannin (Wtm) at 100 nM ohgalazolium (CMZ) at 10 uM.

Relaxation was significantly blocked by L-NAME, LMMA, ADMA and calmidazolium,

but not by wortmannin. Each point represents thammeSEM of 5-6 observations. *** P<

0.001 indicates a significant difference from cohtr
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Figure 3.12.Cumulative concentration-effect curves showingxation to (a) isoprenaline
(ISP) or (b) forskolin (FK) in rat endothelium-caiming aortic rings submaximally
contracted with PE in the absence or presencedAME (100 uM). Relaxations were
only slightly depressed in the presence of L-NAME&ch point represents the mean £
SEM of 6 observations. * P< 0.05, ** P< 0.01 and P< 0.001 indicate significant

differences from control.
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Discussion

Superoxide dismutase-induced relaxation in the presmce of catalase in female rat
aorta occurs through potentiation of basal nitric xide activity and is blocked by L-
NAME, L-NMMA and ADMA

The findings of this part of the study showeal thuperoxide dismutase produced a
concentration-dependent relaxation in endotheliomiaining rings of rat aorta that was
partially blocked by pre-treatment with L-NAME. Hewer, in the presence of the
hydrogen peroxide scavenger, catalase, superoigdrithse-induced relaxation was
virtually abolished by L-NAME or endothelial denddea. These findings are consistent
with previous work showing that the concentrati@pendent, endothelium-mediated
relaxation induced by superoxide dismutase isbattieid to protection of basal nitric oxide
from destruction by superoxide anio®@{) (Gryglewskiet al, 1986; Rubanyi and
Vanhoutte, 1986; Ohlstein and Nichols, 1989; Miad Martin 1995; MacKenziet al,
1999). However, the partial blockade of superoxigdenutase-induced relaxation by L-
NAME in the absence of catalase indicates thatréiéxation has at least two components;
an L-NAME-sensitive nitric oxide-mediated componant a catalase-sensitive hydrogen
peroxide-mediated component, as relaxation wassilowmpletely blocked by co-
treatment with L-NAME and catalase (Rubanyi and Marite, 1986; Furchgott al.,

1994; Yanget al, 1999; lesaket al, 1999; Itohet al, 2003).

Therefore, in the presence of catalase, supraismutase-induced relaxation is likely
to be mediated solely through protecting basaicnitxide activity from breakdown by
superoxide anion. L-NMMA and ADMA, like L-NAME, weralso able to significantly
block superoxide dismutase-induced relaxation sstgggethat they too block the synthesis

of basal nitric oxide. The outcome of these expenits is therefore consistent with those

133



in the previous Chapter where L-NMMA and ADMA weteemed to block basal nitric
oxide activity as assessed by their ability to eegphenylephrine-induced tone in

endothelium-containing rings.

The endothelium-dependent component of relaxatiorotthe PDE isoform 5 inhibitor,
T-0156, occurs through potentiation of basal nitricoxide activity and is abolished by
L-NAME, L-NMMA and ADMA

Previous reports showed that the phosphodiestesaf@em 5 inhibitors, zaprinast (M&B
22948), T1032 and T0156, exhibit endothelium-depabhdnd endothelium-independent
components of relaxation (Martet al, 1986a; Hobbst al, 1999; Mochidat al., 2002;
Kimuraet al, 2003; Mochidat al, 2004; Galleyet al, 2004; Bauer and Sotnikova, 2010).
The endothelium-dependent component has beenudéititbo potentiation of basal nitric
oxide activity generated by the vascular endothelias the activation induced by these
agents is associated with elevation of the nitxide-dependent second messenger, cyclic
guanosine phosphate (cGMP), within the vascularosmmuscle cells. These previous
results provide an explanation for findings fronststudy which showed that T0156
produced more powerful relaxation in endotheliumtaming rat aortic rings than in
endothelium-denuded. In addition, the nitric oxéyathase inhibitors, L-NAME, L-
NMMA and ADMA, each produced a blockade of TO156@tined relaxation that was as
powerful as that produced by endothelial denudafitvese findings, like those with
superoxide dismutase, are therefore consistentthatlability of L-NAME, L-NMMA and

ADMA to block basal nitric oxide activity in rat ga.
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Calcium-calmodulin and the phosphatidylinositol 3-knase pathways have a minor
role in basal nitric oxide production in female rataorta

A difference in the transduction mechanisms ¢juatern basal and agonist-stimulated
synthesis of nitric oxide could potentially explaire ability of L-NMMA and ADMA to
block the former but not the latter in rat aortewsver, the researchers who first
documented the presence of basal nitric oxide iaciivrat aorta (Martiret al, 1986b;
Reeset al, 1989; Mooreet al, 1990) proposed that it was produced spontangbyshe
vascular endothelium without the need for an exestimulus; this potentially excludes
the existence of an intracellular signalling mecétanto control the synthesis of basal
nitric oxide. This proposal was supported by thsesbations made by Rapoport and
Murad (1983) that the resting levels of cGMP inirety unstimulated endothelium-
containing rat aortic rings were 2-3-fold higheauththose in endothelium-denuded rings.
Their findings too suggest that the basal nitrideactivity in endothelium-containing

rings occurred in the absence of any stimulus.

On the other hand, other researchers have pedpbs existence of triggering stimuli
that operate within the vascular endothelium toegate basal nitric oxide activity. Such
stimuli may include calcium ions that pass from ¢batracting vascular smooth muscle
cells through myo-endothelial gap junctions touheerlying endothelial cells (Dos al.,
2000; Jacksoet al, 2008) where they (calcium ions) provoke theaséeof nitric oxide
presumably via a calcium-calmodulin-mediated, cdamolium-sensitive activation of
endothelial nitric oxide synthase. Alternativelyeminget al (1999) proposed that
iIsometric contraction may generate a mechanica¢ston the endothelial cytoskeleton that

triggers the release of nitric oxide via a phosilyéihositol 3-kinase-mediated,
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wortmannin-sensitive phosphorylation and activabbendothelial nitric oxide synthase,

similar to that induced by shear stress generatdaddod flow.

The findings of this study showed that calmidaguland wortmannin each produced a
statistically significant augmentation of phenylgpb-induced contraction which may
suggest an inhibitory effect of these agents oalb@ic oxide production in rat aorta.
However, the extent to which calmidazolium or watmin enhanced phenylephrine-
induced contraction by blocking basal nitric oxgy@thesis was substantially smaller than
that produced by L-NAME. Moreover, neither of theggents blocked the endothelium-
dependent nitric oxide mediated relaxation indumgguperoxide dismutase or T0156 to a
significant extent, although a combination of twe did produce a small degree blockade.
Taken together, these data indicate that calciumardulin-dependent and
phosphatidylinositol 3-kinase-mediated activatidemdothelial nitric oxide synthase play
only a minor role in basal nitric oxide productionfemale rat aorta. The major component
of basal nitric oxide production appears to ochomever, through spontaneous,

unstimulated activity of the enzyme.

Relaxation induced by calcitonin gene-related pepdie-1 and calcium ionophore
A23187 in female rat aorta is differentially sensite to blockade by L-NMMA and
ADMA

One of the main findings from this study wag thi¢though L-NAME powerfully blocked
acetylcholine-induced relaxation, L-NMMA and ADMAatt a small inhibitory effect on
tissue sensitivity to acetylcholine (2-3-fold) llit not affect the maximal response to this
agent; this finding with L-NMMA supports the earligbservations of Frew and co-

workers (1993). The aim of this part of the stucgswio determine if L-NMMA and
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ADMA were poor inhibitors of relaxations induced bther agents, namely calcitonin

gene-related peptide-1 and calcium ionophore A23187

The data from this study showed that calcitor@negrelated peptide-1 induced
endothelium-dependent, nitric oxide-mediated reliaran rat aorta, as relaxation is
powerfully blocked by the nitric oxide synthaseibitor, L-NAME. Surprisingly,
however, and in contrast with the findings withtgttaholine, both L-NMMA and ADMA
powerfully blocked relaxation to calcitonin genéated peptide-1. These data are in
agreement with previous reports (Gray and Marshb2; Abdelrahmast al, 1992, de
Hoonet al, 2003; Thakor and Giussani, 2005) which showatlttie endothelium-

dependent relaxation induced by gene-related pefitid mediated by nitric oxide.

In addition, the findings of this study showedtthelaxation induced by calcium
ionophore A23187, which acts to increase endothediaium levels by a receptor-
independent mechanism, is powerfully blocked by AM{E. This strongly suggests that
this relaxation is endothelium-dependent and naxicle-mediated, which is consistent
with previous reports (Weinheimer and Osswald, 18Hini and Vanhoutte, 1992;
Taniguchiet al, 1999; Shet al, 2007). As with acetylcholine, but unlike withi@gnin
gene-related peptide-1, L-NMMA and ADMA, had lité&ect on relaxation induced by
calcium ionophore A23187. It was clear, thereftinat an explanation was required for the
ability of L-NMMA and ADMA to block the endotheliurdependent, nitric oxide-
mediated relaxation induced by calcitonin geneteelgpeptide-1, but not by acetylcholine

or A23187.

One potential explanation for these differentifiécts of L-NMMA and ADMA is the

possibility that the endothelium-dependent relaxatnduced by calcitonin gene-related
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peptide-1 in the female rat aorta is mediated bgxneg factor(s) other than nitric oxide as
has been proposed in other tissues such as theaalerta, cultured human umbilical

vein endothelial cells or rabbit cutaneous microutsure (Gracet al, 1987; Crossman

et al, 1987; Hughes and Brain, 199Fhis explanation can be ruled out, however, because
in keeping with previous reports (Gray and Marshe92a; Abdelrahmaet al,, 1992,

Hoonet al, 2003; Thakor and Giussani, 2005), the standiiid oxide synthase inhibitor,
L-NAME, virtually abolished relaxation to calcitangene-related peptide-1, showing it is

almost certainly mediated by nitric oxide.

Another potential explanation for the differahgffects of L-NMM and ADMA on
relaxation induced by calcitonin gene-related pipti, acetylcholine and A23187 is that
these agonists might stimulate the release otrotride by nitric oxide synthase through

the activation of different transduction pathwasd this is explored in the next section.

The endothelium-dependent, nitric oxide-mediated faxation induced by
acetylcholine, calcium ionophore A23187 and calciton gene-related peptide-1 are all
mediated by the calcium-calmodulin pathway

Previous work has shown that the shearing fofélwing blood induces the
generation of nitric oxide via the wortmannin-sérsi phosphatidylinositol 3-kinase/Akt
pathway which activates endothelial nitric oxidatsyase through a calcium-independent
phosphorylation of serine 1177 (Dimmedral,, 1999; Fultoret al, 1999; McCabet al,
2000). Certain agonists, including VEGF and insudilso stimulate nitric oxide production
using this pathway (Zeng and Quon, 1996; Papapaitopet al, 1997; Fultoret al,
1999; Fleminget al, 2001). In contrast, the generation of nitricdexby other agonists

such as acetylcholine, A23187 or substance Prmaikdied via the calmidazolium-
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sensitive, direct activation of nitric oxide syngleaby calcium-calmodulin (Weinheimer
and Osswald, 1986; Archer and Crowan, 1991; SemdiVanhoutte, 1992; Tanigucdti
al., 1999; Sunagawet al.,, 2000; Schneidest al, 2003). In agreement with this latter
conclusion, data from the present study showedctlatidazolium powerfully blocked the
endothelium-dependent, nitric oxide-mediated reliaranduced by acetylcholine,
A23187 or calcitonin gene-related peptide-1, whhlke phosphatidylinositol 3-kinase
inhibitor, wortmannin, had no effect. These findirgjrongly suggest that these three
distinct agonists signal through a seemingly simdkdcium-calmodulin-dependent
transduction mechanism to stimulate the releasdtio¢ oxide in rat aorta. It is therefore
clear that the ability of L-NMMA and ADMA to bloctelaxation to calcitonin gene-
related peptide-1, but not to acetylcholine or AZB1cannot be explained by these

agonists acting via different transduction pathways

Isoprenaline and forskolin possess endothelium-depdent and endothelium-
independent components of relaxation in female radorta

The non-selectivp-adrenoceptor agonist, isoprenaline, and the adenglclase
activator, forskolin, have been reported to rekbaorta by two distinct mechanisms: an
endothelium-dependent, nitric oxide-mediated corepbrand a component due to direct
effect on the vascular smooth muscle cells (Karattd, 1989; Gray and Marshall,

1992b;Karasuet al, 1997).

The endothelium-dependent component of relaratiasoprenaline and forskolin is
believed to be due to the calcium-independent atitim of endothelial nitric oxide
synthase through phosphorylation of serine 117@yislic AMP-dependent protein kinase

A (PKA). A potential opportunity thus arose to ccanp the effects of L-NMMA and
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ADMA with those of L-NAME on relaxation induced thugh activation of endothelial

nitric oxide synthase by PKA-mediated phosphorgtlati

The data from this study showed that isoprenadime forskolin each induced potent
concentration-dependent relaxation of endotheliemtaining rings. However, in the
presence of L-NAME, the relaxations obtained tdhkagents were not substantially
different from those in control tissues. Why thisdy appeared to generate a smaller
component due to nitric oxide than previous stuf@@sy and Marshall, 1992b; Mikiet
al., 1997) is unclear. One possibility relates toléwel of tone employed in the different
studies. In this study, the levels of tone wereftdly matched in control and L-NAME-
treated preparations. The previous reports (GrayMarshall, 1992b; Mikiet al, 1997)
did not indicate the level of tone used, so itasgible that in these the level of tone was
substantially higher in treated tissues than inrodé due to blockade of basal nitric oxide
activity. If so, the substantially higher levelshdbckade reported might have resulted from
physiological antagonism rather than blockade oh&g-stimulated production of nitric

oxide.

Thus, because no substantial endothelium-demenitric oxide-mediated component
of relaxation could be observed in response toresggline or forskolin it was, therefore,
impossible to conduct the planned experiments terdene the effects of L-NMMA and

ADMA on this component.
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The ability of L-NMMA and ADMA to block endothelium -dependent, nitric oxide-
mediated relaxation in female rat might be determied by the efficacy of the relaxant
agent

Previous studies (Graet¢al, 1987; Gray and Marshall, 1992a) showed thaitoalin
gene-related peptide-1 induced concentration-degrgrdlaxation in endothelium-
containing rat aortic rings, and the maximal resgoelicited by this agonist was lower
than that induced by acetylcholine in the samei¢éisMoreover, these studies showed that
calcitonin gene-related peptide-1-induced relaxetias powerfully blocked by L-NMMA

and L-NOARG.

The results of the present study also showaititie maximum relaxation calcitonin
gene-related peptide-1 produced in female rat asitaver than that elicited by
acetylcholine or A23187. Also, the results of thtigdy showed that this relaxation, in
contrast to that induced by acetylcholine or A2328as powerfully blocked by L-NMMA

and ADMA.

It is possible therefore that the ability 6NIMMA and ADMA to block relaxation to
calcitonin gene-related peptide-1 but not to acéiyline or A23187 might somehow
related to the maximum relaxation these agentstait In light of this possibility, a
question emerged of whether the lower efficacyadditonin gene-related peptide-1, in
comparison with that of acetylcholine or A23187 svilae reason why relaxation induced
by this agent was susceptible to blockade by L-NMMAADMA. This point will be
further investigated in the next Chapter by usthefiVi; receptor partial agonist,
butyrylcholine, and by lowering the apparent efficaf acetylcholine by using the

irreversible alkylating agent, phenoxybenzaminertMaet al, 1992).
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Introduction

The findings of the present study so far shothatl in the female rat aorta, the inhibitors
of nitric oxide synthase, L-NMMA and ADMA, have semgly differential abilities to
block basal but not agonist (acetylcholine or AZBi&imulated activity of nitric oxide.
However, the findings also showed that these itdibisignificantly blocked the
endothelium-dependent, nitric oxide-mediated reiaranduced by calcitonin gene-

related peptide-1 in the same tissue.

It was clear that the ability of L-NMMA and ADM# block relaxation to calcitonin
gene-related peptide-1 but not to acetylcholinA28187 was not related to differences in
transduction mechanisms used by these agentsdageaelaxation, since all these agents
seemed to stimulate endothelial nitric oxide prdiducvia the same calcium-calmodulin-

dependent, calmidazolium-sensitive pathway.

One other aspect that also appeared to diffetentalcitonin gene-related peptide-1 from
acetylcholine and A23187 was its lower maximalxatd capacity. It is therefore possible
that the differential effects of L-NMMA and ADMA it be related to the efficacy of the

relaxant agonist.

This possibility is supported by a previous meghowing that the ability of L-NAME to
block endothelium-dependent, nitric oxide-mediatdexation in the rabbit jugular vein is
determined by the efficacy of the relaxant agerartivi et al, 1992). In this latter study,
the researchers found in rat aorta that L-NAME pozdl powerful blockade of
acetylcholine-induced, endothelium-dependent,mdxide-mediated relaxation, whereas

in rabbit jugular vein L-NAME had little effect dame relaxation. However, in the latter
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tissue L-NAME powerfully blocked endothelium-depentirelaxation induced by
a-methyl-5-hydroxytryptamine, a partial agonist atlethelial 5-HT, receptors (Lefet al.,
1987), or relaxation induced by the; Mhuscarinic receptor partial agonists, pilocarpine
and butyrylcholine. The researchers concludedtteatifferential effects of L-NAME
were not due to different receptor subtypes oiiffereént endothelium-derived relaxing
factors, but were potentially attributed to thesefiveness of receptor-effector coupling.
To test this hypothesis, the researchers empldyedreversible alkylating agent,
phenoxybenzamine, to reduce the apparent effichagaiylcholine in the rabbit jugular
vein to the extent that acetylcholine behaved simd a partial agonist. Under these
conditions they showed that L-NAME now produced pdwl blockade of acetylcholine-
induced relaxation in rabbit jugular vein. Takiigs$e observations together, Martin and
co-workers (1992) concluded that the ability of IAIME to block endothelium-dependent,
nitric oxide-mediated relaxation in the rabbit jleguvein is determined by the efficacy of

the relaxant agent.

With the finding of Martin and co-workers (1998)mind, the aim of the experiments in
this part of the study was to determine whethemathibty of L-NMMA or ADMA to block
relaxation induced by calcitonin gene-related lpti but not acetylcholine or A23187 is

attributed to the lower maximal response elicitgdHis agonist.

This possibility was investigated using the fdceptor partial agonist, butyrylcholine,

and by lowering the apparent efficacy of acetyloielsing the irreversible alkylating

agent, phenoxybenzamine (Maréhal, 1992).
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Material and Methods
Preparation of aortic rings for tension recording

The preparation of aortic rings for tension relaay was essentially similar to that

described in the previous Chapter except thatimaas were killed by C@overdose.

The effects of L-NMMA and ADMA on acetylcholine- ard butyrylcholine-induced
relaxation

Experiments from the previous Chapters invastéig and compared the effects of the
nitric oxide synthase inhibitors, L-NMMA and ADMAn relaxation induced by
acetylcholine, A23187 or calcitonin gene-relateptpke-1 in female rat endothelium-

containing aortic rings.

The aims of these experiments were to invesigadhe limited ability of L-NMMA and
ADMA to block relaxation induced by acetylcholineA23187, on the one hand, but
significantly block relaxation induced by CGRP-h,the other hand, is related to the
efficacy of the relaxant agonist. This was examibgdomparing the effects of L-NMMA
and ADMA on relaxation induced by the full agonestetylcholine, with those on

relaxation to the NMlpartial agonist, butyrylcholine (Martigt al, 1993.

In experiments involving the muscarinic paréigbnist, butyrylcholine, female rat
endothelium-containing aortic rings were alloweetmilibrate for 90 min with the resting
stretch re-adjusted to 10 mN, if required. Theugsswere then treated with L-NMMA
(100 uM or 1 mM for 30 min) or ADMA (100 uM or 1 mKar 1 h). After this time the
treated tissues and their time-matched controle wes-contracted to ~50% of maximal

phenylephrine tone. Care was taken to induce caabpatevels of tone in control and

145



treated tissues by using lower concentrations efplephrine in the latter. After
stabilisation of tone, a full concentration-respooarve to butyrylcholine (100 nM-300
HM) was conducted. Thereafter, papaverine (300 w4 added to produce full relaxation

of the tissues.

Effects of the contractile agent on relaxation indaed by butyrylcholine or
acetylcholine

The aim of these experiments was to determittesifibility of acetylcholine or
butyrylcholine to induce endothelium-dependentxai@n in rat aorta differed depending
on the contractile agent used to raise tone. Thedeninary experiments were required
because, as will be seen later, experiments wer@uobed to lower the apparent efficacy
of acetylcholine using the irreversible alkylatiagent, phenoxybenzamine. Since this
agent also inhibits the contractile effects of phephrine, a suitable alternative contractile

agent needed to be identified.

In these experiments, female rat endotheliomtaining aortic rings were allowed to
equilibrate for 90 min and the resting stretchdgisted to 10 mN, if required. The tissues
were then pre-contracted to a submaximal levehehglephrine- or endothelin-1 (20-40
nM)-induced tone. After stabilisation of tone, # toncentration-response curve to
acetylcholine (1 nM-10 uM) or to butyrylcholine L@M-300 uM) was conducted.

Thereatfter, papaverine (300 uM) was added to pmélultrelaxation of the tissues.
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Effects of L-NMMA or ADMA on acetylcholine-induced relaxation in tissues pre-
contracted with endothelin-1

The aim of these experiments was to investigjdke limited ability of L-NMMA or
ADMA to block the endothelium-dependent relaxatiotiuced by acetylcholine in rat

aorta is also seen when endothelin-1 is used asotiteactile agent.

In these experiments, female rat endotheliuntaining aortic rings were allowed to
equilibrate for 90 min with the resting stretchadjusted to 10 mN, if required. The tissues
were then treated with L-NMMA (100 puM or 1 mM fod &in) or ADMA (100 uM or 1
mM for 1 h). After this time the treated tissuesl dimeir time-matched controls were pre-
contracted to a submaximal level of endothelin-duired tone. Care was taken to induce
comparable levels of tone in control and treatssliés by using lower concentrations of
endothelin-1 in the latter. After stabilisationtofhe, a full concentration-response curve to
acetylcholine (1 nM-10 uM) was conducted. Thereafiepaverine (300 uM) was added

to produce full relaxation of the tissues.

Effects of phenoxybenzamine on relaxation inducedybacetylcholine or
butyrylcholine

The aim of these experiments was to determinexteneto which the irreversible
alkylating agent, phenoxybenzamine (Masiral.,, 1992), reduced the efficacy of the full

agonist, acetylcholine, and the partial agonistytylcholine, in rat aorta.

In these experiments, female rat endotheliuntaining aortic rings were allowed to

equilibrate for 90 min with the resting stretchadjusted to 10 mN, if required. Some

tissues were then treated with phenoxybenzamipgv{3or 30 min followed by washout)
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and others were left as controls. The tissues there pre-contracted to a submaximal
level of endothelin-1-induced tone before condwgtirfull concentration-response curve
to acetylcholine (1 nM-10 uM) or butyrylcholine (u®1-300 puM). Thereafter, papaverine

(300 uM) was added to produce full relaxation &f tissues.

Effects of L-NMMA and ADMA on acetylcholine-induced relaxation after treatment
with phenoxybenzamine

The aim of these experiments was to deternfitieilimited ability of L-NMMA and
ADMA to block acetylcholine-induced relaxation ienfale rat endothelium-containing
aortic rings was influenced by lowering the appaedficacy of acetylcholine using the

irreversible alkylating agent, phenoxybenzamine.

In these experiments, female rat endotheliuntaining aortic rings were allowed to
equilibrate for 90 min with the resting stretchadjusted to 10 mN, if required. Some
tissues were then treated with phenoxybenzamipeV{br 3 uM, for 30 min followed by
washout) and others were left as controls. Sontkeophenoxybenzamine-treated tissues
were then treated with L-NMMA (100 uM or 1 mM, 30rmor ADMA (100 uM or 1
mM, 1 h), respectively. After this time the treates$ues and their time-matched controls
were pre-contracted to a submaximal level of erelotHl-induced tone. Care was taken to
induce comparable levels of tone both in contra aitric oxide synthase inhibitor-treated
tissues by using lower concentrations of endothklim the latter. After stabilisation of
tone, a full concentration-response curve to ackbjine (1 nM-10 uM) was conducted.

Thereatfter, papaverine (300 uM) was added to pméultrelaxation of the tissues.
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Drugs and chemicals

Acetylcholine chloride (ACh), asymmetri®NN®-dimethyl-L-arginine dihydrochloride
(ADMA), N ®-monomethyl-L-arginine acetate (L-NMMA), papaverimgdrochloride,
phenylephrine hydrochloride (PE), endothelin-1 (EThuman), butyrylcholine chloride
(BCh) and phenoxybenzamine hydrochloride werelahined from Sigma, UK. All drugs
were dissolved and diluted in 0.9% saline excephplybenzamine which was dissolved

in 100% ethanol.

Data analysis

Papaverine (300 uM) was added at the end ¢f @geeriment to produce full relaxation
of tissues and the relaxant responses to agongsts expressed as a percentage of the full
relaxation induced by this agent. Data are expteaséhe mean = S.E.M of n separate
observations. Concentration-effect curves wereyaed and drawn by fitting the data to
formula detailed on page 56, and statistical amalyas performed by using one-way
analysis of variance followed by Bonferroni's ptegtt or by Studentistest, as appropriate,
with the aid of a computer-based program (Graph Bad Diego, USA). Values were

considered to be statistically different when P w&s05.
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Results

Butyrylcholine-induced relaxation

The muscarinic partial agonist, butyrylchol{i€0 nM-300 uM), elicited concentration-
dependent relaxation in female rat endothelium-aioig aortic rings precontracted to
~50% of maximal PE tone (Figure 4.1a and b; Tablg £onsistent with its action as a
partial agonist, butyrylcholine had a significanityyer Enax 0f 72.6 £ 5.4% than that seen
with the full agonist, acetylcholine (£x91.8 £ 1.5%; P< 0.01; Figure 4.2). Unlike with
acetylcholine (Chapter Two), relaxation to butyhgtine was significantly blocked in a

concentration-dependent manner by L-NMMA and ADMth at 0.1 or 1 mM).

Thus, L-NMMA or ADMA appears to block relaxatiamduced by the partial agonist,
butyrylcholine, but not to the full agonist, acetybline (Chapter Two). The possibility
that the efficacy of the relaxant agonist determwbether or not relaxation will be

blocked by L-NMMA or ADMA seems worthy of furthemvestigation.
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Figure 4.1 Cumulative concentration-effect curves showingxation to butyrylcholine
(BCh) in female rat endothelium-containing aortiggs submaximally contracted with PE
in the absence and presence of (a) L-NMMA for 38utes or (b) ADMA for 1 h (both at
0.1 and 1 mM). Both L-NMMA- and ADMA-treated tisssishow concentration-
dependent blockade of relaxation. Each point regpsshe mean + SEM of 6-12

observations. * P< 0.05 and *** P< 0.001 indicatmn#icant differences from control.
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Table 4.1 The effects of ADMA (for 1 h) or L-NMMA (for 30 m) on butyrylcholine-
induced relaxation in female rat endothelium-camtey aortic rings submaximally
contracted with PE.

Treatment pEE x £ SEM (%)
Control 5.11 +0.05 726 +54
ADMA 0.1 mM 4.95 + 0.07 495+49 *
ADMA 1 mM 4.92 +0.83 10.5 £ 3.9 ***
L-NMMA 0.1 mM 4.78 +0.08 ** 41.1+2.9
L-NMMA 1 mM 4.97 0.1 26.3+6.0 ***

Data are the mean + SEM of 6-12 observations. 0§, ** P< 0.01 and *** P< 0.001
indicate a significant difference from control.
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Effect of the contractile agent on relaxation inded by butyrylcholine or acetylcholine
Butyrylcholine (100 nM-300 uM) produced concatitn-dependent relaxation in
female rat endothelium-containing aortic rings precacted to ~50% of maximal PE tone
(Emax 72.6 £ 5.4%; pEGy 5.11 = 0.05) (Figure 4.2a), however, the tissuesiswity as well
as its maximal relaxation to butyrylcholine werem&ased when it was precontracted to a

similar level with endothelin-1, achieved using#DnM).

When acetylcholine (1 nM-10 uM) was the relaxagent, it induced concentration-
dependent relaxation & 91.8 £ 1.5%; pE& 7.70 = 0.03) in tissues submaximally
contracted with PE (Figure 4.2b). The tissue seityitvas reduced (pEg 7.29 £ 0.03,
P< 0.001), but its maximal response to acetylcleolras not significantly affected when

endothelin-1 was used to induce submaximal tone.

In the forthcoming experiments when the tissaaresto be treated with the irreversible
alkylating agent, phenoxybenzamine, in order taucedthe efficacy of acetylcholine, and
contraction to PE is no longer possible, endoth&hill be used to induce submaximal

tone.
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Figure 4.2.Cumulative concentration-effect curves showingxation to (a)

butyrylcholine and (b) acetylcholine in female eatdothelium-containing aortic rings
submaximally contracted with PE or endothelin-1{BTTissues precontracted with ET-1
show a decrease in sensitivity to the two relaxdrda those precontracted with PE, with
the greater reduction occurring with the partiaragt, butyrylcholine. Each point
represents the mean + SEM of 6-13 observationP<9.01 indicates a significant

difference from PE.
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Effect of L-NMMA or ADMA on acetylcholine-inducedelaxation in tissues
precontracted with endothelin-1

Acetylcholine (1 nM-10 uM) induced concentratidependent relaxation in female rat
endothelium-containing aortic rings precontracteith wndothelin-1 (Figure 4.3). This
relaxation was unaffected by treatment with L-NMMA0.1 or 1 mM or by ADMA at 0.1
mM. However, ADMA at 1 mM produced a very slighpgdession of maximal relaxation

to acetylcholine.

Therefore, regardless of whether tissues angacted with PE or with endothelin-1,
acetylcholine-induced relaxation appears to beeslgrgesistant to blockade by L-NMMA

or ADMA.

Effects of phenoxybenzamine on relaxation induceg ltutyrylcholine or acetylcholine
When female rat endothelium-containing aortic ringse treated with the irreversible
alkylating antagonist, phenoxybenzamine (3 uM fondn), followed by washout and
subsequent constriction with ET-1, dilatation tayioyicholine (100 nM-300 uM) or
acetylcholine (1 nM-10 uM) was significantly blockim comparison to their time-
matched control tissues (Figure 4.4a and b, reisedgt Relaxation to the partial agonist,
butyrylcholine, was almost abolished{&53.9 £ 2.7 and 8.5 + 1.9 for control and treated
tissues, respectively), while that to acetylcholivees reduced but to a lesser degreg,(E

87.9 £ 2.6 and 63.3 + 3.5 for control and treaitsslies, respectively).

Moreover, following treatment with phenoxybemaae, acetylcholine (1 nM-10 uM)-
induced relaxation was inhibited by both L-NMMA aABMA (both at 0.1 or 1 mM)

(Figure 4.5a and b; Tables 4.2 and 4.3, respeygjivel
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Therefore, although L-NMMA and ADMA have littléfect on acetylcholine-induced
relaxation in control tissues, they produce powedsfockade when the efficacy of
acetylcholine is reduced to that of a partial aghriy reducing the number of functional
muscarinic receptors through the use of the irsaltr alkylating agent,

phenoxybenzamine.

Thus, these experiments, when taken togetherthhdse using the partial agonist,

butyrylcholine, suggest that the ability of L-NMM#x ADMA to block agonist-induced

relaxation seems to be determined by the efficdt¢lyeorelaxant agonist.
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Figure 4.3.Cumulative concentration-effect curves showingxation to acetylcholine in
rat endothelium-containing aortic rings submaxignatintracted with endothelin-1 in the
absence and presence of (a) L-NMMA for 30 minutepADMA for 1 h (both at 0.1

and 1 mM). Relaxation was very slightly depressetie presence of 1 mM ADMA, but
was unaffected by L-NMMA. Each point representsrtiean + SEM of 5-11 observations.

* P< 0.05 indicates a significant difference froontrol.
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Figure 4.4.Cumulative concentration-effect curves showingxation to (a)
butyrylcholine and (b) acetylcholine in rat endditl@-containing aortic rings
submaximally contracted with endothelin-1. Resperae shown for control tissues and
for tissues treated with the irreversible alkylgtagent, phenoxybenzamine (3 uM for 30
minutes followed by washout). Relaxations to betflaxants were significantly blocked by
phenoxybenzamine; however, those in response tpditial agonist, butyrylcholine, were
more powerfully blocked. Each point representsntean + SEM of 6-13 observations.

*** P< (0.001 indicates a significant difference finacontrol.
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Figure 4.5.Cumulative concentration-effect curves showingxation to acetylcholine in

rat endothelium-containing aortic rings precontdowith endothelin-1. Responses are

shown for control tissues, tissues treated witmpRgbenzamine 1 uM (a) or 3 uM (b) for

30 minutes followed by washout, and tissues treaiddphenoxybenzamine then with L-

NMMA for 30 minutes (a) or ADMA for 1 h (b) (botht 8.1 and 1 mM). Following

treatment with phenoxybenzamine, L-NMMA and ADMAoduced potent blockade of

relaxation. Each point represents the mean + SEMX0 observations. *** P< 0.001

indicates a significant difference from control##< 0.001 indicates significant

differences from phenoxybenzamine only-treatediéiss
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Table 4.2 Effects of phenoxybenzamine (PBZ; 1 uM for 30 nahdwed by washing)
alone or PBZ then L-NMMA (0.1 or 1 mM, for 30 miaip acetylcholine-induced
relaxation in female rat endothelium-containingt@aings submaximally contracted with
endothelin-1.

Treatment pEE Fx £ SEM (%)
Control 7.12 £0.05 78.0+£3.7
PBZ 6.35 £ 0.11 *** 51.1+£1.2 ***
PBZ + L-NMMA (0.1 mM) 6.35%0.13 *** 254 £ 2.2 ***
#HH#
PBZ + L-NMMA (1 mM) 6.28 £ 0.09 *** 27.1+£1.8 ***
#H##

Data are the mean + SEM of 5-10 observations. ®*0R001 indicates a significant
difference from control; ### P< 0.001 indicatesgaisicant difference from PBZ-treated
tissues.
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Table 4.3 Effects of phenoxybenzamine (PBZ; 3 uM for 30 nahdwed by washing)
alone or PBZ then ADMA (0.1 or 1 mM, for 1 h) oredcholine-induced relaxation in rat
endothelium-containing aortic rings submaximallytacted with endothelin-1.

Treatment pEg Fax £ SEM (%)
Control 7.27 £0.04 87.9+27
PBZ 6.42 £ 0.11*** 63.3 £ 3.5%**
PBZ + ADMA (0.1 mM)  6.39 £0.11*** 41.3 £ 3.9***
H#H
PBZ + ADMA (1 mM) 6.28 £ 0.16*** 15.6 + 2.3***
#H#H#

Data are the mean + SEM of 6 observations. *** F30Q indicates a significant
difference from control; ### P< 0.001 indicatesgaisicant difference from PBZ-treated
tissues.
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Discussion

Butyrylcholine-induced relaxation

The findings of this part of the study showeat ttthe M partial agonist, butyrylcholine
(Martin et al, 1992), induced concentration-dependent relaxatideamale rat
endothelium-containing aortic rings. As expectée, maximal relaxant response elicited
by this relaxant agent was lower than that by tileafyonist, acetylcholine, in the same
tissue. Strikingly, the nitric oxide synthase intobs, L-NMMA and ADMA, which have
relatively little effect on acetylcholine-induceglaxation, produced potent blockade of

butyrylcholine-induced relaxation.

Previous results of this study showed thatitalm gene-related peptide-1 induced
concentration-dependent relaxation in female rdb#relium-containing aortic rings, but
the maximal response elicited by this agonist wagel than that elicited by acetylcholine
or A23187 in the same tissue (Chapter Three). Euribre, the nitric oxide synthase
inhibitors, L-NMMA and ADMA, almost abolished relation induced by calcitonin gene-
related peptide-1, whereas they had little effectedaxation induced by acetylcholine or

A23187 in the same tissue.

Previous work by others has suggested thaffifeacy of the relaxant agonist is critical
in determining the ability of L-NAME to block endwlium-dependent, nitric oxide-
mediated relaxation (Martiet al., 1992). Taken together, it seemed possible Healower
relaxant efficacy of calcitonin gene-related peptidand butyrylcholine, in comparison
with acetylcholine or A23187, was the reason whlyezirelaxant effect was susceptible to

blockade by L-NMMA or ADMA. This possibility was westigated further in this study by

162



lowering the apparent efficacy of acetylcholinengsihe irreversible alkylating agent,

phenoxybenzamine (Martigt al, 1992).

Effect of the contractile agent on relaxation indued by butyrylcholine or
acetylcholine

The aim of conducting these experiments wa®terthine whether the contractile agent
used to induce tone has an influence on the abifligcetylcholine or butyrylcholine to elicit
endothelium-dependent relaxation in rat aorta. &pesliminary experiments were required
because, as will be seen later, experiments wer@ucbed to lower the apparent efficacy of
acetylcholine using the irreversible alkylating agghenoxybenzamine. Since this agent also
inhibits the contractile effects afadrenergic agonists such as phenylephrine (Kinpakd
Wakade, 1970; Nina and Guzzetta, 2007), a suitdtdenative contractile agent needed to be

identified.

Previous results from this study (Chapter Twavedd that acetylcholine-induced
relaxation in female rat endothelium-containingt@aings (Enax81.7 £ 3.8%, pE§y 7.54
+ 0.05) was relatively similar regardless of thatcactile agent used to induce tone.
However, neither 5-hydroxytryptamine nor prostagdlar,,, proved to be suitable
alternatives to phenylephrine. 5-hydroxytryptamima@dced contraction is also blocked by
phenoxybenzamine (Trevet al, 2008) and prostaglandin;Anduced contraction was
insufficiently stable in the presence of this bliockagent. Endothelin-1 was therefore

tested as a replacement for phenylephrine.

The results showed that in female rat endothelkontaining aortic rings, the tissue
sensitivity and maximal response to the relaxanbaof the partial agonist,

butyrylcholine, were significantly reduced when tissues were precontracted with
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endothelin-1 in comparison to their time-matchendtcas precontracted with
phenylephrine to the same level of tone. Howevéemthe tissues were precontracted
with endothelin-1 instead of phenylephrine, andyckoline was the relaxant agent, the
tissue sensitivity was reduced but its maximal oesp was not affected. In these
experiments 100-300 nM phenylephrine was neededltece an intermediate level of
tone, whereas only 10-40 nM endothelin-1 was ne&nl@ttiuce a comparable level of

tone.

The above outcomes could be potentially atteiduo the greater vascular reactivity of
endothelin-1 when compared phenylephrine (Kuetexl., 2006), which resulted in a kind
of physiological antagonism that opposed relaxatiotine partial agonist, butyrylcholine,

more powerfully than to the full agonist, acetylthe.

As a consequence of the above, when the tisgelsto be treated with
phenoxybenzamine to lower the apparent effica@cetylcholine, new control
concentration-response curves were required faylabeline in the presence of

endothelin-1-induced submaximal tone.

The findings of this study showed that as witkeqylephrine-induced tone, the nitric
oxide synthase inhibitors, L-NMMA and ADMA, did nblock acetylcholine-induced
relaxation in female rat endothelium-containingt@aings precontracted with endothelin-
1, apart from a slight depression in the maximspomse caused by ADMA at 1000 uM.
These results are in general agreement with prewiauk (Frewet al, 1993) and in
agreement with the results from Chapters two arektbf this study which showed that

acetylcholine-induced relaxation is largely resista blockade by L-NMMA or ADMA,
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regardless of animal gender (female vs male), ibedovessel examined (rat aorta vs
carotid artery) or the contractile agent used (gtegrhrine, 5-hydroxytryptamine or

prostaglandin k).

Effects of phenoxybenzamine on relaxation inducedybacetylcholine or
butyrylcholine in female rat aorta

The aim of conducting these experiments was tah@te the extent to which the
irreversible alkylating agent, phenoxybenzaminertiaet al, 1992), reduced the relaxant

efficacy of the full agonist, acetylcholine, an@ fhartial agonist, butyrylcholine, in rat aorta.

The findings of this study showed that when flermat endothelium-containing aortic
rings were treated for 30 minutes with phenoxybenaa (3 uM), followed by washout
and then submaximally contracted with endothelirelgxation to acetylcholine or
butyrylcholine was significantly blocked in comsm to control tissuelpwever, those in
response to the partial agonist, butyrylcholinerenraore powerfully blockedPrevious work
showed that in rabbit jugular vein, similarly tredtwith phenoxybenzamine, acetylcholine
now acted as a partial agonist and induced appwteiyn75% of its normal maximal
response (Martiet al, 1992). However, in that study, butyrylcholinduted a maximal
response in control tissues higher than that indluc¢éhe control rat aortic rings used in
the present study. This difference may due to theence of significantly more spare
receptors in the rabbit jugular vein in comparismmnat aorta (Martiret al., 1992), as the
maximal response elicited by a partial agonishisamced when the population of

receptors is increased (Tahal, 2003).
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By definition, butyrylcholine as a partial agsinivhich even when occupies 100% of
endothelial M receptors will fail to produce the same maximuspomse as the full
agonist, acetylcholine (Stephenson, 1956; Sch#871Furchgott, 1966; Pliska, 1999;
Foreman and Johansen, 2003; Kenakin, 2004). Morgthefull agonist, acetylcholine,
can elicit its maximal relaxant effect by occupymgy a small percentage of the total
endothelial M receptor pool, i.e. there is a considerable recepserve. The population
of functional receptors available to bind the agbonan be reduced using irreversible
receptor antagonists (Stephenson, 1956; FurcHfiig; Foreman and Johansen, 2003).
These are chemically reactive molecules that coenwith the ligand binding subunit of
the receptor. The resultant covalent bond betwleemeceptor protein and the irreversible
antagonist molecule results in irreversible bloekatithe receptor and new receptor
molecules need to be synthesised before bindingistgand responsiveness can resume.
Moreover, in the presence of an irreversible amagdhe number of active drug-receptor
complexes that can be formed, which determine thgnitude of agonist effect, is
decreased, so that the maximal response elicitékdebgigonist is depressed and the
resultant dose-response curve is shifted to the.richus, on the basis of receptor theory
one would predict that phenoxybenzamine would rethe maximal relaxant effect elicited
by the partial agonist, butyrylcholine, to a faegter extent than to the full agonist,
acetylcholine. Thus, the findings of this studyah aorta are entirely consistent with receptor

theory.

The most important finding of this study, howeweasthat when the apparent efficacy of
acetylcholine was reduced to that of a partial &garsing phenoxybenzamine, both L-
NMMA and ADMA, which normally have little effect,aw produced potent

concentration-dependent blockade of the relaxafibe.degree of inhibition by L-NMMA
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and ADMA was similar to their blocking effect orlaration induced by butyrylcholine.
Previous work showed in rabbit jugular vein thaiewlthe apparent efficacy of
acetylcholine was reduced, using 3 UM phenoxybemmefor 30 minutes, so that it
attained approximately 75% of its normal maximufe&f L-NAME now produced
powerful blockade of relaxation, similar to its tking effect on relaxation induced by the

partial agonistp-methyl-5-hydroxytryptamine (Martiat al,, 1992).

Thus, the ability of L-NMMA and ADMA to block rakation to the partial agonist,
butyrylcholine, and to acetylcholine when its edfiy is reduced is in striking contrast with

their lack of effect when acetylcholine is actirgyaafull agonist.

Previous findings of this study (Chapter Thrde)vged that the endothelium-dependent,
nitric oxide-mediated relaxation induced by the lefficacy agonist, calcitonin gene-
related peptide-1, but not by the powerful ageststylcholine and A23187, was
powerfully blocked by L-NMMA and ADMA in rat aort&Vhen taken together with the
results of the present chapter, these findingsigtyosuggest that the efficacy of the
relaxant agonist is critical in determining theligpiof L-NMMA and ADMA to block
endothelium-dependent, nitric oxide-mediated reiiara This conclusion is supported by
previous findings in rabbit jugular vein that efey of relaxant agonist is critical in

determining the blocking ability of L-NAME (Martiat al, 1992).

Thus, the major conclusion of this study is that seemingly differential abilities of L-
NMMA and ADMA to block basal, but not acetylcholimeduced relaxation in rat aorta
may be explained by the blocking action being eaity determined by the efficacy of the

relaxant stimulus (presumably low efficacy basaivéty vs high efficacy acetylcholine-
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induced stimulated activity). A summary of the efseof L-NMMA and ADMA on
relaxation induced by acetylcholine or butyrylchelin the rat aorta is shown below

(Figure 4.6).
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Agonist-stimulated nitric oxide activity in
the rat aorta

Partial M ; agonist Full M 5 agonist

(Butyrylcholine) Potent blockade of (Acetylcholine)

Y, relaxation
&
Endothelium-dependent relaxation Endothelium-dependent relaxatior
(lower maximal response) (high maximal response)
PBZ
. L-NMMA !

Little effect « ADMA Reduced maximal

response by ~50%

L-NMMA . Concentration-dependent L-NMMA
ADMA blockade of relaxation ADMA

Figure 4.6. Summary of the effects of L-NMMA and ADMA on rekbion induced by

acetylcholine or butyrylcholine in the rat aorta.
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The findings from the first part of this studyosted that ADMA has differential abilities
to block basal but not acetylcholine-stimulatedwvétgt of nitric oxide in rat aorta. These
actions of ADMA are similar to those of L-NMMA imé same tissue (Frest al, 1993),
but in contrast to the actions of the standardonitxide synthase inhibitor, L-NAME,
which similarly blocks basal as well as acetylchelstimulated nitric oxide activity in rat

aorta.

It has been reported that the vascular endothejiemerates nitric oxide in the absence
of external stimuli, i.e. under basal conditionsg #hat this basal activity of nitric oxide
exerts a tonic vasodilator effect that suppredsesttions of vasoconstrictor drugs (Martin
et al, 1986b; Reest al, 1989; Mooreet al, 1990; Mian & Martin, 1995). Therefore,
agents that inhibit nitric oxide synthesis or bldle& actions of nitric oxide are expected to
produce an enhancement of vasoconstrictor-indweel by removing this endothelium-

dependent suppression of vasoconstriction.

In agreement with this concept, the resultthisf study showed that endothelial
denudation or treatment of endothelium-containgmdle rat aortic rings with the nitric
oxide synthase inhibitors, L-NAME, L-NMMA or ADMAesulted in augmentation of
low level phenylephrine-induced tone. This augmimteof tone was both prevented and
reversed by adding a high concentration (10 mMhefendogenous substrate for nitric
oxide synthase, L-arginine. These findings sugtiegtall of these inhibitors of nitric
oxide synthase act as classical competitive antatgoof the enzyme responsible for basal
nitric oxide synthesis (Palmet al, 1988; Reest al, 1989; Aisakat al, 1989; Reest

al., 1990; Mooreet al, 1990; Hobb®t al, 1999; Masudat al, 2002).
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Additionally, the findings showed that the avhildy of L-arginine is not limiting for the
production of the basal nitric oxide activity tisafppresses vasoconstrictor tone. This latter
finding is supported by previous vitro andin vivostudies (Cooket al, 1991; Moritoki
et al, 1991; Jun and Wennmalm, 1994) and it may bedatige high endogenous level of
L-arginine (100-300 uM) reportedly found in enddidlecells compared with estimates of
the K, for nitric oxide synthase (2-3 uM). Thus, undermal circumstances, the enzyme
would normally be fully saturated with substratgd®x~ and Minzel, 2003; Teerlirdt

al., 2009; Zhangpt al, 2011).

Also, the findings of this study showed that ADMAgmented the contractile responses
to a range of spasmogens (phenylephrine, 5-hydryptgimine or prostaglandin.gj.
While the threshold concentration of ADMA to blog&sal nitric oxide activity, as
assessed by enhancement of phenylephrine-indunegitorat aorta was at 0.3—1 puM, it
had almost completely blocked basal activity abacentration of 100 uM. Furthermore,
SDMA, the inert isomer of ADMA, had no effect onshhnitric oxide activity consistent
with data indicating that SDMA is not an inhibitairnitric oxide synthase (Masu@aal,

2002; Siroeret al, 2006).

Probably the most important finding of thisdstus that ADMA at a concentration of
100 puM, which almost completely blocks basal nitrkede activity, has virtually no effect
on acetylcholine-induced relaxation when the lefelontrol and treated tissues was
matched; there was a slight (2-3-fold) decreasessue sensitivity without affecting the
maximal response to acetylcholine. Even increaiagoncentration of ADMA to 1000

MM and prolonging the duration of treatment tofaited to produce further blockade.
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In contrast, under conditions where ADMA hadrbpermitted to potentiate
phenylephrine-induced tone as a result of blockddmsal nitric oxide activity, it
appeared to produce blockade of acetylcholine-iaduelaxation. This latter effect of
ADMA was almost certainly due to physiological aygaism rather than blockade of nitric
oxide synthase, since matching this increaseditooentrol tissues with additional
phenylephrine produced a similar degree of appdrenkade. These findings are clearly
in conflict with previous studies on rat aorta whreported blockade of acetylcholine-
induced relaxation by ADMA (Vallancet al, 1992; Jin and D'Alecy, 1996; Feapal,
1998). These authors made no mention of matchimdptie in control and ADMA-treated
tissues, so the observed “blockade of acetylchetidaced relaxation” was likely to have

been due to physiological antagonism rather thdsdckade of nitric oxide synthase.

The results of this study also showed that ADM& not inhibit acetylcholine-induced
relaxation in rat aortic rings contracted submaXynaith other agents, i.e. 5-
hydroxytryptamine or prostaglandin,FAlso, the inert isomer, SDMA, has no effect on
acetylcholine-induced relaxation in rat aorta cetesit with previous reports that this agent
has no effect on nitric oxide synthase (Masetlal, 2002; Siroeret al, 2006). In
addition, the results showed that the availabdity.-arginine is not limiting for the
production of nitric oxide in response to acetylamin rat aorta. This finding could be
attributed to the existence of a high intracell@ancentration of L-arginine which
saturates endothelial nitric oxide synthase (Caakad, 1991; Moritokiet al., 1991)
although exogenous supplementation of L-arginiresdappear to improve endothelium-
dependent vasodilatation in humans and animalspathological conditions associated
with vascular dysfunction (Boget al, 1995; Candipart al, 1996; Rectoet al, 1996;

Blum et al, 1999; Watanabet al, 2000; Boger and Bode-Bdger, 2001).
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In a further deviation from the classically egiga outcome, the results of this study also
showed that both of L-NMMA and ADMA behaved similato the endogenous substrate,
L-arginine, by protecting acetylcholine-inducedasedtion against blockade by the
standard nitric oxide synthase inhibitor, L-NAMEakginine and L-NMMA both
prevented and reversed blockade by L-NAME, howe&BiVA failed to reverse that
blockade after an hour of treatment, perhaps dadaaer potency of ADMA than L-
arginine or L-NMMA. These findings are supporteddsgvious reports suggesting that L-
NMMA may act as an alternative substrate for nitede synthase and thereby increase
the synthesis of nitric oxide in rat aorta and puhary artery (Archer and Hampl, 1992;
Frewet al, 1993). Thus, L-NMMA and ADMA behaved more likikeanative substrates
for acetylcholine-induced activity of nitric oxide rat aorta despite acting as classical

competitive antagonists of basal nitric oxide sesih.

One theory that could potentially explain theseraalous actions of ADMA and L-
NMMA to block basal but not acetylcholine-stimulatactivity of nitric oxide is the
existence, within the vascular endothelial celfanore than one isoform of nitric oxide
synthase; one that catalyses the synthesis of oitide under basal conditions, and

another for agonist-stimulated production.

Another possible hypothesis behind these amumsactions of ADMA and L-NMMA,
is that the different signal transduction mechasisnggered by different stimuli may
result in unique structural or conformational cheshn endothelial nitric oxide synthase

that alter its requirement for substrates and itdmi.
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One other potential explanation for these anousaabilities of ADMA and L-NMMA

may relate to the degree to which endothelialadxide synthase is stimulated.

In the second section of this study the abowsibdities were explored by employing a

variety of different experimental approaches.

The results from the second section of thidysghowed that, in the presence of catalase
(to remove any formed hydrogen peroxide), L-NMMAIakDMA, like L-NAME, were
able to almost completely abolish relaxation indubg superoxide dismutase; this
relaxation is attributed to protection of basatiaibxide from destruction by superoxide
anion (O) (Gryglewskiet al, 1986; Rubanyi and Vanhoutte, 1986; Ohlsteindiutiols,
1989; Mian and Martin 1995; MacKenzeéal, 1999). Also, the results showed that these
nitric oxide synthase inhibitors each produced kéale of relaxation induced by the
phosphodiesterase isoform 5 inhibitor, TO156, wiet as powerful as that produced by
endothelial denudation; this relaxation is attrdalito potentiation of basal nitric oxide
activity generated by the vascular endotheliumtdugowed hydrolysis of its second
messenger cGMP (Martet al, 1986a; Hobbst al, 1999; Mochidat al, 2002; Kimura
et al, 2003; Mochidaet al, 2004; Galleyet al, 2004; Bauer and Sotnikova, 2010). Thus,
the uniform outcome is that L-NMMA and ADMA bloclabal activity of nitric oxide
irrespective of whether it is assessed via SOD-0d56-induced relaxation or through

enhancement of phenylephrine-induced tone.

As has been mentioned before, a difference itrémesduction mechanisms that govern

basal and agonist-stimulated synthesis of nitrid@xould potentially explain the ability

of L-NMMA and ADMA to block the former but not tHatter in rat aorta. However, the
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use of calmidazolium or wortmannin indicated thatmm-calmodulin-dependent and
phosphatidylinositol 3-kinase-mediated activatidremdothelial nitric oxide synthase
appears to play only a minor role in basal nitsicde production in female rat aorta. The
major component of basal nitric oxide productiopesr's to occur, however, through

spontaneous, unstimulated activity of the enzyme.

The finding of this study that L-NMMA and ADMAave a little effect on the receptor-
dependent acetylcholine-induced relaxation in oataaseems to be not unique for this
agonist, since these nitric oxide synthase inhibitdso have little effect on relaxation
induced by calcium ionophore A23187 in the sansu#s This relaxant agent is known to
produce endothelium-dependent, nitric oxide-mediagdaxation via a receptor-
independent elevation of intracellular endothedatium levels (Weinheimer and
Osswald, 1986; Schini and Vanhoutte, 1992; Tanigeathl, 1999; Shet al, 2007). In
stark contrast, this study showed that both L-NM&i#d ADMA powerfully blocked
relaxation to calcitonin gene-related peptide-liclwlinduces endothelium-dependent,
nitric oxide-mediated relaxation in rat aorta (Geand Marshall, 1992; Abdelrahmanal,,
1992, de Hoomt al, 2003; Thakor and Giussani, 2005). Another appatiéference
among the three agents was that the maximal resmicgted by calcitonin gene-related
peptide-1 was lower than that elicited by acetyliclgoor A23187 in the same tissue. In
addition, the results from this section of the gtadowed that these three agonists
(acetylcholine, A23187 and calcitonin gene-relgieptide-1) signal through a seemingly
similar calmidazolium-sensitive, calcium-calmodutiependent transduction mechanism
to stimulate the release of nitric oxide in rattaofaken together, it is clear that the ability
of L-NMMA and ADMA to block relaxation to calcitonigene-related peptide-1, but not

to acetylcholine or A23187, cannot be explainedn®ge agonists acting via different
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transduction pathways. It is possible therefore titva differential effect L-NMMA and
ADMA exert on relaxations induced by these threenggjs might somehow related to the
maximum relaxation these agents can elicit. Thasflity is further supported by
previous work suggesting that the efficacy of ral@agonist is critical in determining the
ability of L-NAME to block endothelium-dependentirit oxide-mediated relaxation
(Martin et al, 1992). Thus, this possibility was investigatedhe next section of the study
using the muscarinic Meceptor partial agonist, butyrylcholine, and bydoing the
apparent efficacy of acetylcholine by using thevarsible alkylating agent,

phenoxybenzamine (Martigt al, 1992).

The results from this part of the study showed the M partial agonist, butyrylcholine
(Martin et al, 1992), induced concentration-dependent relaxatidemale rat
endothelium-containing aortic rings. As expectée, aximal relaxant response elicited
by this partial agonist was lower than that offileagonist, acetylcholine, in the same
tissue. Strikingly, the nitric oxide synthase intobs, L-NMMA and ADMA, which have
relatively little effect on acetylcholine-induceelaxation, produced powerful blockade of

butyrylcholine-induced relaxation.

Previous results of this study showed similadifigs with the low efficacy agonist,

calcitonin gene-related peptide-1.

Taken together, it seemed possible that the loglakant efficacy of calcitonin gene-
related peptide-1 and butyrylcholine, in comparisath acetylcholine or A23187, might
explain why these relaxant effects were susceptibldockade by L-NMMA or ADMA.

This possibility was investigated further in thiady by lowering the apparent efficacy of
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acetylcholine using the irreversible alkylating aggphenoxybenzamine (Martet al,

1992).

The results showed that when the apparent effiohacetylcholine was reduced (by
~50%) to that of a partial agonist using phenoxylaemne, both of L-NMMA and ADMA
produced concentration-dependent blockade of thgaton. The degree of inhibition by
L-NMMA and ADMA was similar to their blocking efféon relaxation induced by

butyrylcholine.

In conclusion, the findings of this study stronguggest, in common with previous
findings with L-NAME (Martinet al, 1992), that the efficacy of the relaxant agoisist
critical in determining the degree to which L-NMNMa&hd ADMA can block endothelium-
dependent, nitric oxide-mediated relaxation. Anlamation for the ability of L-NMMA

and ADMA to block acetylcholine-induced relaxatiterefore rests on this conclusion.

A summary of the differential actions of L-NMMAd ADMA on basal and agonist-

stimulated activity of nitric oxide in the rat aaiis shown below (Figure 5.1).
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Figure 5.1. Summary of the differential actions of L-NMMA amDMA on basal and

agonist-stimulated activity of nitric oxide in th&t aorta
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