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Abstract
Effects of NO donors on cardiac function: David A Sarkar
Previous reports have demonstrated a range of negative and latterly positive
inotropic responses in cardiac preparations exposed to NO We set out to investigate the
effect of NO donors on isolated myocytes and to elucidate the underlying mechanism and
experimental factors governing the observed response.

In isolated guinea-pig ventricular cardiomyocytes newer classes of NO donors
including nitrosothiols (GSNO and SNAP) and NONOates (DEANO) induced a positive
inotropic response. SNP and GTN showed no positive inotropy. The response was
enhanced by co-administration of isoprenaline and reversibly abolished by the free NO
scavenger oxyhaemoglobin. ODQ (soluble guanyl cyclase inhibitor) and Rp-cAMPS
(protein kinase A inhibitor) did not abolish the effect. Measurement of myocyte cyclic
nucleotides demonstrated a rise in cGMP, but not cAMP. Microelectrode recordings of
the action potential and steady state la during exposure to DEANO (lO^M) found no
change in the action potential, though the la was increased with preservation of the
current-voltage relationship.

A faster rate of NO donor decomposition was associated with positive inotropy.
Breakdown of nitrosothiols was enhanced by the presence of myocytes. Functionally the
fast NO releaser DEANO was more likely to induce an increase in cell shortening
compared with the slow releaser detanonoate. Positive inotropy was demonstrated in
rabbit and human myocytes (from failing and non-failing hearts) but not in rat. In multicellular preparations the inotropic effect was reduced or absent.

Myocytes from guinea-pigs treated with lipopolysaccharide demonstrated a
depressed response to P-adrenoceptor stimulation, which was not reversed by the nitric
oxide synthase (NOS) inhibitor L-NAME. The positive inotropic response to DEANO
(lOjiM) was unaffected.

In conclusion the experiments demonstrated a positive inotropic efifect of certain
NO donors with variation in the response related to NO donor kinetics, animal species
and preparation complexity. The efifect was independent of cyclic nucleotides and
mediated via the L-type calcium channel.
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1.1 Background
Nitric oxide (NO) is a colourless gas that may act as a signalling molecule
exerting effects on a diverse range of cells, tissues and organs. Its small molecular size
(32 daltons) and high lipid solubility permits rapid diffusion through cell membranes
(Knowles and Moncada 1992; Lancaster 1996) allowing interaction with transition
metals, reactive oxygen species and proteins.

It is capable of activating a range of

signalling systems resulting in diverse and sometimes discordant functional change.
Because NO is oxidized to NO2 and NO3 under physiological conditions no separate
mechanism for its destruction is required (Lewis and Deen , 1994).

Endogenous NO is formed by the sequential oxidation of L-arginine. This process
is catalyzed by a family of nitric oxide synthase (NOS) enzymes, which utilize NADPH
and oxygen as co-substrates.

—

NH

OH

O

...

NH

1 NADPH

0.5 NADPH

O2
COO
H3N

COO

COO

Fig 1. NOS catalyzed conversion of L-arginine to L-citrulline and NO via the
intermediate N^-hydro>y-L-arginine. Both steps require NADPH, oxygen and BH4.
(Adapted from Mayer aM Werner 1995)

Three NOS isoforms have been identified and named after the site of their initial
isolation. The neuronal (nNOS or type I) and endothelial (eNOS, type HI) are
constitutively expressed and synthesize NO in response to increased Ca^^ or in some
cases in response to Ca^^ independent stimuli like shear stress (Nathan and Xie 1994).
The high output third isoform (iNOS, type H) is induced in selected tissues in response
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to a range of inflammatory mediators. The loci coding for the 3 isoforms are localized to
different chromosomes. All three isoforms have been found in the cardiovascular system,
(table 1.1 compares NOS isoforms)

TABLE 1.1. ISOFORMS OF NOS

Characteristic

nNOS

iNOS

eNOS

Molecular weight (kDa)

160

130

135

Size of mRNA (kb)

4.3

3.4

3.6

Quaternary structure

Dimer

Dimer

Dimer

Calcium

Dependent

Independent

Dependent

Calmodulin

Dependent

Independent

Dependent

2

20

3

0.6

0.03

0.1

Solubility

Soluble

Soluble

Particulate

Function

Cell signalling

Cytotoxicity

Cell signalling

Selective Inhibitors

7-nitroindazole

Aminoguanidine

N^-nitro-L-arginine

Km L-arginine (jiM)
Km Tetrahydrobiopterin (|iM)

Characteristics of NOS isoforms. Adapted from Forstermann & Kleinert 1995.

1.2 Structure and Function of Nitric Oxide Synthase
Each NOS polypeptide has an N-terminal oxygenase domain and a C-terminal
reductase domain. In between is a 30 amino acid sequence responsible for binding the
Ca^^ calmodulin complex. In the oxygenase domain is the core region which forms the
enzyme’s active site that binds haem, tetrahydrobiopterin (BH4) and L-arginine. The
reductase domain down stream of the calcium site binds FMN, FAD and NADPH.
During NO synthesis the reductase domain acquires electrons from NADPH and
transfers them to the haem iron, which permits it to bind oxygen and catalyse NO
synthesis. NO is liberated from organic nitrates and other nitrosovasodilators and has
been used therapeutically for many years (Ahlner et al, 1991). Over the past decade
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increasing evidence has appeared suggesting an important role for NO in mediating
physiological and pathological changes within the heart.

1.3 Generation of Nitric Oxide
Sources of Endogenous Nitric oxide in the Myocardium
Each of the 3 isotypes of NOS has been identified in different regions and cell
types within the heart.

i. Endothelial NOS: In animals and humans NO may be generated local to myocytes by
eNOS present in the vascular endothelium of myocardial capillaries and venules and in
the endocardial lining (Schulz et al., 1991; Smith et al., 1991; Andries et al., 1998). In
addition eNOS expression bas been detected within rodent (Balligand et al., 1995; Seki

et al., 1996), human atrial (Wei et al., 1996) and ventricular myocytes (Balligand and
Cannon 1996; Gauthier et al., 1998). As in endothelial cells, myocyte eNOS is localised
to caveolae glycosphingolipid rich microdomains present in the plasmalemma (Feron et

al., 1996). Different caveolae subtypes have been identified with type 3 caveolin found in
the T tubular system serving to localize eNOS to a site central in excitation contraction
coupling. Evidence for a role for eNOS in modulating myocardial function is
inconclusive. Early studies suggested a central role for eNOS in modulating muscurinic
responses. However, in eNOS knockout mice the muscarinic and P-adrenergic regulation
of heart rate, contractile force and Ca^^ current are preserved (Vandecasteele et al.,
1999). Conversely over expression of eNOS has no effect on intrinsic heart rate or the
response to acetylcholine (Brunner et al., 2001).

ü. Inducible NOS: In animal models functional iNOS can be readily induced by
lipopolysaccharide (LPS) or a cytokine cocktail of tumour necrosis factor (TNF) and
interleukin-1 (IL-1) (Balligand et al., 1993; Stein et al., 1996) These reports have
depended on detection of iNOS protein (by Western blotting or immunohistochemistry),
mRNA (by RT-PCR or RNASE protection assay) or measurement of functional enzyme
activity (conversion of L-arginine to citrulline independent of Ca^^. In humans, initial
reports (de Beider et al., 1993; de Beider et al., 1995) found increased activity of Ca^^
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independent NOS in the myocardium of patients with dilated cardiomyopathy,
myocarditis and postpartum cardiomyopathy, but not in ischaemic or valvular heart
disease. It was suggested that iNOS induction might have a central role in the aetiology
of inflammatory cardiomyopathies.

Subsequent studies confirmed the presence of iNOS in the myocardium in dilated
cardiomyopathy (DCM) (Winslaw et al., 1994; Haywood et al., 1996; Habib et al.,
1996; Satoh et al., 1997; De Belder et al., 1993; Vejlstrup et al., 1998; Drexler et al.,
1998; Barbaro et al, 1999) but also found it in association with advance cardiac failure
from a range of other causes including ischaemic heart disease (Haywood et al, 1996;
Winslaw et al, 1994; Fukuchi et a/., 1998; Drexler et al, 1998; Vejlstrup et al, 1998),
septic shock (Thoenes et al, 1996) valvular heart disease (Haywood et al, 1996),
transplant rejection (Lewis et al, 1996) and HTV related cardiomyopathy (Barbaro et al,
1999). It would appear that the induction of iNOS is related to heart failure per se,
rather than being related to a particular underlying aetiology.

Though the bulk of studies have found iNOS expression in the failing human
heart this has not been a universal finding (Stein et al, 1999). In contrast Haywood et al
detected iNOS mRNA and protein in 57% of non-failing donor organs. (Results of
studies looking at iNOS in the human myocardium are summarized in Table 1.11. NF =
non failing, DCM = dilated cardiomyopathy, IHD - ischaemic heart disease and HCM =
hypertrophic cardiomyopathy)
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Presence of a functional INOS system in the human myocardium (Table 1.11)
mRNA

Activity

Reference

Disease

de Beider et al,
Lancet 1993 341 84

IHD

Citrulline assay

Br Heart J 1995 74 426

DCM

(+)
+++

Winiaw et al,

NF

Plasma nitrate (+)

Lancet 1994 344 373

IHD

++

DCM

++

Protein

0

0

NF (donor)

57% +ve

+

IHD

59% +ve

+

DCM

67% +ve

+

Valve disease

100%+ve

+

Haywood et al.

NF (post-mortem)

Circulation 1996 93 1087

Thoenes et al.

NF

0

CGMP+

J Mol Cell Cardiol

IHD

0

CGMP+

1996 28165

DCM

0

CGMP+

+++

CGMP+++

Septic shock
Habib et al.

NF

0

Lancet 1996 3471151

IHD

+

DCM

+++

Lewis et al,

Allograft

48% +ve

+

Circulation 1996 93 720
Satoh et al.

NF

0

0

JACC

HCM

0

0

1997 29 716

DCM

54% +ve

+

Fukuchi et al

NF

+/-

Circulation

IHD (failing)

+

1998 98132

DCM

+

Vejlstrup et al

DCM

+

++

JMCC 1998 30 1215

IHD

+

++

Drexler et al

NF

+/-

JACC

DCM

++

1998 32 955

IHD (failing)

++

Stein et al

NF

JACC

cyclic GMP+
contractile dysfunction

Variable activity in
failing hearts (IHD and
DCM) correlated to
macrophage infiltration

Citmlline assay

-

-

DCM & myocarditis

+/-

-

1998 321179

IHD (failing)

+/-

-

Barbaro et al

NF

-

Circulation

DCM (HIV)

+

1999100 933

DCM (idiopathic)

++
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Demonstration of iNOS message and activity in myocardial homogenates cannot
identify in which cell type NOS II is expressed. The exact localization of the iNOS
protein is unclear. In animal models of sepsis, iNOS appears within individual myocytes
resulting in reduced contractile function. Inhibition of iNOS activity partially (Brady et
a/., 1992) or completely (Stein et al., 1996; Balligand et al., 1993) reversed the
depression of contractile amplitude. In the human myocardium iNOS activity has been
localized to vascular endothelium and smooth muscle cells (Vejlstrup et al., 1998) as
well as infiltrating macrophages (Fukuchi et al., 1998).

In the limited number of studies that have looked directly at tissue or cellular
NOS enzyme activity, the in vitro assays were performed with non-limiting
concentrations o f substrate and cofactors which may have given rise to overestimates of
activity compared with in vivo.

Compared with humans, rodents readily express iNOS particularly during sepsis.
In the mouse, a single gene for iNOS has been mapped to chromosome 11 (Mock et
a/., 1994). However in primates, including man, multiple copies of the iNOS gene have
been identified (Xu et al., 1994). The rapid evolutionary changes at the iNOS locus are
evident when primates closely related to man are examined, suggesting that the iNOS
duplication events have occurred recently in evolutionary terms (Xu et al., 1995). It is
possible that expression of iNOS in human cells is under tighter regulation than in rodent
cells and that much of the data relating to iNOS in rodent models are not relevant to
human disease. In support of this, the levels of NO metabolites recorded in man during
sepsis are far lower than those seen in rats or mice. Whether active iNOS is present
within human myocytes in vivo remains contentious, however iNOS activity may be
provided within the myocardium by infiltrating inflammatory, endothelial and vascular
smooth muscle cells.

iii. Induction of iNOS in heart Failure
There have been a number of studies documenting the induction of iNOS in
DCM, myocarditis and sepsis reviewed in table I I I Advanced cardiac failure and in
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particular cardiac cachexia, are associated with systemic and cardiac cytokine activation
(Torre-Amione et al., 1996). Cytokines are potent stimulators of iNOS expression in
cardiomyocytes (Kan et al., 1999). It is attractive to attempt to tie together the
experimental and clinical results by postulating that enhanced intracardiac synthesis of
NO by iNOS is causally related to contractile dysfunction in heart failure.

There is no study in humans documenting the relation between iNOS expression,
subsequent NO synthesis and reduced cardiac contractility. Most studies in table I II
measured only iNOS expression by reverse transcription-polymerase chain reaction (RTPCR) or immunological techniques. The presence of iNOS mRNA and protein can not
be assumed to reflect functional iNOS activity (Luss et al., 1997). RT-PCR is a very
sensitive method able to detect trace amounts of mRNA which may not be of biological
significance. In dedifferentiated human myocytes stimulation with cytokines and LPS
resulted in induction of iNOS mRNA but not protein (Luss et al., 1997). The same cells
were capable of producing other functional proteins in response to the same stimulus,
whilst transfection with hepatic iNOS cDNA resulted in message and protein, suggesting
that cultured human myocytes lack the capacity to express endogenous iNOS protein.

In mice overexpression of iNOS in a transgenic model resulted in a 260-400 fold
increase in iNOS activity but without significant change in cardiac haemodynamics
(Heger et al., 2002). Transgenic animals had no specific phenotype. Mean arterial
pressure was reduced by 8 mmHg and there was a small decrease in cardiac output.
However, there was no evidence of cardiac failure which brings in to question the
validity of the hypothesis that myocardial induction of iNOS may represent a crucial
event in the pathophysiology of heart failure. Subsequent generation of a transgenic
iNOS mouse by another group has produced different findings. The mouse phenotype
included modest cardiac enlargement, conduction defects and a high incidence of sudden
death (Mungrue at al., 2002). These changes were associated with peroxynitrite
generation. But again in this transgenic model cardiac failure was extremely uncommon.
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iv. Neuronal NOS
Neuronal NOS has been identified in the guinea-pig atria, specialised conduction
tissues such as the sinus and atrioventricular nodes (Tanaka et al, 1995), and in post
ganglionic sympathetic neurons innervating the heart (Tanaka et al, 1993). It is not
expressed in rat ventricular myocytes (Balligand, Kobzik et al, 1995; Belhasen et al
1996) and there are no reports of its identification in human cardiomyocytes. However,
the recent finding of nNOS in the cardiac sarcoplasmic reticulum (Xu et al, 1999), has
led to the suggestion that NO from nNOS may play a role in regulation of myocyte
calcium fluxes. Contraction of ventricular myocytes isolated from mice with nNOS
disruption (NOSl"^') exhibited greater contraction at all frequencies compared with wild
type littermates. There was enhanced basal contraction and inotropic response to gadrenoceptor stimulation (Ashley et al, 2002). Contrary to expectations the time to
50% relaxation was increased with nNOS inhibition or disruption. However, the
response to isoprenaline

reported by Ashley et al was not assessed across a full

concentration range. At high concentrations of isoprenaline the Ca^^ transient appeared
smaller in myocytes from NOSl^ mice (Barouch et al, 2002) suggesting the maximal
inotropic response may in fact be decreased.
There is thus increasing evidence that the localization of nNOS to the SR
membrane is consistent with a role modulating Ca^^ fluxes and hence inotropy in rodent
models.

1.4 Paracrine Endothelial NO
Since endothelial cells have constitutive NOS expression it has been suggested
that they may influence local myocardial function. Brutsaert et al (1988) reported that
selective denudation of the endocardial endothelium altered contractile fimction in
isolated muscle strips by reducing the force of contraction and twitch duration. These
effects were shown to be mediated by release of difiusible factors by endocardial cells
(Smith etal, 1991). The physiological relevance of these findings has been controversial.
The endothelial monolayer of the endocardium is in close proximity to only a very small
proportion of the total myocardium. Therefore its ability to exert a paracrine effect of
relevance to the whole heart is in doubt.
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The endothelial lining of the coronary microvasculature is a possible paracrine
source, which is local to the majority of myocytes. It has been previously shown by
microscopy that most myocytes are within a few microns of a capillary, a distance that
could be bridged by a small readily diffusible molecule such as NO

1.5 The Role of NO in the Human Heart
In normal human hearts intracoronary L-NMMA had no effect on the response to
systemic dobutamine (Hare et al., 1998). Inhibition of endogenous NO synthesis
significantly reduced basal LV

d p /d tm a x ,

suggesting a positive inotropic role for NO

whilst having no effect on heart rate, mean aortic pressure or right atrial pressure
(Cotton et al, 2001). The administration of exogenous NO donor or an agonist of NO
release (substance P) enhanced LV diastolic relaxation and resulted in a downward shift
of the LV diastolic pressure-volume relationship (Paulus et al, 1994 and 1995).
The potential role of NO in diseased states is more complex. In DCM with
moderate heart failure the non-specific NOS inhibitor L-NMMA has no effect on basal
contractile function or the blunted force frequency relationship (Cotton et at., 2002). The
inotropic response to P-adrenergic stimulation in severe DCM was potentiated by
concurrent intracoronary L-NMMA suggesting that endogenous NO may depress the padrenergic response (Hare etal., 1995 and 1998). Given the non-specific NOS inhibition
with L-NMMA the effect may be mediated through iNOS or nNOS.

1.6 Sources of Exogenous NO (NO Donors)
In addition to NO produced endogenously, NO donors such as glyceryl trinitrate
(GTN) have been widely used in treating ischaemic heart disease for more than a century
(Murrell 1879).

Newer donors such as nitrosothiols (including S-nitrosoglutathione

GSNO and S-nitroso-N-acetyl-D,L-penicillamine SNAP) are generating clinical interest
(Salas et al., 1998; Molloy et al., 1998; Langford et al., 1996; Langford 1997; Langford

et al., 1999) as they avoid the problem of nitrate tolerance whilst having additional
antiplatelet properties. The N-nitroso derivatives such as sodium (z)-l-(N,Ndiethylamino) diezen-1-ium-1,2-diolat (DEANO) are potent donors whose spontaneous
degradation is governed exclusively by first order kinetics. There are important
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difiFerences between the newer classes of NO donor regarding the kinetics of NO release,
the NO species generated and the breakdown products after NO liberation.

1.7 Pharmacology of Nitric Oxide Donors
NO donors as their name implies are able to provide NO or related species when
applied to biological systems. They have been employed as tools to investigate the effect
of NO where their addition has been used to mimic endogenous production. However,
equating the effect of exogenous with endogenous NO may be inaccurate. Many classes
of NO donor generate a range of redox forms of nitrogen monoxide (N 0 \ NO# or NO )
the proportions of which may vary depending on the local redox environment. As
subsequently discussed the different NO species are capable of divergent interactions
with other biomolecules. Thus the selection of NO donor may be crucial in the observed
response.
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Organic Nitrates
Members of this group are the oldest known NO donors. They are nitric acid
esters of mono- and polyhydric alcohols. GTN, pentaerythritol, isosorbide mono- and
dinitrate (ISMN, ISDN) all require enzymic or non-enzymic bioactivation and therefore
are not considered spontaneous NO donors. Their exact metabolic cleavage pathway
remains unclear but it is likely that multiple intra- and extra-cellular pathways are
involved to generate NO in vivo. The relative importance of individual metabolic systems
is not known (Ahlner et al., 1991; Feelisch 1993; Harrison & Bates 1993; Bennett et al,
1994). NO formation from GTN has a biphasic profile. Tissues capable of inducing NO
liberation from GTN show difrerential susceptibility to heat inactivation suggesting that
there are at least 2 distinct pathways of breakdown (Feelisch and Kelm 1991).
Subcellular fractionation of vascular smooth muscle homogenates revealed one enzyme
system to be membrane bound (Seth and Fung 1993). Two enzyme systems have been
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proposed to account for the bioactivation of organic nitrates: an NADPH-dependent
cytochrome P450 pathway (Schroder 1992; McDonald & Bennett 1993; McGuire et al.,
1994) and a system of enzymes related to the glutathione S-transferase family (Kenkare

et al., 1994). In small coronary microvessels it has been demonstrated that administration
of L-cysteine markedly enhances GTN-induced vasodilation. It has been postulated that
the cysteine is converted to glutathione which participates in the intracellular enzymatic
bioconversion of GTN to NO (Wheatley et al., 1994), but results have not been
consistent. Interestingly, glutathione also improves the production and / or bioavailability
of NO in the brachial artery of patients with documented coronary atherosclerosis (Vita

et al., 1998). In the same study it did not affect the response to exogenous sources of
NO suggesting the effect is not dependent on prolongation of NO t^^. The mechanism by
which glutathione modulates NO production remains unclear. In isolated enzyme
preparations of nNOS and iNOS optimal enzymatic activity was achieved in the presence
of glutathione (Komori et al., 1995; Stuehr et al., 1990). Glutathione is able to prevent
inactivation of NOS that is thought to result from peroxynitrite formation due to
simultaneous generation of NO and superoxide by the enzyme (Hobbs et al., 1994).
More recently a mitochondrial aldehyde dehydrogenase has been found to catalyse the
formation of 1,2-glyceryl dinitrate and nitrite from GTN (Chen et al., 2002). Data
indicates that loss of this enzyme activity is associated with nitrate tolerance.

Non-enzymic liberation of NO appears to involve thiol groups (Fontecave and
Pierre 1994) and their depletion may underlie nitrate tolerance. Although theoretically
any thiol compound may decompose organic nitrates to yield inorganic nitrite only a few
(cysteine, N-acetyl-cysteine and thiosalicylic acid) have been shown to promote
simultaneous NO generation (Feelisch etal., 1988; Chong and Fung 1999).

Sodium Nitroprusside
Sodium nitroprusside (SNP) has been used for many years as an intravenous
infusion to rapidly control severe hypertension. In vitro there is no spontaneous NO
liberation. Generation of NO may occur after partial reduction (a one electron transfer)
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which may be achieved by a variety of agents in vivo. Certainly thiols may perform this
function (Fontecave and Pierre 1994).

2[Fe(CN)5(NO)]2-

2 RSH
----------------------- ► 2RSN0 + 2[Fe(CN)gH20]2pH 7.4
L V /5 *2 J

t
RSSR + 2N0
SNP can also be decomposed directly to NO by light
2[Fe (CN)s(NO)f•

NO + [Fe (CïOsHjO)]^

There is also a pathway of enzymatic cleavage (Kowaluk et al., 1992) which
appears different from those involved in GTN. Breakdown of SNP yields NO and 5
cyanide anions. The toxic cyanide byproduct inhibits the ferrocytochrome oxidase of the
respiratory chain and therefore limits the duration of clinical exposure to SNP in man
whilst in experimental systems complicates the interpretation of data. SNP is also a
source of nitrosonium ions (NO^ which behave as a nitrosating electrophilic species.

Nitrosothiols
Nitrosothiols (R-SNO) are prepared by the reaction of a thiol with either acidified
nitrous acid or an alkyl nitrite.
RSH + NO^ ^ RSNO +
RS" + RONO -> RSNO and RO
Most nitrosothiols are too unstable to be isolated as pure solids, but 2 forms have
been produced and characterized SNAP and GSNO. S-nitrosothiols decompose to
produce a homodimer (RS-SR) and a molecule of NO. There are a number of competing
pathways for nitrosothiol breakdown and include metal ion, photochemical, thermal,
enzymic and transnitrosation routes.
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Metal Ion; Cu^ ions play the central role in the metal catalysed breakdown of
nitrosothiols in vivo. The exact nature of the chemical reaction and the identity of the
intermediate structures formed have not been defined. Cu^ ions are generated fi’om the
more abundant Cu^^. The Cu^ combines to the nitrogen atom of NO with an electron
transfer. The NO is liberated with production of Cu^^ and RS'. The RS' is oxidised to
RS# which then combines to form a homodimer (RS-RS) with reduction of the copper to
Cu^. The regeneration of Cu^ or the interaction of Cu^ with the nitrosothiol may be the
rate-limiting step depending on the chemical structure of the nitrosothiol donor.
Cu

2+

+

^

RS

Cu + RSNO
2R S "

(The generation of C y from
and a homodimer RSSR)
Enzymic

Decomposition:

Cu +
Cu

^

2+

+

RS"
RS

+ NO

RSSR

with subsequent cleavage of nitrosothiol to yield NO

Gamma glutamyl transpeptidase may catalyse the

decomposition of GSNO (Askew et al., 1995) with formation of the less stable
intermediate S-nitrosocysteinylglycine which then breaksdown to release NO in the
presence of Cu^ ions.
Transnitrosation: This involves the spontaneous transfer of NO fi'om one thiol to
another. If the donor thiol is relatively stable e.g. GSNO or SNAP and the recipient is an
abundant low molecular weight thiol such as cysteine, the resultant S-nitrosocysteine is
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relatively unstable and decomposes rapidly (Barnett et al.^ 1995), again in the presence
of Cu^ ions.
Photochemical: Absorption of radiation at 365nm is capable of causing excitation
sufficient to cause fission of the S-N bond and NO release. The resultant thiyl radical can
then combine with another nitrosothiol molecule to liberate a further molecule of NO and
to form a disulphide homodimer.

Thermal: The mechanism involved is similar to that for photochemical decomposition
with the initial excitation energy coming fi'om a thermal source. The breakdown of the
nitrosothiol with generation of an alkyl thiyl radical allows further decomposition with
formation of disulphide homodimers and liberation of NO.

The relative importance of each of these routes in vivo remains a matter of
debate. Thermal and photochemical breakdown is slow. The Cu^ mediated catalysis,
either directly or indirectly via transnitrosation and enzymic metabolism appears to be the
dominant factor. Thus the abundance of Cu^ either fi-ee or complexed to protein has a
marked influence on NO liberation.

Interest in the S-nitrosothiols has increased with their detection in human plasma,
airway secretions and other body fluids. S-nitrosoalbumin was found to be between 0.25
and 1 pM in plasma samples stored for 2-3 weeks (Stamler et al, 1992) with higher
concentrations in fi-esh samples. GSNO has been detected in airway secretions (0.25 pM
in healthy subjects and 4 pM in the presence of pneumonia ). Within red blood cells there
is GSNO and S-nitrosohaemoglobin. Differences in nitrosohaemoglobin concentrations
in arterial (0.3 pM) and venous blood (0.03 pM) has led to speculation that haemoglobin
may serve as a reservoir of NO allowing this short lived locally active radical to be
transported to more distant sites via the arterial circulation (Gow and Stamler 1998).

Nitrosothiols have also been used clinically in the last few years. Infusion of
GSNO can inhibit in vivo and in vitro platelet aggregation in healthy subjects (Radomski
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et al, 1992; de Belder et al., 1994) and reduce platelet deposition and embolization
following angioplasty (Langford etal., 1999), endarterectomy (Molloy et al., 1998) and
saphenous vein grafting (Salas et al., 1998). The concentrations needed to inhibit platelet
ftmction are low and cause only minimal change to systemic blood pressure and pulse
rate. In a more traditional NO donor role the vascular efiects of nitrosothiols have a
significant advantage over GTN and other organic nitrates in that they do not induce
tolerance after a prolonged exposure. Tolerance to organic nitrates is thought to be the
result of decreased availability of reduced thiol groups. In support of this the addition of
L-cysteine restores the activation of soluble guanyl cyclase in tolerant isolated vascular
strips (Isono et al, 1994) whilst co-administration of N-acetylcysteine and nitroglycerin
partially reverses nitrate tolerance in human subjects with angina (Pizzuli et al., 1997).

Because the release of NO does not require an enzymatic degradation
nitrosothiols have been used as a spontaneous source of NO in many biological
experiments. However, it is wrong to assume that the addition of GSNO to a cell or
tissue culture system results in immediate or quantitative NO release. Release kinetics are
infiuenced by the presence of Cu^ and other low molecular weight thiols whilst the redox
conditions influence the species of NO generated with nitrosothiols able to generate
NO*,NO^ or NO

“NONOate” Nitric Oxide Donors
“Nonoates” or 1-substituted diazen-1-ium-1,2-diolates are compound that contain a
[N(0)N0]’ functional group and provide a consistent and reliable delivery of NO in vitro
and in vivo. They are synthesized by exposing a suitable nucleophilic species to a few
atmospheres of NO under anaerobic conditions.

X' + 2 N0 ------------------- ^
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The resultant white powder is stable if stored under refrigerated dry conditions. When
dissolved in solution the NONOates dissociate to liberate 2 mois of NO and 1 mol of the
original nucleophilic starting material.

\

N

H

N

2N 0+

\

N—H

O
Spontaneous NO release from all NONOates is governed exclusively by first
order kinetics. The rate of this reaction is determined by the nature of the carrier
nucleophile and the environmental temperature and pH. At 37®C decomposition is some
9 fold greater than at 22®C (Hrabie et al, 1993) whilst the dissociation reaction is
catalyzed by an acidic environment and hence any drop of pH enhances NO liberation.
The half-lives of the nonoate donors at 37®C and physiological pH have been previously
determined and hence it is possible to select a particular donor to reliably deliver a
known amount of NO over a specified time course.
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1.8 Nitric Oxide Species
Nitric oxide is one of the smallest biologically active messenger molecules. Its
small size and solubility allow its rapid difrusion to areas local to the site of generation.
The unpaired electron confers a number of chemical properties including reactivity with a
variety of atoms and free radicals. Three redox related but chemically distinct species of
nitrogen oxide exist, nitrogen monoxide (NO*) with its unpaired electron, the
nitrosonium cation (NO^ and a nitroxyl anion (NO ).
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The Nitrosonium Cation is the oxidised form of nitric oxide. It is the key species in the
process of nitrosation in which the NO^ is transferred from a carrier compound to a
nucleophilic centre. The nitrosonium cation rapidly degrades in an aqueous environment
to give nitrous acid. The lifetime of NO^ in aqueous solution at a neutral pH is 0.3 nS.
Thus the NO^ cation is only found in solutions with a very high acidity. At physiological
pH the nitrosation reaction occurs with the transfer of NO^ from carriers such as
nitrosothiols. Nitric oxide can not in isolation act as a nitrosating agent. In the presence
of oxidising agents it may be converted to N 0 \

Nitrosation is an important process in cell biology. Nitrosation of thiol residues
(RS-) may produce nitrosothiols (RSNO) which may subsequently decompose to liberate
NO with the formation of homodimers (RS-SR). These new disulphide linkages may
bring about conformational changes in proteins such as ion channels with significant
functional effects.

The Nitroxyl Ion may be produced by several routes within the cell and may exert direct
and varied effects. NOS catalyses the oxidation of arginine to N-hydroxyarginine which
may decompose to yield NO The binding of NO# to Fe (H) in a haem centre may also
lead to the release of nitroxyl ions (Gow and Stamler 1998). Decomposition of Snitrosothiols in the presence of thiols may lead to the formation of NO (Amelle and
Stamler 1995). The suggestion that S-nitrosothiols can also donate NO to thiols further
emphasises the importance of redox balance in determining the NO species and
subsequent effect.

Once generated NO is short lived in aqueous solution lasting only milliseconds.
It may act as EDRF though these effects may occur after oxidation to NO* At high pH
NO may interact with an oxygen molecule to provide an alternative route for the
generation of peroxynitrite (ONOO )

Peroxynitrite is produced mainly from the interaction of NO with superoxide O2 and
has a half life of 1 s at physiological pH. As discussed above there is evidence for a lesser
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route of synthesis involving nitroxyl ions and oxygen (Sharpe and Cooper 1998). It is
capable of nitration and hydroxylation of protein targets and is a more potent oxidising
agent than either NO or superoxide alone. Macrophages are a known site of ONOO
production (Ischiropoulos et al, 1992) where it may play a beneficial role in innate
immunity (Zhu et al., 1992). Production of peroxynitrite elsewhere may cause
detrimental local cellular and mitochondrial damage (Kayahara et al,

1998).

Peroxynitrite reacts rapidly with carbon dioxide to give ONOOCO2 and this occurs
faster than the oxidation, nitration and hydroxylation reactions which account for its
cytotoxicity. It is unclear what the fate of this CO2 derivative is. Thus peroxynitrite
formed in blood vessels is likely to react with CO2 whilst peroxynitrite formed in cells
will preferentially oxidise thiols.

1.9 Nitric Oxide targets in the Cardiovascular System
Soluble guanylate cyclase (White and Aurbach 1969) is the only proven receptor
for NO. It catalyses the conversion of guanosine 5’-triphosphate (GXP) to cyclic
guanosine 3’,5 ’-monophosphate (cGMP). Within the cardiovascular system the sGC
signal transduction pathways play a central role in vascular tone, platelet adhesion and
also to a lesser extent myocyte function. The binding of NO to the haem moiety of sGC
results in enzyme activation by some 400 fold (Stone and Marietta 1994) elevation of
cGMP levels and transmission of the signal to the downstream transduction elements
such as cGMP dependent protein kinase (reviewed by Lehman et al., 1997), cGMP gated
cation channels (reviewed by Seagate et al.,

1996) and cGMP regulated

phosphodiesterases (Degerman et al., 1997; Houslay and Milligan 1997). Activation of
sGC results in elevation of cGMP but the diversity of targets for this second messenger
may cause diverse and even opposing actions in different cell and tissue types.

There are other less well defined paths in myocytes for NO signal transduction
that are independent of sGC. NO may act on mitochondria to inhibit cytochrome oxidase
(Brown et al., 1995) and hence to inactivate the respiratory chain and ATP production.
Cardiac calcium release channels (ryanodine receptor) have been shown to be subject to
S-nitrosylation (Xu et al., 1998) which modified their function. Caspase, a cysteine
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protease involved in apoptosis may also be inhibited by S-nitrosylation of its active site
cysteine giving NO a role as an anti-apoptotic signal (Li et a/., 1997).

(Fig 1.3 summarizes possible targets for NO in the cardiovascular system)
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1.10 Calcium Homeostasis
Intracellular Ca^^ is the central regulator of cardiac contractility (reviewed by
Bers 2000). A number of ion channels control the entry and sequestration of calcium
within individual myocytes. During the action potential the sarcolemmal L-type calcium
channels become activated and the Ca^^ enters via the /ca. A much smaller quantity of
external Ca^^ enters via the Na-Ca^^ exchanger (NCX). This influx of external calcium
triggers further release of Ca^^ from the internal stores within the sarcoplasmic reticulum
(SR) through the SR Ca^^ channel (ryanodine receptor), a process termed calcium
induced calcium release (CICR) (Fabiato 1978). The mechanism by which the transsarcolemmal Ca^^ activates the release of SR calcium is not clearly understood but
appears to involve a conformational change in the SR Ca^^ release channel due to Ca^^
binding. The Ca^^ entry and that released by CICR raise the cytosolic free Ca^^ level. In
turn this elevated level allows binding of Ca^^ to the thin myofilament protein troponin C,
resulting in activation of the contraction process.

The autonomic nervous system may regulate the Ca^^ influx across the
sarcolemma. Stimulation of P-adrenoceptor by agonists such as adrenaline and
isoprenaline activates the enzyme adenyl cyclase via the receptor coupled G protein (Gs)
(Bristow et al., 1982). The intracellular levels of cAMP rise with subsequent activation
of protein kinase A (PKA). Several intracellular proteins can be phosphorylated by PKA,
including phospholamban (PLB) and troponin I. PLB is a key regulator of SERCA in
cardiac cells. Dephosphorylated PLB is closely associated with SERCA and acts as an
inhibitor of the SR Ca^^ pump (James et al., 1989). On phosphorylation by PKA the
inhibitory effect is relieved. This allows greater Ca^^ transport with faster contraction and
relaxation. The inotropic and lusitropic effects of P-adrenergic activation were
attenuated in PLB-KO mice. Phosphorylation of troponin I, which interacts with
troponin C, decreases the affinity of troponin C for Ca^^ (Solaro et al., 1976).

For diastolic relaxation to occur there must be a decline in cytosolic Ca^^ levels
allowing dissociation from troponin C and deactivation of the contraction process. There
are four identified mechanisms to achieve this reduction of calcium level 1) reuptake in to
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the SR by the SR

- ATPase (SERCA) (Ikemoto et al., 1982; Hasselbach et al.,

1983 2) extrusion of Ca^^ by the Na-Ca^^ exchanger 3) extrusion by the sarcolemmal
Ca^^ - ATPase and 4) uptake in to mitochondria by the Ca^^ uniporter. The relative
importance of each mechanism varies between species and has been examined by the use
of specific inhibitors. In rabbit myocytes the SERCA removes 70% of the activated Ca^^
whilst the NCX removes 28% with a 1% contribution from each of the other 2
mechanisms. In contrast in the rat SERCA activity is greater with 92% of calcium taken
back up in to the SR and only 7% extruded via the NCX.

In the failing human heart there is a change in the relative contributions of the 2
principle systems (reviewed by Ravens and Dobrev 2000). The mRNA levels for SERCA
and phospholamban are consistently lower (Feldman et al., 1991) with reduced protein
translation (Hasenfuss et al., 1994). With the reduction in SERCA expression, there is an
increase in expression of the NCX. This shifts the balance of Ca^^ fluxes to favour
extrusion of calcium from the myocytes and reduced reuptake in to the SR. The SR Ca^^
ATPase is a more energy efiBcient Ca^^ pump. It transports 2 Ca^^ ions for each molecule
of ATP compared with one by the NCX. Thus in the failing heart the trans sarcolemmal
Ca^^ cycling is less energy efficient.

In a steady state, the proportion of the activator Ca^^ extruded by the NCX
during relaxation must be matched by the inward L-type channel Ica during the
subsequent beat. Thus as predicted in the rabbit myocyte there is more Ca^^ entry via the

Ica and less SR Ca^^ release compared with the rat. The cellular mechanisms of Ca^^
handling are schematically depicted in Fig 1.4
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1.11 Functional effects of NO on the h eart
Diastolic Function: There is a general consensus about the effect of NO on diastolic
function. It selectively induces an earlier onset of isometric relaxation without affecting
the rate of isometric tension development. This has been observed in various animal
species using isolated myocytes (Shah et al., 1994; Ito et al., 1997), papillary muscles
(Smith 1991), and whole heart studies (Grocott-Mason et al., 1994; Grocott-Mason et

al, 1994) in response to endogenous NO release, stimulated by bradykinin or substance P
and exogenous NO supplied by NO donors. In isolated guinea-pig hearts inhibition of
endogenous NOS significantly attenuated preload induced increases in cardiac output
(Prendergast et al., 1997). In man bicoronary injection of SNP (exogenous NO) or
stimulation of endogenous NO release by substance P (Paulus et al., 1994) resulted in a
downward displacement of individual diastolic left ventricular (LV) pressure - volume
plots. It appears that NO is capable of enhancing LV distensibility. Using a porphyrinic
electrode direct measurement of NO generation has provided further evidence that the
intramyocardial NO concentration is associated with alteration of ventricular preload
(Pinsky et al., 1997). Increased LV chamber stretch resulted in an increase of
intracardiac NO release. During the usual cardiac cycle the peak NO concentrations are
recorded around the time of early diastolic filling. This is in keeping with the proposed
physiological role of NO to enhance myocardial relaxation, reduce diastolic tone and
optimize coronary perfusion.

Systolic Function: Published reports of the effect of NO on systolic function have been
contentious. The application of non-specific NOS inhibitors to myocytes from guinea-pig
(Brady et al., 1992), rat (Balligand et al., 1993) and dog (Keaney et al., 1996) resulted
in no change of contractile function. This suggests an absence of a reversible NOS
mediated tonic NO effect on basal systolic contraction. In contrast it has been reported
that NOS inhibitors reduce the contractile function of the left ventricle in isolated rat
hearts perfused at constant flow and that these changes precede any reduction of
coronary tone (Kojda et al., 1997).
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Balligand has proposed that myocyte eNOS represents an autocrine negative
feedback system to modulate the myocyte contractile response to adrenergic stimulation.
Activation of beta-adrenergic receptors produces an increase in intracellular Ca^^ via
elevation of the Ca^^ current through voltage sensitive Ca^^ channels. This effect is
mediated by a rise in cAMP and activation of protein kinase A. The resultant intracellular
Ca^^ concentration is suflQcient to activate eNOS whose Ca^^ EC50 is 200-400nM.
Inhibition of eNOS potentiates the positive inotropic effect to submaximal isoproterenol
(2nM), by some 30%, in isolated rat ventricular myocytes (Balligand et al., 1993), with
similar effects in rat atria (Sterin-Borda et al., 1998) and atrial strips of non-failing
human hearts (Gauthier et al., 1998). In vivo endogenous NO blunts the contractile
response to infused catecholamine (Kearney et al., 1996) or submaximal stimulation of
the stellate ganglion in dogs (Takita et al., 1998).

The notion that eNOS attenuates the inotropic response to catecholamines was
further supported by 2 independent reports of enhanced sensitivity to P-adrenoceptor
stimulation in eNOS knockout mice (Godecke et al., 1998; Gyurko et al., 2000).
However, subsequent studies have produced diametrically opposite results with the
eNOS KO mice having a similar response to adrenergic stimulation as wild types (Han et

al., 1998; Vandecasteele et al., 1999). Criticism of these studies has centred on the high
concentration of isoprenaline used (IpM) and in the use of older KO mice which have
developed significant ventricular hypertrophy absent in the wild types. Thus further
studies are awaited to clarify the modulatory effect of eNOS.

A range of cell types within the myocardium are capable of expressing iNOS
following the appropriate inflammatory stimulus. In early studies, iNOS derived NO has
been reported to depress isolated myocyte contractile amplitude in guinea-pig (Brady et

al., 1992) and rat. (Balligand et al., 1993, Joe et al., 1998) Freshly isolated adult rat
ventricular myocytes co-cultured with microvascular endothelial cells pretreated with IL1 exhibited decreased contractile responsiveness to P-adrenergic stimulation, indicating
that NO fi'om iNOS in endothelial cells was sufficient to affect the systolic function of
co-cultured myocytes (Ungureanu Longrois et al., 1995). In whole hearts IL-1 and TNF
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reduced contractile amplitude in a time course consistent with iNOS induction (Schulz et

al, 1995). Generally induction of iNOS appears to result in a negative effect on systolic
amplitude. However, in the failing human myocyte exposure to a NOS inhibitor had no
effect (Harding et al., 1998) despite the belief that the induction of functional iNOS may
be a central event in the pathogenesis of cardiomyopathy. There are various possible
explanations for this observation. Firstly there may be no functional iNOS induction or at
least no significant depressant effect mediated by NO. In vitro studies with human cells
have emphasised the relative difficulty of inducing iNOS which has required
combinations of multiple cytokines (Luss et al., 1997). Alternatively, chronic NO
exposure may cause permanent change in myocytes which is not reversed by brief
exposure to a NOS inhibitor.

Pharmacological NO donors: Initial reports of the effect of exogenous NO donors on
cardiac muscle or myocytes showed a modest depression of contractility, with SNP,
SNAP or dissolved NO gas reducing basal contraction by 20-25% (Brady et a/., 1993;
Vila-Petroff et al., 1999). There are also reports of exogenous NO reducing the response
to adrenergic stimulation in adult rat ventricular myocytes (Balhgand et al., 1993).

In later reports with a range of species, preparations and NO donors a more
complex picture emerged with low concentrations of certain NO donors potentiating
basal and adrenergic stimulated contraction (Kojda etal., 1996; Prendergast etal.,\99%).
(Table l .m summarizes publications demonstrating positive inotropy with NO donors.)
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Preparation

NO donor

Effect

Isolated
myocytes,
Langendorff

SPM 3672
(lOOpM)

Myocyte contraction amplitude
increased by 75%. Heart LVP
max and dp/dt max increased
18%

rat

Isolated
myocytes

SNAP(l^M)

Myocyte contraction amplitude
increased by 41%

1997

cat

Papillary muscle

SlN-1, SNAP &
SNP (0.01lOuM)

Kojda

1997

rat

Langendorff

SNAP(lpM),
GTN (1-100
pM)

Positive effect on peak LVP and
dp/dt

Preckel

1997

dog

Whole heart in
vivo

DEANO
(20|iM), SNAP
and GTN

DEANO produced a 6.3%
increase in LVP. Other donors
produced lesser positive effect

Prendergast

1998

Guineapig

Working heart

SNP (1 and
lOpM)

Chesnais

1999

frog

Atrial and
ventricular fibres

SIN-1 (100 ^iM)

Vila-Petroff

1999

rat

Isolated
myocytes

SNAP(1 pM)

MullerStrahl

2000

rat

Langendorff and
Woridng heart

GTN(lpM),
DEANO and
SNAP (0.1 pM)

Author

Year

Species

Kojda

1995

rat

Kojda

1996

Mohan

Positive effect on developed
tension

IpM SNP enhanced the
response to dobutamine
Produced a 14% increase in
developed tension
Myocyte contraction amplitude
increased by 38%
Positive effect of 6-7.5% on
LVP, cardiac output and
dp/dtmax.

Table l.III. Summary of recent studies reporting positive inotropy in response to applied NO donors.
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In fact the first report of a positive eflFect of NO on cardiac systolic function was
made in 1971 using GTN on feline and human papillary muscle (Strauer 1971).
Subsequent studies in patients undergoing cardiopulmonary bypass revealed a variable
inotropic response to SNP, the direction of which was related to pre-operative Padrenoceptor blockade (de Hert et al., 1997). Many of the more recent studies which
observed positive inotropy demonstrated a biphasic response with high concentrations of
NO donor inducing a negative effect (Kojda et al., 1996; Kojda et al., 1997; Mohan et

al, 1996; Vila-Petroff et al., 1999). Direct measurement of cyclic nucleotides suggested
that low concentrations of NO induce only modest rises in cGMP accompanied by
elevation of cAMP, whilst high NO concentrations are associated with a greater increase
in cGMP and a fall in cAMP. Figure 1.5 summarizes the interaction of cAMP and cGMP.
Within cardiomyocytes 2 forms of the cAMP degrading enzyme phosphodiestrase (PDE)
have been identified. PDE2 is activated by cGMP whilst PDE3 is inhibited. With low NO
concentrations the modest rise of cGMP inhibit PDE3 resulting in a rise in cAMP and the
subsequent activation of the L-type calcium channel and positive inotropy (Kirstein et

al., 1995; Mery et al., 1993). Conversely high NO concentrations lead to a greater rise in
cGMP and activation of PDE2. The fall in cAMP results in negative inotropy. This
suggests that both the positive and negative inotropic effects are mediated by soluble
guanyl cyclase.

However, sGC can not account for all the result in the studies listed in table 11.
Inotropy induced with SlN-1 was abolished by superoxide dismutase and thus appears to
be mediated by peroxynitrite rather than NO. Vila-Petroff described a biphasic response
to SNAP with the depressant effect of high concentrations mediated by sGC and
therefore inhibited by ODQ whilst the positive effect was associated with a rise in cAMP
but independent of cGMP. The bulk of research has concluded that the effects of NO on
myocyte function are mediated through soluble guanyl cyclase (sGC), and as such may
be inhibited by methylene blue and mimicked by the cyclic guanosine monophosphate
(cGMP) analogue 8-Br-cGMP.
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There is accumulating evidence that regulatory proteins with thiol residues may be
subject to oxidation by NO or peroxynitrite particularly if the local concentrations are
high. Targets that may influence contractile function include the calcium release complex
and the L-type calcium channel which have been shown to be regulated in a bimodal way
by progressive poly-S-nitrosylation (Xu et ah, 1998; Campbell et al., 1996; Hu et al.,
1997).
It is difficult to equate the response to an exogenous donor with that of
endogenously generated NO. It remains unclear whether exogenous NO is a significant
negative inotrope. The observed variation in response may reflect differences in the
quantity and rate of NO release, the NO species generated, the cellular redox state and
direct enzymatic and chemical interactions between donors and tissues. Outside of the
effects on contractile function, NO has been suggested to play a role in myocardial
infarction and stunning as well as coronary artery atherosclerosis and reperfusion
arrhythmia (reviewed by Curtis and Pabla 1997).

1.12 Mechanisms to regulate NO synthesis.
Alteration of NOS activity: A number of possible regulatory mechanisms exist to
control NO output. Constitutive NOS activity may be enhanced by upregulation of
eNOS expression by factors such as shear stress and oestrogen. As previously discussed
induction of the high output isotype iNOS may occur after exposure to inflammatory
mediators.

Substrate availability: The provision of the substrate L-arginine does not appear
limiting for eNOS in vitro but with iNOS induction in LPS activated macrophages the
Km for L-arginine rises to lOOjiM. This is comparable to plasma levels and a system of
cationic transport (CAT) proteins allow the active uptake of L-arginine in to cells.
Induction of the variable affinity CAT proteins may regulate substrate provision.

There exists methylated arginine derivatives which serve as natural inhibitors of
NOS activity.

One such inhibitor, asymmetric dimethyl arginine (ADMA) has been

detected in plasma (Vallance et al, 1992). Plasma ADMA levels have been positively
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correlated with risk factors for atherosclerosis (Miyazaki el al., 1999). The levels of
ADMA are determined by the enzyme dimethylarginine dimethylaminohydrolase
(DDAH) which breaks down ADMA to citmlline. DDAH has been detected in tissues
that synthesize NO (Kimoto et al.^ 1993). Inhibition of DDAH in a vascular segment
causes an increase in ADMA associated with gradual vasoconstriction (MacAUister et

al., 1996) which can be reversed by L-arginine. Thus the ratio of L-arginine to ADMA
may be an important determinant of NO output in the vasculature and account for the
reported benefits of L-arginine supplementation. The role of such factors within the
myocardium is unknown.

Enzyme cofactors
Cofactors are required for activity of all NOS isotypes including NADPH and
tetrahydrobiopterin (BH4) (Tahey et al, 1989; Kwon et al, 1989). The latter belongs to
the pteridine family, which are a class of compounds with a common heterocyclic ring
structure. Included in this family are the vitamins folic acid and riboflavin along with
endogenously synthesized neopterin and biopterin. BH4 is known as a cofactor of
aromatic amino acid hydroxylases which are key enzymes in the synthesis of several
neurotransmitters including catecholamines and serotonin (Kaufinan 1993). The synthesis
of BH4 begins with guanosine triphosphate (GTP) and the enzyme GTP cyclohydrolase
(Burg and Brown 1968). The resulting product 7,8- dihydroneopterin triphosphate is
converted to BH4 via tetrahydro-derivatives.

Molecular Role of BH4
The molecular activity of all 3 isoforms of NOS is dependent on BH4. Purified
NOS fi"om different tissues is stimulated by the addition of exogenous BH4 (murine
macrophages Stuehr et al, 1991; rat cerebellum Giovanelli at al., 1991; rat macrophages
Yui et al, 1991; human brain Klatt et al, 1992; bovine endothelial cells Pollock et al,
1991). The activity of macrophage NOS has been shown to be correlated to the amount
of enzyme bound BH4, with a maximum at one bound BH4 molecule per 130 kDa
subunit (Hevel et al, 1992). NOS appears to have a high afiBnity for BH4 with
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nanomolar concentrations capable of activating the enzyme. Radioligand binding studies
revealed a Kd of 40nmol/l (Klatt et al, 1994).

The molecular mechanism for NOS stimulation remains unclear. Attempts have
been made to determine which step in the conversion of arginine to citmlline is
dependent on BH4. The initial hydroxylation of arginine is dependent on BH4 but the
subsequent conversion of N-hydroxyarginine to citmlline is also BH4 dependent (Stuehr

et al., 1991). Thus tetrahydrobiopterin seems to be required for the whole reaction. The
concentration for half maximal activation of NOS is low at 0.4pM (Mayer et al, 1990)
reaching saturation at IpM. The consumption of the other cofactor NADPH is
stoichiometric with 1.5 moles required per mole of citmlline formed (Mayer et al.,
1991). However, one mole of BH4 catalyses the formation of atleast 10 mois of citmlline
which has led to the suggestion that BH4 is important in stabilizing NOS rather than
being directly involved. In the absence of BH4 iNOS dissociates from its homodimers in
to inactive haem- and BH4 free- monomers. This process can be reversed by addition of
BH4 and L-arginine (Baek et al., 1993) indicating that BH» is required to stabilize the
NOS subunits as a catalytically active dimer. In contrast to iNOS, nNOS does not appear
to need BH* for dimerization but BH4 enhances the binding afiinity of the L-arginine site
(Klatt et al., 1994). These allosteric enzyme changes may also be seen in the presence of
dihydrobiopterin but this is not capable to enhancing NO production. Thus the
stabilization of NOS dimers does not appear to be the sole action of BH4. It is possible
that BH4, despite the lack of a clear stoichiometric relationship, does directly contribute
electrons for reductive activation of molecular oxygen with local regeneration of BH4
from BH2 by the actions of dihydrofolate reductase and NADPH. However, the exact
nature of any reductive step is unknown. The final postulated mechanism of BH4
function is to prevent the feedback inhibition of NOS by NO (Griscavage et al., 1994).
The BH4 binding site is close to the haem group and a shift of the Soret absorption band
is seen when NOS is saturated with BH4 (Marietta et al., 1994). Thus enzyme bound
BH4 could protect the haem iron from free NO.
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Biological Significance of BH4
In human umbilical endothelial cells (HUVECs) eNOS activity can be
manipulated by alteration of intracellular BH4 levels. Inhibition of de novo BH4 synthesis
by the GTPCH-I inhibitor 2,4-diamino-6-hydroxypyrimidine (DAHP) suppressed NO
synthesis. Conversely supplementation of BH4 levels with sepiapterin or by upregulation
of GTPCH-I with cytokines resulted in increased formation of NO (Wemer-Felmayer et

al., 1993; Kukor et al., 1996; Toth et al., 1997). Intracellular BH4 levels were higher in
freshly isolated HUVECS compared with cultured cells. In both conditions the levels of
BH4 were limiting to the synthesis of NO. Cytokine exposure increased endogenous BH4

levels and GTPCH-I activity whilst the levels of eNOS message were in fact reduced.
The ability of cytokines to increase NO synthesis was lost if cells were pretreated with 3
pM tetrahydrobiopterin (Rosenkranz-Weiss et al., 1994). HUVECs also secrete
significant amounts of BH4 vectorially in a basal direction (Schafi&ier et al., 1994), which
may provide the underlying smooth muscle with the necessary cofactor for NO
production.

1.13 Aims of the Study
NO donors might have novel therapeutic utility. The variation in response to
different NO donors may reflect differences in NO release rate, NO species generated
and donor structure. Further characterization of the response to different donors may
allow separation of the diverse and sometimes discordant effects. The animal species and
preparation type may also result in variation in the observed response.

Given the controversy surrounding the effect of NO on systolic function our
initial experiments set out to characterize the response of isolated myocytes to a range of
structurally unrelated NO donors and to define the role of cGMP in mediating the
changes seen.

The isolated myocyte system was chosen to remove any potential

paracrine effects mediated through endothelial or other non-myocytic cells within the
intact cardiac preparation as well as any modulatory effect of NO on the autonomic
innervation of the heart. In contrast to previous published reports, which have looked
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exclusively at animal cells, we sought for the first time to compare the response seen in
guinea-pig with those in isolated human myocytes.
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CHAPTER 2
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Isolation of Ventricular Myocytes
The general principles of myocyte isolation were the same irrespective of the
species used. The whole heart or a section of tissue was initially exposed to a very low
concentration of Ca^^ (<15 pM) followed by serial enzymatic digestion with protease and
coUagenase enzymes.

2.1 Isolation of animal ventricular myocytes
Single cardiac myocytes were prepared using enzymatic dissociation by
retrograde perfusion of the heart through the aorta (LangendorfiF technique). The
dissociating medium utilized the enzymatic activity of coUagenase and hyaluronidase to
digest the extraceUular matrix but leave the sarcolemmal and membrane proteins intact
(Glick et al, 1974). The initial exposure of the hearts to low concentrations of free
calcium dissociated gap junctions and also prevented the myocytes hypercontracting due
to calcium overload (Yokoyama etal, 1961; Muir 1965).

2.1.1 Preparation of Isolated Guinea-Pig Myocytes
The method has been published previously (Harding et al, 1988). Male DunkinHartley guinea-pigs were injected with intraperitoneal (ip) heparin (1000 units/kg) 15
minutes prior to sacrifice by cervical dislocation. The beating heart was rapidly excised
and immersed in ice-cold Krebs-Henseleit (KH) solution (composition [mM], NaCl 119,
CaCb 1.0, KCl 4.7, MgS0 4 0.94, KH2PO4 1.2, NaHCOg 25 and glucose 11.5) which had
been gassed with 95% O2 and 5% CO2 to normalise the pH to 7.4. One thousand units of
heparin was added to the KH solution to further inhibit coagulation of any residual
intraventricular or intracoronary blood.
The aorta was cannulated and a tight seal formed using a 4.0 silk suture. The
suspended heart was retrogradely perfused with gassed KH solution at 37

at a flow

rate of 10 ml/min/gram of heart, for 5 minutes. On warming spontaneous contractile
activity returned. The perfusate was then changed to a warmed low calcium (LC)
medium (composition [mM] NaCl 120, MgS0 4 5.0, Ca^^ 0.012-0.015, pyruvate 5,
taurine 20, HEPES 10, glucose 20 and gassed with 100% oxygen producing a pH of
6.95) for 5 minutes to break intercellular connections. The final calcium concentration
was adjusted on certain occasions using the Ca^^ chelating agent nitrilotriacetic acid
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(NTA, 5 mM) in order to optimize the yield of viable myocytes. The LC perfusion was
followed by the first enzyme digestion step using the same solution but with an increased
calcium concentration (0.2 mM) (enzyme solution) and 4U ml'^ of protease (Sigma type
XXIV protease). The 1 minute perfusion with protease (2 international units) was
followed by 10 minutes of enzyme solution with coUagenase (0.3 mg/ml, type U
Worthington, New Jersey. USA.) and hyaluronidase (0.3 mg/ml type I Sigma). The
preparation was perfused at 6-8 ml/min per gram of heart tissue (hearts weighed between
1 and 1.5g). The heart was removed fi'om the LangendorfiF apparatus and the left
ventricle divided into several smaU pieces with a pair of dissecting scissors. These were
subjected to a 5 minute coUagenase digestion, with agitation at 37®C, in a silanised glass
tube. The resultant ceU suspension was filtered through a 300 pM gauze. The undigested
tissue was subjected to a repeat coUagenase digestion. The filtrate was centrifiiged at
1000 rpm for 60 seconds with the resultant peUet washed and resuspended in HEPES
buffered enzyme solution. Generally the yield of viable myocytes was greatest after the
repeat coUagenase digestion and these were the ceUs used in the majority of experiments.
Where large yields of ceUs were required for experiments such as determination of cycUc
nucleotides, a third 30 minute digest was performed using Kraftbruh (composition [mM]
NaCl 15, KCl 85, glucose 20, KH2PO4 30, MgS0 4 5, taurine 20, NTA 0.5, pyruvate 5,
P hydroxy-butyric acid 5, creatine 5 and reduced to a pH of 7.2 with KOH). The guineapig myocyte isolation protocol is represented schematicaUy in fig 2.1

2.1.2 Isolation of Rat and Rabbit Myocytes
Myocytes were isolated fi’om male Sprague-Dawley rats using a protocol simUar
to the guinea-pig. However, there was no protease digestion step. Higher concentrations
of coUagenase (1 mg/ml) and hyaluronidase (0.6 mg/ml) were used.
The rabbit protocol was identical to the guinea-pig except for the enzyme
concentrations (coUagenase 0.5mg/ml and hyaluronidase 0.5 mg/ml).
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Fig 2.1

Guinea Pig Myocyte Isolation Protocol
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2.1.3 Isolation of Human Ventricular Myocytes
Samples of human left and right ventricular myocardium were obtained from
explanted failing hearts or from harvested donor organs deemed unsuitable for
implantation. In addition small biopsy samples of healthy myocardium were obtained
from patients undergoing routine mitral valve surgery with normal left ventricular
function on echo and no evidence of significant coronary disease. Tissue was transported
in ice cold cardioplegia (composition [mM] NaCl 102, KCl 5, CaCb 2, sodium lactate
29, and procaine 20). Average transport time was 90 minutes whilst tissues arriving after
3 hours were rejected. Myocytes were prepared from samples of both ventricles (Davies

et al., 1995). The samples were cut into chunks of approximately 1 mm^ using a razor
array and two individual razor blades. The chunks were then incubated at 35°C in 25 ml
of LC medium, composition (mM) NaCl 120, KCl 5.4, MgS0 4 5, pyruvate 5, glucose
20, taurine 20, HEPES 10 and NTA 5, bubbled with 100% O2

LC was made using

AnalaR water to ensure consistency of the calcium concentration and contained the
calcium buffer, nitrilotriacetic acid (NTA). The pH was adjusted to 6.95 and the
measured free [Ca^^] was 1-3 pM. The medium was changed three times at three minute
intervals (12 minutes total) using 4 separate Sterilin pots. The chunks were then filtered
and transferred to LC without NTA with 50 pM calcium (enzyme solution) and 4Uml'^
Sigma type XXIV protease added. The chunks were incubated in silanised glass tubes at
35®C, and shaken under an atmosphere of 100% O2 for 45 minutes. Two further digests
were undertaken using Sigma type V coUagenase lmg.ml"\ The ceU suspension was
filtered following each coUagenase treatment through 300 pm gauze to remove
undigested tissue and the myocytes were pelleted by gentle centrifugation at 400g for 1
minute. The pellet was washed to remove cellular debris and any residual coUagenase
prior to resuspension in preoxygenated enzyme solution. This chunk method produced
variable ceU yields, but the more productive perfusion method used in animal models
(Harding et al., 1988) could not be used with human tissue because the sample provided
did not usuaUy contain an artery to perfuse. This laboratory has previously compared
myocytes prepared by chunk and perfusion methods and found no difference in
contraction or sensitivity to isoprenaline (Harding et al., 1988).
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2.2 Measurement of Myocyte Contraction
2.2.1 Cell Bath
A drop of myocyte suspension was added to the cell bath. The bath consisted of
a thickened glass slide with a well cut from the centre. The floor was a disposable glass
coverslip, which formed a watertight seal to the chamber by a thin layer of silica gel
around the coverslip margins. The slip was retained in place by a metal plate. Myocytes
were given 5 minutes to adhere spontaneously to the coverslip and once attached were
superfused with KH solution warmed to 37®C and gassed with 95% O2 and 5% CO2 KH
solution flowed into one end of the chamber at 2 mls/min via a peristaltic pump. The
solution was removed from the other end of the well via a thin filter paper wick and
continuous gentle suction (fig 2.2).
A heater located proximal to the inflow cannula warmed the superfusing solution.
One thermocouple provided a digital read out of the heating coil temperature whilst a
second was used to measure the temperature of the perfusate in the bath. Experiments
were carried out at 37 ± 0.5®C.
Contraction of myocytes resulted from electrical field stimulation provided by
two platinum electrodes located on either side of the bath. A biphasic stimulation pulse
was used to reduce electrolysis and heat generation within the chamber. Animal
myocytes were stimulated at 0.5 Hz and human at 0.2 Hz. The stimulation voltage,
generally between 30 and 50 volts, was 1.5 x the stimulation threshold. Pulse width for
animal cells was 0.5 ms increasing to 1 ms for human cardiomyocytes.

2.2.2 Myocyte Selection
Myocytes were selected for experimentation using criteria previously outlined
(Harding et al, 1990). These included:• Morphological appearance: Cells were rod shaped with clearly visible sarcomeres.
The surface membranes were free of blebs and areas of hypercontracture.
• The absence of spontaneous contractile activity of guinea-pig and human myocytes in
1 mM Ca^^ KH solution
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Fig 2.2

Light
Stimulator

Inflow
Cell bath with
coverslip base
Stimulating electrodes
Filter paper
Outflow under
gentle suction

1cm

Microscope

Cell bath apparatus. Preheated KH
solution flows into the bath at
2ml/min. The floor of the bath is
formed by a glass coverslip on which
the myocytes adhere. Electrical field
stimulation is applied through
electrodes on either side of the bath
Cells are observed via an inverted
microscope. Flow out of the bath
occurs under gentle suction via a filter
paper wick.
(figure modified from A. Money-Kyrle)
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•

Steady contraction amplitude and diastolic length when stimulated at 0.5 Hz in
standard KH solution.

2.2.3 Video Edge Detection System
The cell bath slide fitted on to the stage o f an inverted microscope (Zeiss), with
the study cell viewed fi’om the underneath of the chamber. Light from above was split
after passing through the bath to provide an image viewed via the microscope eye lenses
and an input into a video camera (Ikegami Newicon/ Sony/ Panasonic) attached to the
side o f the microscope. The video image was displayed on a 9” monochrome monitor
(Ikegami). The video system was periodically calibrated using a graticule in place of the
cdl bath.
Once selected for study the image of the myocyte was displayed vertically on the
monitor by rotation of the camera. Magnification of the image was set so that it occupied
between 80-90% of the vertical axis of the monitor. This allowed reliable detection of
0.5% changes in cell length. Contraction amplitude was measured using an edge
detection device (SP144/5, HYS Image, Kingston, Surrey.) connected between the
camera and monitor. This device converted the grey scale image into black and white,
which was adjusted until the cell margins appeared white and sharply outlined against a
dark background. A variable rectangular detection window was positioned over the
image. Within the window the edge detection device scans a series of equally spaced
horizontal raster lines to detect the first and last points of high contrast i.e. the top and
bottom margins of the cell. The number of lines between these two points is proportional
to the image length at any given time. The device samples at a fi'equency of 50-100 Hz
with between 256 and 512 horizontal sampling lines with the detection window. This
translates into between 10 and 30 sampling points during each contraction and rdaxation
cycle depending on species. Contraction data for 6 beats could be downloaded through a
serial interfece directly to a desktop PC and averaged using a Lotus spreadsheet. This
provided data on time-to-peak (TTP) contraction and time to 50 and 90% relaxation
(R50andR90).
The edge detection system also provided a paper recording of contraction
amplitude and the peak rate of contraction and relaxation. The chart recorder was set
with a gain of 2.0 such that a 20 mm change in cell length on the monitor was translated
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into a 40 mm deflection on the chart. Calculated contraction amplitude was expressed as
a percentage of the resting cell length using the formula:-

% Cell Shortening = Contraction amplitude (from chart recorder) X

100

Resting cell length (on the monitor) x 2

Expressing contraction amplitude in this way normalises for variation in cell
length between myocytes.

2.3 Papillary Muscles
Dunkin Hartley guinea-pigs were injected with 1000 u/kg heparin ip prior to
sacrifice by cervical dislocation. The vigorously beating heart was excised and placed in
warmed Tyrode*s solution (35®C) containing 200 pM Ca^^ (composition [mM] NaCl
140, KCl 6.0, MgClz 1, glucose 10.3 and HEPES free acid 10). Left ventricular papillary
muscles were tied off using 5-0 silk sutures (supplied by Davis and Geek) and a binocular
dissecting microscope. The excised muscles were suspended vertically in a 10 ml organ
bath containing KH solution at 35®C, with 1 mM Ca^^ and gassed with 95% O2 and 5%
CO2 The temperature of the apparatus was maintained by the circulation of warm water
around the baths from a TE lOD Tempunit (Techne). Papillary muscles were stimulated
through 2 longitudinal platinum electrodes on each side of the bath. Impulses were
generated by a Grass SD9 stimulator and then divided for each organ bath by a Stimu
Splitter n (Med Lab). The stimulation frequency was 0.5 Hz, at an amplitude of 40 volts
and a stimulus duration of 10 ms. The tension generated was recorded using a tension
transducer. The resultant signal was fed into a MAC lab (model 8e) connected to a
desktop computer (Mac Performa 5200). The signal output allowed calculation of the
developed tension as well as the ma^dmum rate of tension development and relaxation. A
length tension relationship was determined for each muscle. If developed tension was less
than 20% of resting levels the preparation was discarded. The fixed tension applied to
muscles was that which produced the greatest developed tension as a percentage of the
resting level. Preparations were maintained at constant tension for 30 minutes prior to
experimentation. The equipment was calibrated by suspending known weights from the
transducer arms.
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2.4 Perfused Isolated Heart (LangendorfT technique)
Male Dunkin Hartley guinea-pigs (280-400g) were killed by cervical dislocation
10 minutes after receiving 1000 U/kg heparin IP. The heart was rapidly excised and
immersed in ice-cold KH solution (composition [mM] NaCl 118.5, MgS0 4 1.2, glucose
11.1, KCl 4.0, NaH2 ? 0 4 1.2, CaClz 1.4, NaHCOs 25) gassed with 95% O2 and 5% CO2
The heart was perfused according to the LangendorfT technique (LangendorfT 1895) at a
constant flow of 12 ml/min. Left ventricular pressure and dP/dT were continually
recorded using a fluid filled latex balloon inserted into the LV via the left atrium and
mitral valve. Coronary perfusion pressure was recorded via a sidearm on the aortic
cannula. Both pressure signals were transduced by Stratham P23XL transducers then
amplified via a polygraph amplifier (Grass, model 79E, Astro-med Rhode Island. USA.)
with the find signals processed through a Powerlab 400. The output was analysed on a
desk top PC using Chart software. The pressure transducers were periodically calibrated
by connection to a mercury sphygmomanometer. The LV diastolic pressure was set at a
level to generate the maximum developed isovolumetric pressure (developed pressure =
systolic - diastolic pressure). Generally this was around zero. All compounds were
infijsed via three way taps on the aortic cannula, at a rate of 100 pL/min. Infusions were
set using a Gilson pump.

2.5 Measurement of cAMP
Isolated guinea-pig myocytes were prepared as per protocol. In addition a third
enzyme digestion was performed to optimize the total yield of cells. The 3 digests were
pooled. Viable rod shaped myocytes were counted using trypan blue exclusion and a
haemocytometer. No

attempt was made to

remove non-viable rounded or

hypercontracted myocytes. For each experiment the level of cAMP was expressed
relative to the control baseline value for that particular cell preparation. The number of
non viable myocytes was the same in d l experimental conditions for individual myocyte
preparations. One hundred thousand viable rod shaped myocytes were suspended in 1ml
o f buffer solution (composition [mM]: NaCl 120, KCL 5.4, MgS0 4 5, pyruvate 5,
glucose 20, taurine 20, HEPES 10, CaCb 0.2). CeUs were incubated as a suspension at
37®C for 5 minutes foUowed by a further 5 minutes under test conditions. Tubes were
placed on ice and the cells separated by refiigerated centrifugation for 10 seconds at
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15,000 rpm. The supernatant was discarded and the cells resuspended in 1ml of ice cold
acidified ethanol (ethanol with hydrochloric acid to reduce pH<3.5) containing isobutyl1-methylxanthine (IBMX 100 pM). Following cell lysis the samples were dried at 57®C
under nitrogen to prevent nucleotide oxidation. Samples were then resuspended in 100
fiL of sample buffer and assayed using a tritium labelled competitive binding assay (TRK
432, Amersham International, Bucks. UK). This assay depends on competition between
unlabelled cAMP, present in the samples and a fixed quantity of tritium labelled
nucleotide for binding to a protein with a high specificity and affinity for cAMP. The
amount of labelled protein / cAMP complex formed was inversely related to the quantity
of cAMP in the sample. Samples were incubated at 4

with binding protein and tritium

labelled nucleotide. After 3 hours the reaction had reached a stable equilibrium and a
charcoal suspension was used to remove unbound nucleotides. Measurement of the
protein-bound radioactivity present in the supernatant enabled the amount of unlabelled
cAMP in the samples to be calculated using a standard curve. Radioactive detection used
beta scintillation measured in a counter (Packard Bioscience Tricarb 4000 series)
The standard curve was constructed for each run of the assay using 0, 1, 2, 4, 8
and 16 pmols of cAMP with each reaction performed in duplicate. The total counts (Co)
were divided by the average count for each concentration (Cx) with the resultant ratio of
Co/Cx was plotted against the concentration of cAMP. This produced a linear standard
curve (fig 2.3). Each experimental condition was performed in triplicate for each
myocyte preparation. The results were expressed as a percentage of the basal level for
each preparation.

cAM P Standard Curve
1 2 -,
1086-

42-

0

5

10

[cA M P, pm oles]

67

15

20

Chapter 2___________________________________________________________________ Methodolosv

0.5318 ±0.005728
1.036 ±0.04318
-1.948
1.880

Slope
Y-intercept
X-intercept
1/slope
95% Confidence Intervals
Slope
Y-intercept
Goodness of Fit
r2

0.5159 to 0.5477
0.9161 to 1.156
0.9995

Fig 2.3 cAMP standard curve for competitive binding assay.

2.6 Measurement of cGMP
The commercial cGMP assay (Amersham) was based on the same principle as
that for cAMP, with a competitive binding assay between unlabelled cGMP and a fixed
quantity of tritium labelled compound, for binding to a specific antiserum. The standard
curve was produced in a similar manner using 0.5, 1, 2, 4 and 8 pmol standards. The
separation step used concentrated (NH4)2 S0 4 to bind the protein. This was centrifuged
and resuspended after removal of the supernatant. An aliquot of this suspension was
mixed with scintillant for beta counting. In order to detect basal amounts of cGMP
200,000 rod shaped myocytes were required for each sample. Exposure to NO donors
was for 3 minutes in the presence of the phosphodiesterase inhibitors IBMX (100 pM)
and zaprinast (10 pM). Ethanol extraction of cyclic nucleotides was the same as for
cAMP, with experimental conditions performed in duplicate. Changes in cGMP levels
were expressed relative to basal for each preparation.

2.7 Measurement of Myocyte Intracellular Calcium
The AM ester of the fluorescent Ca^^ indicator Fura-2 was used to measure
intracellular calcium in isolated guinea-pig myocytes. Cells were incubated with Fura-2
AM (5 mM) at room temperature for 30 minutes in tyrodes solution with 1 mM Ca^^.
Excitation of the fluorescent dye has been described previously (Frampton et al, 1991).
Fura loaded cells were adhered to laminin coated coverslips and placed in an
experimental chamber on the stage of a microscope. Cells were alternately excited with
340 and 380 nm light using a rotating filter wheel (12 Hz, with 10 slits). The emitted
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fluorescence at 510 nm was collected by a photomultiplier tube. Changes in the ratio of
the emitted fluorescence signal excited with 340 and 380 nm wavelength light (340/380
signal) were used as an index of change in intracellular Ca^^. Myocytes were stimulated
by puffs of high concentration potassium chloride solution (50 mM, duration 120 ms)
discharged via a glass microelectrode adjacent to the cell (Duchen MR 1992). Similarly
NO donors were puffed at cells via a second local microelectrode.

2.8 Measurement of Myocyte Calcium Current
2.8.1 Simultaneous Measurement of Contraction Amplitude
The technique of myocyte stimulation and measurement of contraction amplitude
has been previously published (Harding et al, 1988). The technique is essentially the
same as for standard isolated myocyte with cells continuously perfused with warmed KH
solution and activated by electrical field stimulation (0.5 Hz, 40 v and 0.5 ms). To aid
myocyte adhesion the glass coverslips, forming the floor of the experimental chamber,
were coated with laminin. Contraction amplitude was measured using a video edge
detection system. Measurement of cell length was not made and therefore cell shortening
was expressed as an absolute value in pm rather than as a percentage of resting cell
length.
2.8.2 Electrophysiological Measurements
The electrophysiological experiments were performed using an Axoclamp-2B
system (Axon Instruments, Foster City, CA, USA.). Borosilicate glass (Harvard
Apparatus, Edenbridge, Kent. UK.) microelectrodes with resistances between 20 and 30
MO were pulled with a micropipette puller (model P-87 Flaming/Brown, Sutter
Instrument Co.,Novato, CA, USA.) The microelectrode filling solution contained: KCL,
2M; EGTA, 0.1 mM; HEPES, 5 mM; pH 7.2. The use of high resistance microelectrodes
minimized any effect on intracellular environment.
Action potentials were measured in current clamp mode by stimulating the cells at IHz
with a 1.0 nA pulse of 10 ms duration. Steady state Ca^^ current was measured in
voltage-clamp mode by applying depolarising pulse from -40 mV to 0 mV for 275 ms at
a frequency of 1 Hz.
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2.8.3 Calcium IV measurement
The discontinuous single-electrode voltage clamp technique was used to study
the current flow across the L-type Ca^^ channel. Calcium currents were evoked fi'om a
holding potential of -50 mV by depolarising to +50 mV in 5 mV steps. Voltage clamp
experiments were carried out using an Axoclamp-2B amplifier in switch clamp mode
(discontinuous single microelectrode voltage clamp), switching at 3-5 KHz. The gain
was set to > 1 nA mV^ to obtain a maximally square voltage trace with no oscillations.
The phase lag control was not employed in order to avoid a “false clamp.”
The data fi'om the video edge detection system and the Axoclamp 2B system
were simultaneously recorded on a PC. The acquisition software programs used were
pCLAMP 8.0 and Axotape 2.0 (Axon Instruments Inc., Foster City, Ca, USA.). The
expressed action potential recordings consisted of an average of at least 5 traces. The
resting membrane potential, action potential amplitude and the R50 and R90 decay times
were calculated. The current data was expressed as current density (pA/pF) by
normalizing the peak calcium current for each cell to the cell capacitance. The decay of
the calcium current was calculated as an exponential standard

2.9 Preparation of Oxyhaemoglobin
Commercially available human haemoglobin usually contains 30-75% of the haem
in the ferric (Fe^\ met Hb) form. To obtain a homogenous reduced haemoglobin solution
a reductant, sodium dithionite, was added according to the methods of Feelisch & Noack
(1987). A 2-fold molar excess of sodium dithionite was added to a 10 mM solution of
haemoglobin and stirred for 30 minutes at room temperature to ensure complete
reduction. The reduced haemoglobin was then oxidised by blowing oxygen gently over
the surface of the solution for 10 minutes. The reaction results in a colour change fi'om
brownish red to bright red indicative of oxygenation of haemoglobin. Oxidation may also
be achieved by contact of the solution to ambient room air, instead of pure oxygen,
though the reaction runs considerably slower. Sodium dithionite was removed by passing
the resulting oxyhaemoglobin solution through a Sephadex G-25 column equilibrated and
eluted with phosphate buffered saline (10 mM, pH 7.4). The resulting solution was
stored fi'ozen in 200 pi aliquots at -20 °C The concentration and purity of the oxyHb
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Stock was

determined

by

spectrophotometry,

immediately after preparation.

Oxyhaemoglobin exhibits characteristic absorption maxima at 414, 542 and 577 nm (Fig
2.4). In contrast MetHb has its first absorption peak at 406 nm. A large absorption peak
at 414 relative to 406 nm indicates a high proportion of OxyHb in the mixture. If there is
an appreciable amount of methaemoglobin this does not necessarily constitute a major
problem as long as the absolute concentration of OxyHb is sufficiently high to ensure
complete trapping of NO under experimental conditions.
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Fig 2.4 Typical absorption spectrum of oxyhaemoglobin at neutral pH. Spectrum was
recorded in 200 mM Tris buffer (pH 7.4) at room temperature.

The concentration of oxyhaemoglobin was calculated by a two-wavelength
analysis (Feelisch and Kubitzek 1996). The mean absorbance difference of the diluted
sample was determined at 542 and 510 nm. The concentration of oxyHb was calculated
according to the following equation:
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[oxyhaemoglobin] = A Absorbance

xdilution factor

A s (542-510 nm) X L

where s = extinction coefficient for oxyhaemoglobin at 542-510 nm (9.61 mM/cm)
L = path length (0.183 cm)

2.10 Measurement of NO Release
2.10.1 Dual Beam Spectrophotometry
The photometric assay (Doyle and Hoekstra 1981) used for the measurement of
NO release from NO donors depended on the conversion of oxyHb to metHb by the
following reaction:Hb(n)02 + NO ^ Met(m)Hb + NO3

Release of NO by GSNO, SNAP, papanonoate, DEANO, detanonoate, and SNP
was measured. OxyHb (5 pM) was incubated in 1 ml Krebs solution in a cuvette
at 37 °C. The NO donor was added once the solution temperature had reached
equilibrium. The differential absorbance at 401 nm and 411 nm was monitored using a
dual-wavelength Shimadzu UV-3000 spectrophotometer. NO production was calculated
from the following equation:

[NO] = AAbsorbance (4oi-4iinm)
As (401-4111nm)
where s = extinction coefficient for cytochrome c at 550 nm (21.1 mM/cm)

The concentration of OxyHb (5 pM) was chosen because at this concentration
there is a linear relationship between NO binding and the extinction difference in the
difference-spectrum. With 5 pM OxyHb the solution was only slightly turbid minimising
the signal to noise ratio. A paper trace of the change in absorption with time allowed the
calculation of the rate of NO release for each donor concentration.
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2.10.2 NO Electrode
To investigate the efifect of myocytes on the rate of NO donor decomposition
parallel measurements of NO release were performed in the absence and presence of
500,000 guinea-pig myocytes using a Clark-type NO electrode (Iso-NO with 2 mm
shielded sensor; World Precision Instruments, Sarasota, FL, USA). Incubations were
carried out in HEPES-buffered Krebs-Henseleit solution at pH 7.4 and 37®C
(Composition [mM]; NaCl 118, KCl 4.8, KH2PO4 1.2, MgS0 4 1.2, CaClz 1.0 and
glucose 11.5 HEPES 25) in a water-jacketed, septum sealed reaction chamber shielded
from light and under continuous stirring. The NO donors were added from aqueous
stock solution by means of a Hamilton syringe. Changes in current output were recorded
continuously and processed using the DU0-18TM data acquisition software (version
1.1; World Precision Instruments).

NO release was quantified by comparison to a

standard curve constructed by addition of known amounts of NaNOz to a solution of
potassium iodide in sulphuric acid.

2.10.3 Measurement of NOx Levels by Chemiluminescence
NO may be measured by light emission (chemiluminescence) that occurs when it
interacts with ozone (Palmer, Ferridge and Moncada 1987). This technique was used to
measure the NO metabolite nitrite present in cell culture supernatants. Aliquots of
supernatant were injected, by a Hamilton syringe, into a glass chamber containing a
heated reducing solution (25mls of 6% aqueous sodium iodide and 75mls of glacial
acetic acid). Nitrite was reduced to NO which was stripped from the reducing solution
by a stream of inert nitrogen bubbled through the mixture. The NO was then carried
through a “U” tube condenser packed with glass beads to remove any reducing mixture
vapour. The dried stream of nitrogen/NO then entered the reaction chamber where it was
mixed with ozone (generated by electrical discharge through oxygen in the ozonizer) in
front of a red sensitive photomultiplier tube. The light emission (wavelength 660-900
nm) was amplified and counted. The resultant counts were displayed as peaks on a chart
recorder. The equipment was calibrated by injection of sodium nitrite standards (0.3-30
tiM).

73

Methodolo£v

Chapter 2

Fig 2.5
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Chemiluminescence Standard Curve
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Fig 2.6 Chemiluminescence standard curve
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2.11 Statistical Analysis
Values are expressed as means±SEM except where stated. Statistical differences
between basal contraction and that seen under experimental conditions were tested using
Student’s two-tailed t-test for paired data. Where conditions were not sequentially
exposed to the same cells an unpaired test was used. The n value refers to the number of
cells used in a particular experiment with each coming from a separate animal or human
preparation unless otherwise stated. A one-way ANOVA was performed on some group
data using Prism version 3.0. If the ANOVA was significant (p<0.05) sets of data were
compared with a Bonferroni test. With statistical tests a p value of <0.05 was considered
as significant.

2.12 Materials
Pyruvate, taurine, nitrilotriacetic acid, hyaluronidase (type I-s) and -(-)
Isoprenaline-HCl were obtained fi’om Sigma Chemical Co. Ltd (Poole, U.K.)
Collagenase type II (Worthington) was obtained fi*om Cambridge Bioscience
(Cambridge, U.K.).
All other agents used for Krebs-Henseleit and low calcium solutions were
obtained from BDH, (Poole, U.K.) AristaR grade KCl and glucose were used for low
calcium solutions. All other reagents were AnalaR grade. AnalaR water (BDH) was
used for low calcium solutions. Milli Q water was used for other solutions. For reagent
source see Appendix 1.
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Effect of NO Donors on
isolated myocyte contraction
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3.1 Introduction
As previously outlined early studies into the effect of NO donors and
dissolved NO gas found a small negative effect on contractile amplitude in both
isolated guinea-pig (Brady et al., 1992. Am J Physiol) and rat (Balligand et al,
1993. Froc Natl Acad Sci USA) ventricular cardiomyocytes. In these and other
studies (Sandirasegarane and Diamond 1999; Flesch et al, 1997; Mohan et al,
1996) NO donor concentrations in the range of 10 pM had been shown to have a
negative inotropic effect.

As well as a negative effect from exogenous NO there were further reports
of similar effects from the induction of nitric oxide synthase by exposure of rat
ventricular myocytes to conditioned medium from activated macrophages
(Balligand et al., 1993. J Clin Invest) and in myocytes prepared from guinea-pig
exposed to large doses of systemic endotoxin (Brady et al, 1992. Am J Physiol).

Compared with rat, the baseline contraction amplitude of guinea-pig
cardiomyocytes is relatively small. Modulation of this by NO might be difficult to
detect. Previous studies using NO donors have demonstrated their capacity to
modulate the response to P-adrenoceptor stimulation in isolated rat myocytes
(Kojda et al, 1996), rat papillary muscle (Mohan et al, 1996) and whole guineapig hearts (Prendergast et al, 1998). In human studies the effect of NOS inhibition
in patients with DCM was only shown with co-administration of dobutamine (Hare

et al, 1998). Therefore we set out to look at the effect of NO on the response to
P-adrenoceptor stimulation with isoprenaline, as well as effects on baseline
contractile amplitude. As discussed in the chapter 1 there are a number of newer
NO donors, such as NONOates, whose decomposition are more predictable. Early
experiments used the traditional NO donor SNP, whose liberation of NO is difficult
to measure. Its breakdown is capable of generating cyanide radicals that may have
inhibitory effects on cellular metabolism and in turn contractile function. For this
reason a diverse range of NO donors were used with variation in release kinetics,
generated NO species and carrier breakdown products. Initial experiments set out
to validate the experimental system to ensure that myocytes would respond in a
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predictable and reproducible fashion to P-adrenoceptor stimulation, before moving
on to look at the effects of NO donors.

3.2 Experimental Protocol
Isoprenaline concentration response in different species
Cumulative concentration response curves to isoprenaline were performed
in a range of myocyte species (guinea-pig, rat, rabbit and human). Cells were
isolated as set out in chapter 2. A fresh stock solution of isoprenaline (lOmM) was
prepared in milliQ water containing the anti-oxidant ascorbic acid (1 mM) and
stored on ice. The isoprenaline was diluted 1000 fold on addition to the gassed
perfusing KH solution. In all experiments the response was measured once a
constant

contraction amplitude was achieved for a given isoprenaline

concentration. The peak effect was deemed to have occurred when an additional
increase in concentration by half a log unit produced less than a 10% further rise in
cell shortening or when spontaneous contractile activity was induced. In the latter
scenario the peak effect was deemed to have occurred at the previous isoprenaline
concentration.

Reproducibility of isoprenaline concentration response
Serial concentration response curves to isoprenaline (0.1-100 nM) were
constructed using guinea-pig myocytes. Three cumulative concentration response
curves were constructed for each cell. Between each curve cells were allowed to
return to baseline over a period of 10-15 mins. Responses to isoprenaline that did
not reverse after washout were excluded from analysis.

Effect of L-NAME and L-arginine
A cumulative concentration response curve to isprenaline was constructed
in guinea-pig myocytes. After return to baseline cells were exposed to L-NAME
(100 pM) for 15 minutes prior to and during repeat isoprenaline challenge. The
same protocol was used to construct the concentration response curve in the
absence and presence of the NO precursor L-arginine (1 mM). Both L-NAME and
L-arginine were prepared as aqueous stock solutions.
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Effect of SNP and GSNO
Serial concentration response curves to isoprenaline were constructed in
the absence and presence of SNP (30 pM) and GSNO (lOpM). The SNP stock
solution was prepared freshly in milliQ water and stored on ice shielded from light.

3.3 Results
There was a reproducible response to isoprenaline in each species (Fig 3.1).
As anticipated the peak contraction amplitude was less in guinea-pig and human
myocytes compared with rat and rabbit.

C oncentration re s p o n se to isoprenaline
in different m yocyte s p e c ie s
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Fig 3.1 single concentration response curve to isoprenaline (0.1-100 nM) in 4
species o f isolated myocyte (guinea-pig n=13, human n=6, rabbit n=4 and rat
n^6). Contraction amplitude is displayed as a percentage of resting cell length.
Each point represents the meandSEM.

Serial response to Isoprenaline
The concentration response to isoprenaline was repeated 3 times on the
same cell (fig3.2). The EC50 was calculated for each of the 3 curves and data from
6 cells was compared by a paired T test. There was no significant change in the
value (mean and 95% Cl, response 1 - 4.45 nM, 2.1-6.84 nM; response 2 - 5.9,
1.35-10.4; response 3 - 10.6, 4.4-25.5 nM). The maximum response was
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significantly reduced on the third concentration response curve (7.5 ± 0.79 Vs 10.1
± 0.56, p<0.05), however if the results were adjusted for the reduction in baseline
contraction seen in the third curve the decrease in the maximum response was no
longer significant.

Serial concentration response curves to
isoprenaline
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Fig 3.2 Isoprenaline concentration response curves to isoprenaline performed 3
times in the same cell (n=6). Contraction amplitude is displayed on the y axis as a
percentage o f resting cell length. The x axis is the Log [iso M].

Effect of the NOS inhibitor L-NAME
The concentration response to isoprenaline was performed serially in the
absence and presence of the NOS inhibitor L-NAME (100 pM). The maximum
contraction amplitude was unaffected (9.3 ± 0.4% and with L-NAME 8.6 ± 0.65,
n=5, p=NS) whilst the EC 50 to isoprenaline remained unchanged at lOnM.

The concentration response curve to isoprenaline was unaffected by the
increased provision of L-arginine (Fig 3.3).
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Fig 3.3 Concentration response curve to isoprenaline in the absence and presence
o f L-arginine 1 mM (n=6). Contraction amplitude is displayed on the y axis as a
percentage o f resting cell length. Each point is a mean± SEM. The EC50 was
3.41xlO'^M (Cl 2.22-4.6x10'^M) for KH alone compared with 3.25x10'^M (Cl
1.27-5.37xlO'^M) in the presence o f L-arginine.
Isoprenaline Response in the presence of NO donor
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Fig 3.4 Concentration response curve to isoprenaline in the absence and presence
o f SNP 30/jM (n=6). Contraction amplitude is displayed on the y-axis as a
percentage o f resting cell length. Each point is the mean ± SEM. The EC50 pre
SNP was 4.79xlO^M (Cl 1.69-7.88x10'^M) compared with 5.69xlO^M (Cl 1.1410.2x10 ^M) in the presence o f SNP.
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SNP induced a small non-significant reduction of contractile amplitude.
Using the same protocol a preliminary experiment was performed using the thiol
NO donor GSNO.

12-1

Effect of GSNO (10pM) on isoprenaline
concentration response
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Fig 3.5 The response o f isolated myocytes to isoprenaline in the presence and
absence o f the NO donor GSNO. Contraction amplitude is displayed as a
percentage of resting cell length.
For the first time the second dose response curve to isoprenaline appeared
shifted to the left. There was no difference in the maximum cell shortening.
However the EC50 was significantly different in the presence of GSNO compared
with baseline (p=0.01) (mean ± 95% Cl, pre GSNO 5.98, 2.75 - 14.7; with GSNO
1.3, 0.5 - 3.1; post GSNO 3.78 0.75 - 6.81 nM). The number of cells used in the
experiment was small but suggested that there may, at low concentrations of
isoprenaline, be a potentiating effect of co-administration of GSNO.

3.4 Discussion
Guinea-pig, human, rat and rabbit myocytes all demonstrated a
reproducible concentration response relationship to p-adrenoceptor stimulation.
The peak contraction amplitudes of the guinea-pig and human cells were smaller
than rat and rabbit. In the guinea-pig the isoprenaline response was reproducible
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when repeated twice, with the third response showing a reduction in the peak
effect due to a fall of baseline cell shortening.

Inhibition of nitric oxide synthase using L-NAME did not alter contractile
amplitude suggesting an absence of a tonic effect of endogenous NO. This
observation was in keeping with previous reports in failing human myocytes
(Harding et al., 1998). In rat myocytes NOS inhibition did not affect baseline
contraction but has been reported to enhance the response to P-adrenergic
stimulation (Balligand et al., 1993 Proc Natl Acad Sci USA). Addition of Larginine, the precursor of NO, did not influence the response to isoprenaline
suggesting that its provision is not a limiting factor.

The serial isoprenaline concentration response curve performed in the
presence of SNP was unaltered. The second curve in the presence of GSNO
suggested a possible small potentiating effect of the NO donor on baseline
contraction and in the presence of isoprenaline up to 30 nM. Further experiments
were performed to look more closely at this effect.

3.5 Section H
Given the modest nature of any NO mediated inotropic response further
experiments were designed to expressly examine the effect of NO donors,
including GSNO, in the presence of a low background concentration of
isoprenaline.

Protocol
Myocytes were exposed to isoprenaline (0.3 nM). On a background of low
level p-adrenoceptor stimulation, a cumulative response to NO donor (1-30 pM,
SNAP, papanonoate and GTN) was performed. Each donor was prepared freshly
in aqueous solution and stored on ice. As before, donors were diluted 1000 fold in
KH solution at the time of use.
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GSNO breakdown liberates NO and glutathione. Control experiments were
performed exposing cells to a cumulative concentration of glutathione (1-100 pM)
in the presence of isoprenaline (0.3 nM)

3.6 Results
Effect of NO donor on a baseline of low concentration isoprenaline
Both SNAP and papanonoate induced marked positive inotropy at
concentrations of 10 pM (Fig 3.6). At a concentration of 3 pM there was an
increase of contraction amplitude but this effect failed to reach statistical
significance with the small sample size used. Previous experiments using SNP had
not shown any positive inotropic effect. It was unclear whether this was the
consequence of slow release of NO or from co-production of cyanide radicals.

Effect of NO donor on Isoprenaline 0.3 nM
1 0 .0-1

basal
iso 0 .3 nM
iso + NO d o n o r

1

3 10 30

1

SN A P

P a p a n o n o a te

3 10 30 pM

Fig 3.6 The effect o f cumulative concentrations o f NO donor on a background o f
a low concentration o f isoprenaline. The Y axis represents cell shortening as a
percentage o f resting cell length. ANOVA fo r SNAP p<0.01 andfor Papanonoate
p<0.0005. n=6 for SNAP and 7fo r papanonoate *p<0.05, **p<0.01.
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The other NO donor used clinically as a vasodilator is GTN, which did not
induce any change in contractile function (Fig 3.7). As a positive control at the end
of the experiment myocytes were exposed to SNAP (10 pM) which induced a
marked positive inotropic response confirming that the preparations were capable
of positive inotropy with a different NO donor.

Effect of GTNon isoprenaline 0.3 nM
10 . 0 -

basal
iso 0.3nM

**

f

I

7.5.

+ GTN1pM
+ GTN10pM

C/) 5.0-

^

X

+ GTN100pM

E S ^ + SNAP10pM

Fig 3.7 The effect o f cumulative concentrations o f GTN on a background o f a low
concentration o f isoprenaline. The Y axis represents contraction amplitude as a
percentage o f resting cell length. Each bar is an average ± SEM ** p<0.005.
(n=4)
Figure 3.8 summarises the relative change of contraction amplitude in the
presence of a NO donor (10 pM) expressed relative to the control value of
isoprenaline alone.

In contrast to traditional NO donors GSNO, SNAP and

papanonoate (10 pM) produced large increases in contraction amplitude (GSNO:
69.4 ± 21%, n=6, p<0.0001; SNAP: 111 ±31.5% n=7, p<0.005; papanonoate: 87
± 10.8%, n=6, p<0.0001).
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Fig 3.8 Effects o f GTN (n=4), SNP (n^5), GSNO (n-^6), SNAP (n=7) and
papanonoate (n=6) at 10 pM, on isolated guinea-pig myocytes. Contractile
responses are displayed as a percentage above the control value o f isoprenaline
0.3 nM alone. Each bar represents the meandSEM.

The increase in amplitude was of rapid onset, was sustained for the duration of
exposure to the drug and reversed with removal of the NO donor (Fig 3.9).

GSNO

WASH

1510
5

2 mins

1 sec

Fig 3.9 A tracing o f contraction amplitude o f an isolated guinea-pig myocyte
exposed to GSNO (10 pM). There is a very marked response to GSNO. The Y axis
represents contraction amplitude as a % o f resting cell length The increase o f
contraction occurs on a background o f isoprenaline 0.3 nM and is reversed by
washing out o f the GSNO by KH solution containing isoprenaline.
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GSNO Control Data
The positive response to GSNO was investigated in greater detail.
Glutathione alone (1-100 pM) did not cause a significant increase in contraction
indicating that the contractile effect seen with GSNO did not result from the thiol
by-product after liberation of NO (baseline % cell shortening 1.27 ± 0.23; iso 0.3
nM 1.82 ±0.31; +glutathione 1 pM 2.01 ± 0.31, p=ns; +glutathione 10 pM 1.94 ±
0.24, p=ns; +glutathione 100 pM 2.08 ± 0.38, p=ns, n=4). Cells which had not
responded to glutathione were subsequently challenged with GSNO (10 pM) and
this produced a 94 ± 8% increase in contraction amplitude (p<0.005, n=4),
confirming that the cells were capable of mounting a positive inotropic response.
The experiment confirmed that in the presence of a low concentration of
isoprenaline a range of NO donors were capable of inducing positive inotropy. The
breakdown product of GSNO, glutathione had no inotropic effect when used
alone.

3.7 Section m
Introduction
Having demonstrated a positive inotropic effect we sought to confirm that
it was mediated by NO. The effect of NO donors was seen in the presence of a low
concentration of isoprenaline, suggesting that the effect may be dependent on or
mediated by elevation of cAMP. Further experiments were performed to elucidate
the role of isoprenaline. In previous reports cGMP has been central in NO
mediated change in contractile function. Therefore the effects of ODQ an inhibitor
of sGC and the cGMP analogue 8-Br-cGMP were investigated.

3.8 Experimental Protocol
Oxyhaemoglogin
Oxyhaemoglobin was synthesised as set out in section 2.9. Seven cells from
5 preparations were serially exposed to GSNO (30 pM) and GSNO (30 fjM) plus
oxyhaemoglobin (5 pM) in random order. These experiments were performed
with a background isoprenaline concentration of 0.3 nM.
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Role of Isoprenaline
To determine whether the positive inotropic effect of the NO donors was
dependent on the presence of a background concentration of isoprenaline, cells
were stimulated with increasing concentrations of GSNO in the presence or
absence of 0.3 nM isoprenaline.

Role of cGMP
A stock solution of the sGC inhibitor ODQ was prepared in DMSO. The
final concentration had a 1000 fold dilution in KH solution giving a DMSO level of
0.1%. Cells were perfused for 15 minutes with ODQ prior to challenge with a
isoprenaline (0.3 nM) and GSNO (10 |iM)

Cells were exposed to isoprenaline 0.3 nM. A cumulative concentration
response curve was performed with 8-Br-cGMP (3-100 pM). Cell shortening was
measured 5 mins after each concentration.

SOD protocol
SOD (derived ifom bovine erythrocytes, Sigma Chemicals, Poole,
Dorset.UK.) was prepared in KH solution. Myocytes were exposed to 100 u/ml by
continuous infusion for 10 minutes prior to challenge with GSNO (30 pM). The
effect on cell shortening was recorded once a steady state was achieved.

3.9 Results
Effect of Oxyhaemoglobin
GSNO produced a large increase relative to isoprenaline alone (132 ± 29%)
and oxyhaemoglobin abolished this effect (Fig 3.10). The inhibition was reversed
by removal of the oxyhaemoglobin by washing for 20 minutes (iso 3.11 ± 0.48 %
shortening Vs +GSNO 8.45 ± 1.58; Iso+Hb02 2.58 ± 0.36 Vs +GSNO 2.7 ± 0.54;
post washout iso 2.03 ± 0.14 Vs +GSNO 5.05 ± 1.48, n=4).
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Fig 3.10 The effect o f oxyhaemoglobin (5 fjM) on the response to GSNO 30 pM.
Contraction amplitude is displayed as a percentage o f resting cell length. Each
bar represents a meandSEM (n=7). In comparison to isoprenaline (0.3 nM)
alone, GSNO resulted in a 132 ±29% increase in contraction
In the
presence o f oxyhemoglobin there was no response to GSNO (p=0.69).
Effect of Low Dose Isoprenaline on Response to NO donors
Basal contraction amplitudes in the presence and absence of low dose
isoprenaline were not significantly different (2.86 ± 0.23 Vs 3.09 ± 0.45 %
shortening). GSNO (30 pM) produced an increase in contraction amplitude in
both groups (-Iso 44 ± 30%, n=7, p=0.07 and +Iso 88 ± 15%, n=17, p<0.001) but
the response to GSNO was significantly greater in the presence of isoprenaline
(p<0.01).

The Role of Soluble Guanylyl Cyclase
The cGMP analogue 8-Br-cGMP at 3-100 pM had no significant effect on
cell contraction amplitude (fig 3.11).
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Fig 3,11 Concentration/effect relationship of 8-Br-cGMP on isolated guinea-pig
myocytes stimulated with isoprenaline (0.3 nM). Contractile response is displayed
as a percentage of resting length. Each bar represents the mean ± SEM (n=7).
There is no significant difference of contraction amplitude with any dose of 8-BrcGMP by either ANOVA or paired Student T test.
Furthermore the response to GSNO was not altered by the soluble guanylyl
cyclase inhibitor ODQ (10 |liM ) (Garthwaite et al, 1995).
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Fig 3,12 Effect of GSNO (10 or 30 pM) on contraction in the presence or absence
of the sGC inhibitor ODQ 10 pM (n=6 paired experiments). GSNO showed a
significant increase in contraction amplitude compared, using a paired T test, to
basal contraction with isoprenaline (0.3 nM) (**p<0.01). The response to GSNO
was unaffected by ODQ.
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Effect of Superoxide Dismutase
Cells were stimulated with GSNO in the presence of 100 units/ml of SOD
prior to challenge with GSNO. The positive inotropic response to GSNO was
unaffected by the presence of SOD (% cell shortening of 3.64 ± 0.51 with SOD
alone; 5.23 ± 0.64 with SOD and GSNO 30 pM, p<0.01). (Data courtesy of Ms
Anna Castledine)

3.10 Discussion
The results of the studies in isolated myocytes clearly demonstrate a
positive inotropic effect of certain structurally diverse NO donors (thiols such as
GSNO and SNAP: NONOates such as papanonoate). The traditional NO donors
SNP and GTN produced small but non-significant decreases of contractile
amplitude. The same cells when exposed to SNAP were able to mount a positive
response. Using GSNO it was demonstrated that the positive response could be
inhibited by using the fi^ee NO scavenger oxyhaemoglobin and that this inhibition
was reversible with the return of the positive inotropic response after removal of
the scavenging agent. The other breakdown product of GSNO, glutathione, did not
influence contractile amplitude either alone or in the presence of low dose 13adrenergic stimulation. In guinea-pig myocytes a lesser but significant positive
inotropic response to GSNO occurred in the absence of 6-adrenergic stimulation.

From the initial experiments the mechanism of this positive inotropic effect
was unclear. In contrast to previous reports that have suggested that the effect
might be at least partially dependent on cGMP (Mohan et al., 1995; Gross et al.,
1996; Du Bois et al., 1995) we found no evidence of this. Previous reports have
questioned the ability of ODQ to inhibit sGC in rat cardiomyocytes (Wegener et

al., 1999) but the failure of ODQ to inhibit and 8-Br-cGMP to mimic the effect,
strongly suggests that the positive inotropic effect observed in our system was
independent of cGMP. Subsequent direct measurement of cGMP levels confirmed
ODQ effectively blocks sGC activity in guinea-pig myocytes (section 4.5).
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Furthermore the efifect did not seem to be restricted to particular classes of
NO donors that preferentially release NO^ or other NO species (e.g. NO ) since it
was seen with NO thiols (potential NO^ donors) and non-thiol containing donors
that release NO’ or NO A recent report has demonstrated that nitroxyl NO anions
may exert a redox sensitive positive inotropic effect in vivo by calcitonin generelated peptide signalling (Paolocci et al., 2001). Positive inotropy has also been
observed in response to the NO donor SIN-1 (Chesnais et al., 1999). This agent
may generate peroxynitrite and the application of SOD negated the effect.
However, in the present study the response to GSNO was unaffected by SOD.

The presence of low dose isoprenaline appeared to enhance the response
though a lesser positive inotropic response to GSNO could be observed in the
absence of isoprenaline. 6-adrenergic stimulation may serve to raise basal cAMP
levels sufficiently to exert a synergistic effect with the NO donor without the NO
donor acting directly via a cAMP dependent mechanism.

It is thus clear that the previous perception of NO as an exclusive negative
inotrope is incorrect. Newer spontaneous NO donors are able to induce a
significant positive effect in isolated guinea-pig cardiomyocytes, when used in |liM
concentrations.
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4.1 Introduction
Experiments in isolated myocytes demonstrated a marked increase in cell
shortening following exposure to certain NO donors. The mechanism underlying this
effect was unclear but from our initial investigations appeared independent of cGMP. A
series of further experiments were performed in an attempt to understand the variation in
response between different NO donors and to establish the mechanism underlying the
previously observed positive inotropy.
The similarity o f the inotropic response to thiol (GSNO and SNAP) and
NONOate (papanonoate) NO donors suggests that the species of NO liberated is not
central to the observed response. However, the rate of donor decomposition may be
important in determining the action of individual donors. Therefore direct measurement
of donor decomposition was undertaken. Two separate methods were used involving
dual beam spectrophotometry and an NO electrode. Breakdown of NO donors was
measured in KH solution. GSNO and SNAP may be subject to metabolic breakdown
(Gordge et al., 1995) and therefore the rate of release was examined in the presence of
cardiac tissue. Attempts were made to measure increased NOx levels using NO donors
and small pieces of myocardium in culture. An NO electrode allowed the estimation of
donor breakdown in the presence of a cell suspension.
Functional myocyte experiments to look at the influence of donor breakdown
were performed using members of the NONOate family which decompose
spontaneously, with the release of NO governed exclusively by first order kinetics.
DEANO and detanonoate quantitatively release similar amounts of NO but at very
different rates reflected in their half lives; DEANO has a half life of 2 mins (Maragos et

al, 1991) and detanonoate has a half life of 20 hrs (Mooradian et al, 1995). A
differential response to these agents would suggest that the rate of release was an
important determinant of the observed effect.
Initial experiments with the cGMP analogue 8-Br-cGMP and the sGC inhibitor
ODQ failed to demonstrate a central role for cGMP in mediating the inotropic response.
The role of both cGMP and cAMP required further investigation particularly in view of
the apparent synergy between the effect of NO donor and the simultaneous
administration of a low concentration of isoprenaline. Such synergy could be explained in
terms of both agents, NO and isoprenaline, acting on the common pathway of cAMP
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metabolism. Alternatively the NO may act by an alternative mechanism which is
potentiated by simultaneous P-adrenergic stimulation. For this reason the levels of both
cAMP and cGMP within myocytes were directly measured using a competitive binding
commercial immunoassay techniques. The protein kinase A inhibitor Rp-cAMPs was
used to assess the effect of blocking the action of cAMP.
There is an extensive literature examining the effect of NO donors on Ca^^
channel function. There have been reports of both increased and reduced Ica in relation
to NO donor exposure. The mechanism of these effects may be via cAMP or due to a
direct action of NO on the L-type Ca^^ channel itself Alternatively NO could act via the
sarcoplasmic reticulum to increase Ca^^ release from intracellular stores. Thus we also
set out to elucidate the role of Ca^^ in the observed inotropic response. Thapsigargin is
an inhibitor of the sarcoplasmic reticulum (SR) Ca^^ATPases (reviewed by Treiman et

al., 1998). Exposure of myocytes to this agent serves to deplete intracellular Ca^^ stored
in the SR. Attempts were made to measure the Ca^^ transient. Microelectrode recordings
of the action potential and steady state 7ca were made before, during and after exposure
to DEANO.

4.2 Section L Rate of NO Release
Experimental Protocols
DEANO Vs Detanonoate
Guinea-pig myocytes were exposed to isoprenaline (0.3 nm). A cumulative
concentration response curve to detanonoate (1-100 pM) was performed. Cells were
then allowed to return to baseline before being challenged with the rapidly decomposing
NO donor DEANO (1-100 pM).

Dual Beam Spectrophotometry
Oxyhaemoglobin was synthesized and the purity assessed as set out in chapter 2.
One ml of KH solution containing 5 pM oxyhaemoglobin was placed in a quartz cuvette
and warmed to 37^C in a dual wavelength spectrophotometer. Fresh NO donor was
added to the cuvette via an eppendorf pipette. DEANO was prepared immediately prior
to use because of its particularly short half-life. The change in the absorbance at 401 and
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411 nm was continuously measured. NO production was calculated as set out in chapter
2.The rates of NO generation from the donors SNP, DEANO, GSNO and detanonoate
(10-300 pM) were measured.

Alteration of NOx turnover
Preliminary experiments determined the levels of NO metabolites (nitrate and
nitrite) by a Greiss assay with a view to demonstrating increased NO turnover. Isolated
guinea-pig hearts were arrested in ice-cold KH solution. Uniform pieces of myocardium
were obtained using a small skin biopsy punch (2mm in diameter). The pieces were
added to 1ml aliquots of KH solution in a 12 well plate. SNP and GSNO (30 pM) were
added and the samples were incubated at 37®C shielded from light for 2 hrs. The
supernatants were removed, spun and frozen at -70®C. The wet myocardial tissue was
weighed to allow a crude correction for tissue mass

NO Electrode
Incubations were carried out in a water jacketed reaction chamber shielded from
light under continuous stirring. The NO donors were added via a Hamilton syringe to the
warmed KH buffer (37®C). Initial experiments added J774 cells (cultured macrophage
cell line) at a concentration of 10^ cells/ml. In subsequent experiments SxloVml guineapig myocytes were used. Conditioned cell medium was prepared from the cells which
had been in suspension (in Hepes buffered KH) for at least 2 hours. The cells were
removed by centrifugation and the supernatant retained. The NO quenching agent
carboxy-PTIO was used to ensure that the signal recorded was due to NO generation.
This was added prior to the NO donor at a concentration of 5-3OpM.

4.3 Results
DEANO Vs Detanonoate
At 10 pM DEANO produced a significant increase in contraction compared to
basehne (105 ±24%, p<0.001, n=5).

In contrast detanonoate produced a 17±15%

increase at 10 pM (n=8) and an increase of 54±27% at 30 pM (n=6), neither of which
reached statistical significance. The maximum change of contraction with detanonoate
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failed to reach significance (average 59 ± 25%) whilst with DEANO the average increase
was 209 ± 66% (p=0.05). Responses to DEANO occurred at concentrations as low as
IpM. It thus appeared that the faster rate of release of NO from DEANO was associated
with a greater and more consistent positive inotropic effect. DEA the other breakdown
product of DEANO has been shown, in our laboratory, to have no effect on contractile
amplitude.

Single Myocyte

2

-

Baseline

4-

6

-

DEANO

Fig 4.1 Tracing of a single contraction of an isolated myocyte at baseline (with
isoprenaline 0.3 nM) and after exposure to DEANO (lOpM). The Y-axis represents cell
shortening as a percentage of resting cell length. Contraction amplitude increased by
200%following exposure to NO donor.
Measurement of Spontaneous NO Release
SNP, detanonoate and GSNO produced comparable release of NO at a
concentration of 10 gM, in the absence of tissue (Table 4.1).
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10

30 pM

100 pM

300 ^iM

SNP

34.0+3.0

52+6.4

68.6+8.2

113.2+12.0

GSNO

50.2+9.5

59.6+5.0

104.3+10.6

235.4+18.0

Detanonoate

58.0+14.1

92.2+2.4

258.3+2.4

660+31.3

DEANO

409+115

1153+174

1693+691

ND

Table 4.1 The spontaneous release of NO measured by dual beam spectrophotometry
with results expressed as nmoles/min\ Results are the mean of at least 6 observations ±
SEM. (ND = not determined).
NO donors and Myocardial Fragments
Using this technique the NOx levels detected were approximately 5pM
irrespective of the presence of tissue. The standard curve for the Greiss reaction runs
from 10-100|iM making the technique too insensitive to allow detection of altered donor
breakdown.

NO Electrode
The recorded decomposition of NO donors may be influenced by temperature,
pH, light, the presence of cells. The spontaneous liberation of NO from SNAP was
recorded at 3 concentrations (10, 100 and 1000|iM) in KH solution (upper panel Fig
4.2). When the experiment was repeated in the presence of cells (J774 macrophage cell
line) the recorded signal amplitude was substantially lower at a SNAP concentration of
lOpM, slightly less at lOOpM and unaffected at ImM (lower panel Fig 4.2) (recorded
signals were 465+112 Vs 80+37 pA with lOpM; 760+175 Vs 630+190 with lOOpM and
900+150 Vs 1110+170 for ImM, n=3). The likely explanation for this is signal
quenching in the presence of cells. At low concentrations of SNAP the rate of NO
release is modest with some NO being scavenged by the J774 cells. This scavenging may
represent a cell surface adsorption phenomenon. At a higher rate of NO release
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associated with a higher SNAP concentration (Im M ) the signal quenching effect is lost
suggesting that the quenching process has becom es saturated.
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Fig 4.2. Cumulative addition of SNAP (10, 100, 1000 fiM) to the incubation buffer
resulted in a concentration-dependent increase in NO release. Lower panel: The same
concentrations of SNAP were added to buffer solution containing J774 macrophages
(lOi^cells/ml). NO signal is diminished in the presence of cells and SNAP lOpM.
Depicted tracings are representative of 3 individual experiments with similar results
(see table in appendix II)
As anticipated 5 pM D E A N O w ith its large and rapid release o f N O failed to
show any significant quenching in the presence o f J774, but concentrations o f 0.1 and 0.5
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HM revealed som e attenuation o f recorded N O release. The experim ents w ere repeated
using isolated guinea-pig ventricular m yocytes (5x10^ cells/ml) suspended in K H solution
in place o f the J774. W ith high concentrations o f G SN O and SN AP the release o f N O
w as m arkedly enhanced. Liberation o f N O from G SN O (1 m M ) w as greatly enhanced in
the presence o f guinea-pig m yocytes (SxloV m l). Peak N O concentration increased from
1.0 ± 0.09 to 6.1 ± 0.14 pM (n=4, from 3 different m yocyte preparations, p<0.0001).

NO Electrode Traces with GSNO
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Figure 4.3 Representative traces from an NO electrode showing the detected
concentration produced by GSNO (1 mM) alone (-cells), with 5x10^ guinea-pig
myocytes
cells), with culture supernatant and with cells incubated with
ethylmaleimide (1 mM) for 10 minutes. The Y-axis shows the detected concentration of
NO expressed as (pM).
The presence o f the N O scavenger C arboxy-PTIO in the incubation buffer caused
a concentration dependent decrease o f the N O related current, with com plete blockade at
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30 pM confirming the specificity of the method for NO The effect of cells was not due
to an alteration in the pH of the medium since direct measurement with a pH electrode
was unchanged at 7.3. Pre-treatment with ethylmaleimide (1 mM) to reduce thiols,
abolished the effect of myocyte enhanced NO release fi’om GSNO. Primed medium in
which cells had been suspended for more than 2 hours also enhanced NO release fi’om
GSNO (KH solution and GSNO ImM: 0.69±0.21 pmol Vs 2.94±0.21 pmol for
conditioned medium and GSNO ImM, p<0.001, n=4) and this effect was abolished by
adding ethylmaleimide (1 mM).

Another thiol NO donor SNAP showed a similar

enhancement of NO release at 100 pM, in the presence of guinea-pig myocytes. No
enhancement of NO release fi’om SNP (10 pM -1 mM) was produced by myocytes or
primed medium.

4.4 Section IL The Role of Cyclic Nucleotides
Experimental Protocol
Measurement of cAMP
One hundred thousand viable rod shaped myocytes were suspended in 1ml of
buffer solution (see section 2.5). No attempt was made to remove non-viable myocytes,
which comprised 20-50% of cells. Cells were incubated as a suspension at 3Tc for 5
minutes. Fresh NO donor was added followed by a further 5 minutes incubation. The
cells were separated by refiigerated centrifiigation and lysed. Sample preparation and the
assay protocol are outlined in chapter 2. Each experimental condition was performed in
triplicate for each myocyte preparation. A positive control of isoprenaline (1 pM) was
used with each preparation. The results were expressed as a percentage of the basal
level.

Measurement of cGMP
Measurements were made on 200,000 isolated myocytes preincubated with
IBMX (100 pM) and Zaprinast (10 pM) in order to optimize the yield of cGMP. Cells
were exposed to experimental conditions (GSNO 10 pM, DEANO 10 pM or DEANO 10
pM and YC-1 100 pM) for 3 minutes followed by centrifiigation and lysis. The assay
protocol has been outlined in chapter 2. ODQ (10 pM) was added to the preincubation
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mixture of IBMX and Zaprinast to assess its inhibitory effect on the response to GSNO.
Cyclic GMP levels were assayed using a tritiated competitive binding assay (TRK 500,
Amersham International).

Rp-cAMPS treatment
Cells were treated with DEANO (30 pM) in the absence of isoprenaline. The
positive inotropic effect was recorded before the cells were allowed to return to baseline.
The same cell was the exposed to Rp-cAMPS via a recirculation circuit for 40 minutes.
Cells were rechallenged with DEANO.
4.5 Results
Myocyte cGMP Levels.
Basal levels of cGMP were 1.15 ± O.OSpmols / 200,000 (n=10) viable myocytes.
There was a modest rise with GSNO 10 pM (23.5 ± 5.2% above basal, n=4, p<0.05).
The increase in cGMP was abolished by preincubation of myocytes with the sGC
inhibitor ODQ 10 pM (+23.5 ± 5.2% vs -16.1 ± 4.9%, n=3, p<0.05). The rise in cGMP
was more marked with DEANO 10 pM (257+98% above basal, n=5, p<0.05) whilst the
combination of DEANO (10 pM) and the sGC activator YC-1 (100 pM) resulted in a 52
± 9 fold rise in cGMP levels (n=4, p<0.05).

Myocyte cAMP Levels
SNAP (10 and 100 pM) did not produce a statistically significant change in
cAMP levels (fig 4.4) whilst isoprenaline (1 pM) produced more than a doubling (214 ±
19%, p<0.001, n=8). The lower concentration of isoprenaline (InM) induced a small but
non significant rise (15 + 5.2%, n=6, p=0.09). The most potent NO donor DEANO,
capable of eliciting a marked inotropic effect when used alone caused a small non
significant decrease in cAMP levels (6.6 ± 11.3% of basal, n=6).
(For cAMP levels in pmols see the table in Appendix 11)
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Myocyte cAMP Levels
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Figure 4.4 Effect of SNAP (10 fjM, n=6 and 100 jjM, n=3), DEANO (n=6) and
isoprenaline (n=8) on levels of myocyte cAMP. Levels are expressed as a percentage of
basal. No significant rise was seen with an NO donor even in high concentrations. ***
p<0.005
Inhibition of cAMP Dependent Protein Kinase
Cells dem onstrated a positive inotropic effect with D E A N O (30 pM ) (105±27% ,
n=6 and p<0.005). Rechallenge with D E A N O in the presence o f R p-cA M PS show ed an
unchanged positive response (96±26% , p<0.005).
laboratory (M oney-Kyrle

et al.,

Previous published data from our

1998) has shown com plete and reversible inhibition o f

the effect o f maximally stimulating isoprenaline concentrations on guinea-pig m yocytes in
the presence o f R p-cA M PS (100 pM ).

4.6 Section in . The Role of Ca^ in mediating the observed response
Protocol
Thapsigargin
Guinea-pig m yocytes w ere treated with thapsigargin (3 pM ) for 15 m inutes
before being challenged with low dose isoprenaline (0.3 nM ) and then G SN O (10 pM ).
This concentration has been shown to totally abolish SR Ca^^ stores in guinea-pig
m yocytes (Terracciano

et al.,

1995).

104

Chapter 4___________________________________________________Mechanism o f positive inotropv

Measurement of the

Transient

Initial experiments were performed in collaboration with Prof M R Duchen
(Dept of Physiology, UCL. London). The experimental system, as outlined in the
methods section, involved loading isolated guinea-pig myocytes with Fura 2 and
stimulating depolarization with puffs of concentrated potassium solution. Recordings
were then made during simultaneous exposure to DEANO (10 pM).

Microelectrode measurements
All experiments were carried out at 37®C. Baseline measurements were made
repeated 2 and 5 mins after addition of the NO donor (DEANO 10 pM). The cells then
underwent a period of washout with standard KH solution with re-estimation of
electrophysiological parameters at 2 and 10 mins to assess reversibility of observed
changes. The experimental protocol was kept short to minimise any artefactual change in
cellular function.

4.7 Results
Thapsigargin
The basal velocity of contraction and relaxation fell, but the relative increase of
contraction amplitude with GSNO (10 pM) was unaffected by the presence of
thapsigargin (69.4 ± 21 Vs 76 ± 13%, n=5, NS).

Ca^^ Transient Measurements
Preliminary results from this system were inconsistent. An early spike in the
calcium transient was seen with several cells (fig 4.5) following exposure to DEANO.
However, there was no consistent increase in the amplitude or duration of the transient.
This system had a number of drawbacks. Electrical depolarization was not necessarily
accompanied by mechanical contraction. The frequency of stimulation was very low
relative to that achieved by electrical field depolarization. In view of the established
force-frequency relationship in isolated myocytes (reviewed by Bers and Perez-Reyes
1999) the low frequency stimulation would result in Ca^^ depletion from the
sarcoplasmic reticulum store.
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Calcium transients in guinea-pig cardiomyocytes loaded with Fura-2
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Fig 4.5

A trace demonstrating the calcium transient in a guinea-pig cardiomyocyte loaded
with Fura-2. The upper panel depicts the fluorescence signal induced by the excitation
wavelength of 340 nm. The upper trace is the signal at 380 nm which falls with
calcium binding. The ratio of the signals helps to remove any background
autofluorescence.
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Microelectrode Studies: Action Potential
The resting m em brane potential and action potential (AP) am plitudes w ere not
altered by D E A N O (lO pM ) or its subsequent w ash out ([mV] basal: -82.2 ± 3 .5 , 117.1 ±
3.1, D EA N O 2 mins: -81 ± 4 , 118 ± 2.7, D E A N O 5 mins: -79.9 ± 3.8, 119.7 ± 3.4,
W ash out: -79.4 ± 3.4, 120.5 ± 4.2, n=5, p=NS). The AP duration w as not significantly
altered in the presence o f DEANO . The R 50 and R90 values after 3-5 mins exposure to
DEA N O w ere unchanged (R50 basal 247 ± 53 ms, D E A N O 208 ± 4 1 , p=NS: R90 Basal
278 ± 52, D E A N O 203 ± 27, p=NS).

Calcium Current
The calcium current was significantly increased in the presence o f D E A N O and this rise
w as associated w ith a sim ultaneous increase o f contraction am plitude (Fig 4.6). A verage
Ca^^ current (Fig 4.7a) and cell shortening (Fig 4.7b) w ere reversibly increased. The
exponential decay constant o f the calcium current was reduced after exposure to
D EA N O but this effect was non-reversible.

Calcium current and cell shortening
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Fig 4.6 Representative resultfrom a single myocyte showing simultaneous recording of
the calcium current density and contraction amplitude. Exposure to DEANO resulted in
a reversible increase in the recorded current and the accompanying contraction
amplitude.
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Effect of DEANO on the Ica in guinea-pig
myocytes
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Fig 4.7a Mean effect of DEANO (10 jjM) on the recorded peak amplitude of the Ica in
guinea-pig myocytes. The Ica density (pAJpF) is expressed on the ordinate. DEANO
resulted in a significant and reversible increase in the peak Ica compared to baseline
(n=6).
Fig 4.7b Effect of DEANO (10 pM) on contraction in the same myocytes. Absolute cell
shortening is displayed on the ordinate (pm). Each bar represents a mean ± SEM
(n=6). In comparison to baseline the presence of DEANO caused a reversible increase
in contraction amplitude.
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Current Voltage Relationship
The presence o f D E A N O alone increased the peak am plitude o f the recorded
calcium current (fig 4.8). This w as significant betw een - 5 and +25 mV. H ow ever, there
w as no shift in the voltage current relationship w ith peak levels at -5-0 mV.

Current V oltage Relationship
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Fig 4.8 The current-voltage (I-V) relationship obtained in the basal state, in the
presence of DEANO (W pM) andfollowing washout of the NO donor. Peak current was
increased in the presence of DEANO, compared with baseline, though the voltage
relationship was not shifted. *p<0.05, ** p<0.01, *** p<0.005, each point is mean ±
SEM, n = 5.
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4.8 Discussion
We explored the reasons why some NO donors produced a positive inotropic
effect and others did not. The positive inotropic effects of the fast releaser (DEANO)
were much greater, occurred at lower concentrations and were more reproducible than
the effects of the slow releaser (detanonoate). These data would be consistent with the
rate of NO release being an important determinant of the response seen. Direct
measurement of NO release in an acellular system appeared to contradict this with the
rate of decomposition of SNP (no inotropic effect) and GSNO (positive inotropic effect)
appearing comparable. In contrast in a cellular system the release of NO from GSNO or
SNAP was enhanced. This effect was seen at concentrations of 100 pM and 1 mM,
higher than those used in our experimental system. It is therefore possible that there is a
localised enhancement of NO release on the cell surface at lower donor concentrations
and that GSNO releases comparable amounts of NO to DEANO. At no concentration
was there enhancement of NO release from SNP. The mechanism of this enhancement is
uncertain. Whilst active myocytes could trigger the fast release rate of NO from GSNO,
this effect was also seen if conditioned medium was added to GSNO.

The rate of

breakdown of GSNO is altered by pH but direct measurement of the buffered medium
revealed comparable pH (7.3) in both untreated and conditioned medium. The
stimulatory effect of conditioned medium was abolished by the presence of
ethylmaleimide, a thiol binder. These results would be consistent with our previous
observations that NO release from GSNO is stimulated by cysteine (Wolzt et al., 1999)
and that the species released is NO rather than a secondary nitrosothiol. Thus the overall
effect of nitrosothiols on myocyte function may be dependent on the thiol content and
redox state of the cell and this may account for some of the previous conflicting data
with nitrosothiols

The basal level of cGMP in the present study was comparable to that reported
previously (Stein et a l, 1996) and the rise with exposure to GSNO was small though
significant. A similar rise of 31+6% has been reported following exposure of rat
myocytes to the thiol donor SNAP (100 pM) (Vila-Petroff et al, 1999). The larger
response to DEANO was very similar to the 250% rise in a previous report
(Sandirasegrane et al, 1999) whilst the combination of DEANO and YC-1 produced a
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marked elevation in cGMP, which has been previously observed in human platelets
(Friebe et a/., 1998). Despite these observations, it remains possible that variation in the
activity of the sGC system may influence the observed response to NO donors. In rat
myocytes inhibition of protein kinase G by KT5823 changed their response to DEANO
fi-om negative to a marked positive inotropy (Vila-PetroflFet al, 1999). Thus low activity
in the sGC system or reduced response of sGC to NO may allow myocytes to manifest
the positive inotropy induced by activation of an alternative NO target.

The effect of NO donors also seems to be independent of cAMP. Although small
increases in cAMP, in response to NO donors, have been reported previously (VilaPetrofiF et al., 1999) in the present study neither SNAP nor the potent positive inotrope
DEANO increased cAMP. However, it is possible that small local changes in cAMP,
undetected by the assay of whole cell levels, may initiate positive inotropic responses.
Therefore the effect of the protein kinase A inhibitor Rp-cAMPS was studied. In contrast
to Vila-Petroff et al we found no inhibitory effect at concentrations of 100 pM RpcAMPS which we have previously shown will cause complete and reversible inhibition of
the effect of maximally stimulating isoprenaline concentrations on guinea-pig myocytes
(Money-Kyrle et al, 1999). An alternative target for nitrogen oxides is ion channels.
Both L-type Ca^^ channels and the calcium release complex (CRC) contain sulphydryl
groups which may be subject to nitrosylation or oxidation to modulate channel function
and hence influence electromechanical coupling. Very high concentrations of NO-thiols
cause S-nitrosylation of thiol residues of the calcium release channel (ryanodine receptor)
of the sarcoplasmic reticulum and this increases the probability of a channel opening (Xu

et a l, 1998).

However, in our study the sarcoplasmic Ca^^ ATPase inhibitor,

thapsigargin, did not block the response to GSNO and this argues against a central role
for the sarcoplasmic reticulum in the response seen. The observation that extracellular
haemoglobin blocked the response might suggest a cell surface target for the NO. Both
SNAP (0.1 pM) and spermine/NO have been shown to increase Ica in human
(Vandecasteele et al, 1998) and cat atrial myocytes (Wang et a l, 1998) respectively
though these effects were mediated by cGMP. In guinea-pig myocytes the combination
of low dose isoprenaline and SIN-1 was capable of increasing the calcium current
(Wahler et al, 1995) and entry of calcium fi-om the extracellular pool.
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We have demonstrated that a NONOate (Keefer 1996) NO donor, DEANO,
increases the la in isolated guinea-pig myocytes via the L-type Ca^^ channel. This effect
was seen in the absence of P-adrenergic stimulation. The voltage current relationship was
maintained and the resting membrane potential and action potential amplitude were
unaffected. As expected, the increased la was associated with increased cell shortening
at a functional level.

Mechanisms independent of cGMP involving direct activation of the L-type Ca^^
channel have been reported using SIN-1 and S-nitrosothiols NO donors (GSNO and
nitrosocysteine) (Campbell et al., 1996). SIN-1 generates peroxynitrite as well as NO#
and the positive response was inhibited by superoxide dismutase indicating that
peroxynitrite is probably the active agent. The nitrosothiols are capable of direct thiolthiol interactions and generate NO , rather than NO#, which may participate in
transnitrosation reactions. Allosteric thiol targets on the L-type Ca^^ channel may act as a
switch affecting channel conductance and several functionally important free sulphydryl
groups on the a l subunit of the L-type Ca^^ channel are able to modulate gating function
(Chiamvimonvat et al., 1995; Hu et al., 1997). We can only speculate on the mechanism
by which NO enhances the observed la-

The results suggest that NO released at high rates from certain NO donors
induces a positive inotropic effect in guinea-pig. and that this effect is independent of
cyclic nucleotides and mediated through a rise in Ica- The effect is potentiated by a low
concentration of isoprenaline. Though the effect of NO appears independent of cAMP,
the isoprenaline may increases the probability of Ca^^ channel opening and this coupled
with NO, acting via a different mechanism on the same target, results in a significant
inotropic response mediated by an increase in the Ica- Similar positive inotropic
responses to NO have been recently reported in isolated cells, (Kojda et al 1996) whole
hearts, (Kojda et al 1997, Prendergast et al 1998) and in vivo (De Hert et al 1997,
Preckel et al 1997). There is growing evidence that the effect of NO on cardiac function
is not, as initially reported, simply as a mild negative inotrope but that a range of positive
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and negative effects can be seen with type of NO donor and the kinetics of NO release
influencing the observed response.
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5.1 Introduction
When examining the role of exogenous NO we have already established the
importance of donor selection regarding the kinetics of NO release and the species of
NO liberated. There are a number of possible sources of experimental variation to
account for the differences in the response to NO In addition to the animal species
and NO donor kinetics, the tissue preparation, redox balance and neurohumoral
factors may all play a role. The isolated myocyte model used in our initial
experiments has a number of advantages. The continuous perfusion with gassed
medium reduces the problems of cellular hypoxia. The contraction may be recorded in
the longest axis of the cell ensuring optimal sensitivity for changes in cell shortening.
The preparation is not influenced by the presence of non-myocytic cells. However,
there are a number of drawbacks in extrapolating results from unloaded myocytes to
effects in more complex preparations. In the complex preparation the distance for NO
to travel to reach its site of action may be much greater. Stretching of cardiac muscle
modulates contraction through enhancement of the Ca^^ transient. A recent report has
suggested that this effect is in part mediated by the action of eNOS on the ryanodinereceptor Ca^^ release channels (Petroff et a/., 2001). Unloaded isolated myocytes may
thus have downregulation of eNOS. The reduced endogenous NO synthesis may alter
the magnitude and direction of any response to exogenous NO donors. The production
of NO from atrial myocytes has already been shown to modulate other stretch induced
responses including the production of atrial natriuretic peptide (Skvorak and Dietz
1997).

Most studies investigating the effect of NO on contractile function have
focused on the modulation of systolic function. NO has been shown to exert small but
significant effects on the relaxation phase of contraction particularly in papillary
muscle and whole heart preparations. Studies in ferret papillary muscle demonstrated
an altered twitch duration with an earlier onset of relaxation as well as a small
reduction in peak tension (Smith, Shah and Lewis. 1991). There was no change in the
peak rate of tension development (dT/dt max). The same pattern of early relaxation, to
exogenous NO, was seen in cat and human papillary preparations in response to NO
donors (exogenous NO) or agonists of endogenous NO release (substance P, 5-HT or
ATP) (Mohan et al., 1996; Shah et al., 1989; Shah et al., 1989 Am J Physio; Mohan

et al., 1995; Flesch et al., 1997). In the paced ejecting heart, SNP (Grocott-Mason et
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al., 1994) and endogenous NO released by stimulation with bradykinin or substance P
(Grocott-Mason et al., 1994 Am J Physiol), induced the same pattern of early onset of
L V

relaxation, with a small reduction of peak L

V

pressure with constant L

V

d p /d tm a x -

In our previous experiments the positive inotropy in isolated myocytes was
most marked in response to NO donors such as DEANO, which decompose rapidly
(Maragos et al., 1991). In view of this we examined the response to NO donors in
different guinea-pig preparations of increasing cellular complexity.

Aims
To establish whether the positive inotropic effect seen in isolated myocytes would be
replicated in preparations of increasing cellular complexity.

To test the hypothesis that increasing difîusion distance and the presence of nonmyocytic cells might alter the observed response.
To measure relaxation parameters to determine the diastolic effect of NO donors.

5.2 Protocol
Isoprenaline concentration response
Cumulative concentration response curves to isoprenaline in guinea-pig
papillary muscle were constructed. Isoprenaline was freshly prepared in aqueous
solution with ascorbic acid and diluted 1000 fold on addition to the organ bath.
Papillary muscles were isolated as per protocol on chapter 2. Tension and twitch
duration were measured once a steady state was reached.

Effect of NO donor alone
The response of papillary muscles to GSNO and DEANO alone was assessed.
Concentrations around the 10 |nM level were used in view of their inotropic effect in
isolated myocytes. Freshly prepared donor was diluted 1000 fold in the organ bath.
Cumulative concentrations were added.
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Effect of NO donor and Isoprenaline
The response of papillary muscles to GSNO and DEANO with betaadrenoceptor stimulation was assessed. Isoprenaline concentrations at the start of the
concentration response relationship were used (1-3 nM). The contraction parameters
were recorded immediately prior to addition of the donor. The time scale of the
experiments were kept as short as possible to reduce desensitisation of papillary
muscles to p-adrenoceptor stimulation.

Concentration response relationship to GSNO in the Langendorff-perfused heart
The constant flow Langendorff heart was set up as outlined in chapter 2. The
LV diastolic pressure was set at a level to generate the maximum developed
isovolumetric pressure (developed pressure = systolic - diastolic pressure). Generally
this was just above zero. The GSNO was prepared in aqueous solution and infused via
a side port on the aortic cannula, at a rate of lOOpL/min. Infusions were set using a
Gilson pump. The concentration response was discontinuous with a washout period
between each concentration to allow coronary tone to return to baseline.

Co-administration of DEANO and isoprenaline in the Langendorff heart
The isoprenaline was infused via the aortic cannula. Once the developed
pressure and coronary tone had stabilised the DEANO was co-infused via the aortic
cannula. The developed pressure was recorded at the start of the infusion and once a
stable coronary perfusion pressure was established.
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5.3 Results
Isolated Ventricular Myocytes
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Fig 5.1. Effect of GSNO (10/jM), GSNO plus isoprenaline and DEANO (lOpM) on
contraction amplitude of isolated guinea-pig cardiomyocytes. Contractile amplitudes
are displayed as a percentage of the resting cell length. Each bar represents the mean
±SEM. *p<0.05 and ***p<0.001 vs. basal.
Figure 5.1 is taken from data set out in chapter 3. It demonstrates the positive
inotropic effect of GSNO and DEANO in isolated myocytes and the potentiating
effect of a low concentration of isoprenaline on the response to GSNO. These results
dictated the NO donors and combination with isoprenaline used in more complex
preparations.
As expected, exposure of papillary muscles to isoprenaline resulted in a
concentration dependent increase in developed tension (Fig 5.2) and maximum dT/dt
(Table 5.i). A typical trace of the response to isoprenaline is shown in Fig 5.3. The
start of the concentration response relationship was at the 1 nM level. The R90 was
significantly and reversibly shortened. The R50 shortened but this change did not
reach mathematical significance. There was no change in the TTP with isoprenaline.
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5.4 Papillary Muscle Preparation
Concentration resp o n se of guinea-pig
papillary m uscle to isoprenaline
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Fig 5.2 Cumulative concentration response curve to isoprenaline. Each point is a
mean ±SEM (n=ll). The x axis is the Log concentration of isoprenaline [MJ.

Effect of isoprenaline on papillary beat parameters
TTP

R90

R50

DT/dtmax

n

Baseline

120.2 + 9.7

93.5 ± 10

195.3 ± 1 1 .1

0.775 ± 0 .0 9 6

7

Iso InM

124 ± 10.5

81.1 ± 6 .6

162.0 ± 8.0*

1.56 ± 0 .4 2 7

6

Iso 3nM

128.4 ± 7 .8

74.7 ± 5 .1

150.2 ± 14**

3.035 ± 0 .5 4 8

7

Iso lOnM

1 2 1 .3 + 6 .4

71.8 ± 4 .4

133.3 ± 1 1 * * *

7.5 ± 0 .8 3 2

7

Iso 30nM

115.2 + 6.6

74.2 ± 5.3

135.5 ± 10***

9.4 ± 0.934

7

Iso lOOnM

112.5 ± 6 .6

76 ± 6 .7

130.6 ± 8 .4 * *

9.847 ± 0 .7 4 1

5

W ash

114.4 ± 6 .1

84.7 ± 4 .1

175.9 ± 1 0 .5

1.377 ± 0 .2 8 0

7

Table 5.1 Values are the meansdSEM. The isoprenaline concentration [M]. TTP (time
to peak contraction), R50 and R90 (time to 50% and 90% relaxation) are expressed in
millisecs. dT/dtmax is expressed in grams/sec. *p<0.05, **p<O.OJ, ***p<O.OOL When
n=7 conditions were compared using a paired T test. With non-matched groups an
unpaired test was usedfor comparison.
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Fig 5.3 Guinea-pig papillary muscle response to isoprenaline
Iso 10-9 M

Iso 10-8 M

Iso 3x10-9 M

Iso 3x10-8

Iso 10-^ M

I mmute
0.8
rt-i

0.6

1
Ï

0.4

1I

It

I-!-;

TTT

0.2

I-------- 1
0

0.5 sec

It

Influence o f preparation

Chapter 5

Effect of NO donor on Papillary Muscle
In the absence of p-adrenoceptor stimulation, exposure of papillary muscle to
GSNO or DEANO (Fig 5.4a) did not alter developed tension.

0 . 12-1
^

0 . 10 -

X

JL

ro 0 .0 8 3

§ 0.064
■</)

I

0 .0 4 -

0 . 02 -

0.00
B asal

B asal

GSNO

D E A /N O

Fig 5.4a The effect of NO donors on baseline guinea-pig papillary muscle
contraction. The y axis depicts developed tension in grams. Bars are the mean ± SEM.
Exposure of papillary muscles to 10 pM GSNO (n=4) or DEANO (n=6) failed to
increase developed tension.
The combination of isoprenaline and GSNO (10 or 30pM), which was
positively inotropic in isolated myocytes, did not induce positive inotropy in the
papillary muscle preparation (Fig 5.4b). In fact the combination of isoprenaline (3nM)
and GSNO (30pM) resulted in a small, but significant, negative inotropic response.
GSNO concentrations up to lOOpM failed to induce positive inotropy in the presence
of isoprenaline (1 or 3 nM). (iso 3nM = 0.22+0.06, iso + GSNO lOOpM = 0.15 ±
0.04, n=4).
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0.3n

p<0.05

X

NS
CO 0 . 2 -

O)

^ 0 . 1-

0.0

Baseline ISO InM

+GSNO

ISO 3nM

+GSNO

Fig 5.4b The combination of GSNO (10 fiM) and isoprenaline (I nM) failed to
increase tension above the level of isoprenaline alone. N=6, ***P<O.OOJ vs. baseline.
GSNO produced a small but significant reduction when added on a background of
SnM isoprenaline (n=5)
When papillary preparations were exposed to the combination of
isoprenaline and DEANO there was a significant positive inotropic response (fig 5.5).
An original trace is displayed in fig 5.6. The preparations which showed no inotropic
response to GSNO and isoprenaline were challenged with DEANO (lOpM) which
resulted in a significant increase in developed tension (iso InM: 0.175±0.015g, +
GSNO 0.152 ± 0.019, + DEANO 0.242 ±0.027. p<0.001 n=6: iso 3 nM 0.228 ±
0.028, + GSNO 0.206 ± 0.027, +DEANO 0.332 ± 0.05, p<0.05, n=5 ). The positive
inotropic effect of DEANO had a rapid onset and was reversible
Effect of DEANO and Isoprenaline on
papillary muscle
0.2n

(/)
E
2
3
I

0.14

gCD

0.0
B aselin e

IS O

D E A N O + IS O

Fig 5.5 The presence of 1 nM isoprenaline induced a significant increase in
developed tension. 10 pM DEANO induced a significant further rise.. N=7, **
p<0.000 ***p<0.001
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Fig 5.6 Guinea-pig papillary preparation treated with Isoprenaline and DEANO
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Effect of NO donors on papillary muscle beat duration
There was no effect of GSNO (lOpM) on TTP, R50 or R90 (table 5.ii)
irrespective of the presence of isoprenaline.
TTP

R50

R90

N

Baseline

161118.8

8816.8

167118.5

4

GSNO lOpM

159121.0

88 16.4

163 115

4

Isoprenaline

1391 12.5

77.713.0

151111.8

7

+GSNO lOpM

1371 12.5

75.713.0

153112.6

7

Table 5.ii Figures are means ± SEM. Time to peak (TTP), time to 50 and 90%
relaxation (R50 and R90) are expressed in ms. N is the number of observations.
The positive inotropic combination of DEANO and isoprenaline (InM)
induced a reduction in relaxation time, which was significant for the R50 value (table
5.iii). The changes observed were similar to those seen with increasing concentrations
of isoprenaline (table S i) with no change in the TTP but shortening of R50 and R90.

TTP

R50

R90

Baseline

116.517.4

9115.7

196.819.3

Iso InM

117.5112.1

80.615.8

163113.3

IsoiDEANO lOpM

118.3112.7

72.113.2*

153.8111

Iso 30nM

115.216.5

74.215.3

135.5110***

Wash

125.9111.4

10218.5

189.4119

Table 5.Hi. Beat duration parameters in guinea-pig papillary muscles exposed to
DEANO. The results are expressed in ms and are the meandSEM (n=7).* p<0.05,
p<0.0005.
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5.5 Effect of NO donors on the guinea-pig Langendorff-perfused heart
In initial experiments the response to increasing concentrations of GSNO were
assessed. Preparations were exposed to a given concentration of GSNO which was
then washed out, allowing the preparation to return to baseline, before exposure to the
next concentration. The vaso-active GSNO concentration of InM was used as the
starting level.
As expected GSNO induced a reversible concentration dependent fall in
coronary perfusion pressure (Fig 5.7a). The spontaneous heart rate was not
significantly altered (Fig 5.7b). The peak developed pressure fell reversibly at 1 and
lOpM concentrations (Fig 5.7c). Under no conditions was positive inotropy observed.
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A.

C oro nary P r e s s u r e (mmHg)

60-,
504030-

2010 InM

10nM

lOOnM 1jiM

lO ^M G S N O

Heart rate (bpm)

250n
240230-

220210200-

InM

lOnM

lOOnM IpM

lO pM G SN O

190
C.
80n

Developed P r e s s u re (mmHg)
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50-4
InM

lOnM

lOOnM

IpM

lO pM G SN O

40

Fig 5.7
A. Retrograde coronary perfusion with GSNO (InM-lOpM) in the Langendorffperfused guinea pig induced a concentration dependent reversiblefall in coronary
perfusion pressure displayed in mmHg, n=7.
B. At no concentration was there a significant change in the spontaneous heart rate.
The y axis depicts the spontaneous heart rate as beats per minute, n^7.
C. The developed pressure showed a small, nonsignificant rise at low
concentrations. At IpM and 10pM there was a significant reversible fall in
developed pressure compared with the level after removal o f the NO donor. *
p<0.05, n=7.
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Effect of GSNO on beat duration parameters in the Langendorff heart
Exposure to GSNO did not significantly alter the TTP, R50 and R90 values
(Table 5.iv).
TTP

R50

R90

Baseline

96.7 ±2.4

48.5 + 1.5

81.3 ±3.0

Inm

94.9 + 3.1

49.1 + 1.8

83 ±2.7

lOnm

96.8 + 1.7

50 + 0.7

82.9 ±1.2

lOOnm

95.2 ± 1.1

50.1 ±1.1

82.1 ± 1.1

IpM

98.1 + 1.7

50.3 ±1.0

82.9 ±0.8

lOpM

98.3 + 1.5

50 ±1.6

81.9 ±2.4

Table S.iv Beat duration parameters in guinea-pig Langendorff exposed to GSNO
The results are expressed in ms and are the meandSEM (n=6).
Experiments using isolated cardiomyocytes and papillary muscles suggested that
the most potent combination for the induction of a positive inotropic response was the
combination of DEANO and a low concentration of isoprenaline. Therefore having
failed to demonstrate any inotropic effect with GSNO the combination of DEANO
and isoprenaline was examined in the Langendorff preparation (fig 5.8).
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Fig 5.8

A. The effect of isoprenaline and DEANO on coronary perfusion pressure.
Isoprenaline alone resulted in a small significant reduction ofperfusion pressure
while the combination of isoprenaline and DEANO caused a marked reversible
decrease. *p<0.05 and **p<0.005, n=7.
B. The effect of isoprenaline and DEANO on spontaneous heart rate. Isoprenaline
alone significantly elevated the rate as did the combination of isoprenaline (InM)
and DEANO (lOpM). The addition of DEANO did not increase the rate relative to
isoprenaline alone. **p<0.005, n=7.
C. The effect of isoprenciline (InM) alone and the combination of isoprenaline and
DEANO (lOpM) on the developed LV pressure expressed in mmHg. The
combinationfailed to induce positive inotropy, n=7.
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Effect of DEANO on beat parameters in the Langendorff
R90

TTP

R50

Baseline

95 ±2.7

47±1.1

77.3 ±2.3

Iso InM

91 ±3.3

46.9 ± 2.8

75.5 ±3.9

Iso+DEANO lOpM

83.8 ±2.5*

43 ±1.2

71.2±1.9

Wash

94.6 ± 1.3

47.8 ± 1.2

78.1 ±1.6

Table 5,v. The results are expressed in ms and are the meandSEM (n=7).*p<0.05.
TTP is time to peak contraction, R50 and R90 are times to 50 and 90% relaxation.
The combination of DEANO and isoprenaline, though capable of inducing
positive inotropy in papillary muscle was ineffective in whole hearts. As expected
there was a marked effect on coronary perfusion pressure. The time to peak was also
significantly shortened with the combination of DEANO and isoprenaline.

5.6 Discussion
The inotropic effect of NO donors on guinea-pig cardiac tissue demonstrated a
clear negative gradient with the increasing complexity of the tissue preparation. In
isolated myocytes the fast releasing donor, DEANO, more than doubled contraction
amplitude and even the less effective compound, GSNO, significantly increased
amplitude in the absence of isoprenaline. In papillary muscle, GSNO was completely
ineffective, and DEANO increased tension only in the presence of isoprenaline. In the
Langendorff-perfused heart there was no positive inotropic effect even with DEANO
plus isoprenaline. These results reinforce the importance of the experimental
preparation selected as well as the NO donor kinetics as determinants of the observed
effect. Though the central aim of the study was to look at the effect of NO donors on
systolic function, recordings were made of relaxation parameters. In the Langendorff
preparation where no positive inotropy was seen, the time to peak contraction was
shortened by 8% by the addition of DEANO to a background level of isoprenaline.
This reduction was in keeping with previous observations (Grocott-Mason et al.,
1994). In the whole heart the physiological effect of NO may be greatest in diastole
when endogenous myocardial NO concentrations peak (Pinsky et al., 1997). In the
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papillary muscles the positive inotropic effect of DEANO was accompanied by a
shortening of relaxation, which appeared as a potentiation of the effect of
isoprenaline. Though the prolongation of the R50 did not reach mathematical
significance the pattern of shortening of both the R50 and R90 was seen and may
reflect a biologically significant trend.
In the isolated guinea-pig myocyte we did not demonstrate any significant
negative inotropic effect of NO donor on baseline fimction or the response to Padrenoceptor stimulation. In experiments with papillary muscle GSNO resulted in a
small significant negative inotropic effect when added on a background of
isoprenaline (3nM). In the whole heart 1 and lOpM GSNO produced reversible falls
in the left ventricular developed pressure and coronary tone. The explanation of why
GSNO, a positive inotrope in isolated myocytes, should induce the opposite response
in papillary muscle is a matter of speculation. As discussed previously, the observed
response to any given NO donor is a net effect of activation of multiple potential
mechanisms.
The positive response of papillary muscles to DEANO suggests that with a
fast NO donor and a background of isoprenaline the papillary muscle behaves
similarly to isolated myocytes. The negative effect with GSNO reflects a change in
the balance between competing mechanisms. The positive inotropic effect may be less
pronounced. Our previous studies indicate that positive inotropy requires a high local
concentration of donor coupled with the rapid liberation of NO. It is likely that
isolated myocytes are more responsive because of the high local concentrations of
donor in the bathing solution and short diftusion distances for the released nitric oxide
to travel. The breakdown of NO donor may occur extracellularly and consistent with
our previous observation that NO release fi*om GSNO is markedly enhanced by
conditioned media even in the absence of myocytes. From our measurement of the ha
the L-type Ca^^ channel is at least one target for NO, which is present on the cell
surface. This would imply that in papillary muscle or perfused heart the donor
concentrations in the immediate vicinity of the myocyte are less due to an increased
diftusion distance and breakdown by non-myocytic cells.

The NO donors were

clearly effective on the smooth muscle of the blood vessels, as shown by the marked
decrease in coronary perfusion pressure.
The response to NO may be modulated by the local redox environment. In the
central core of the papillary muscle there is a greater chance of hypoxia and
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generation of peroxynitrite. Our previous experiments in myocytes failed to show any
modulatory effect of SOD on the response to GSNO. This suggests that in the well
perfused isolated myocyte system generation of peroxynitrite does not contribute to
the observed positive inotropic effect of GSNO It does not however exclude the
possibility that the reduced effect of such donors in papillary muscle may be related to
a change in the redox environment. As well as a possible reduction of the positive
inotropic response in more complex preparations, there may also be an increase in NO
mediated negative effects compared with isolated myocytes.
The cGMP dependent negative inotropic effect of NO has been well
characterised in isolated myocytes and more complex preparations. In the papillary
muscle exposed to GSNO it would appear that this was the dominant effect. Our
observation of a strong positive inotropic effect in isolated cells could be criticised as
representing underactivity of the negatively inotropic mechanism. Previous myocyte
experiments undertaken in our laboratory (Brady et al., 1992) demonstrated a
negative effect with SNP and dissolved NO gas. Our positive response does not
contradict this original observation. Our use of SNP was not associated with any
positive effect and in fact resulted in a small non-significant decrease in cell
shortening. The possibility of underactivity of the sGC has been discussed in chapter
4. We directly measured elevation in cyclic nucleotides in response to appropriate
stimuli. However, measurable elevation of nucleotides may be a rather crude
assessment of these systems, where very small localized elevation of cGMP or cAMP
within a cell, may have a pronounced effect.
The isolation of myocytes by enzymatic digestion may alter their response to
applied NO. Using the limulus amoebocyte assay we have demonstrated
lipopolysaccharide (LPS) contamination of the commercially produced collagenase
and protease used in myocyte preparation. Exposure to LPS could influence the cells
endogenous production of NO and the response to applied NO donors. The partial
removal of LPS from the enzymes did not alter the observed positive response, but it
is not possible to make the whole isolation system LPS free.
On balance the reduction in the observed positive inotropy in papillary
muscles and the absence in whole hearts is likely to represent a decrease of the cGMP
independent mechanism mediated by fast NO release. Most probably, there is a
gradient of NO donor across the blood vessel wall in the perfused heart, some of
which releases NO before fully difiusing across to reach cardiomyocytes.
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papillary muscle the gradient may be across the endocardial endothelium, or from the
outer surface of the muscle to a core of contractile cells. Clearly the selection of tissue
preparation as well as the kinetics of NO release within that tissue are central
determinants of the observed effect.
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CHAPTER 6

Species variation in response
to NO donors
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6.1 Introduction
Isolated cardiac myocytes have been used for investigation of electrical
activity and excitation-contraction coupling. The guinea-pig, the rat and the rabbit
have been extensively studied. There is little species variation in the length of cells or
the lengths of resting sarcomeres. However, there are considerable species differences
in the velocity of shortening and relaxation with a correlation between the contraction
velocity and the average resting heart rate of that species (Harding et al., 1990).

There are significant differences in the action potential and Ca^^ handling
between the species (Varro et al., 1993). Guinea-pig myocytes exhibit a prolonged
action potential with a prominent plateau phase (phase 2 repolarization but lack an
initial fast (phase 1) repolarization. In contrast rat ventricular myocytes have a short
AP with a very pronounced phase 1 repolarisation with only a very brief late plateau
phase. The rabbit ventricular myocytes are intermediate between the guinea-pig and
rat. Experiments to measure the L-type Ca^^ current (/ca,L) during rectangular voltage
clamps have generally shown few or no species-dependent differences in the (/ca,L)
(Wang et al., 1993; Yuan et al., 1996). A more recent study using digitised action
potentials has found a closer relationship between action potential time course and the
properties of the /cax in different species (Linz et al., 2000). In the guinea-pig the
quantity of Ca^^ influx required to inactivate the L-type channel was about twice as
high as in the rabbit which in turn was greater than the rat.

Thus in the guinea-pig more Ca^^ enters the myocyte via the /caj. leading to
the plateau phase of the action potential. Conversely the removal of Ca^^ fi'om the
cytosol is more dependent on the sodium calcium exchanger (NCX) in guinea-pig
(Bers et al., 1989), ferret (Bassani et al., 1994), rabbit and human (Pieske et al.,
1999). In the rat and mouse the SR Ca^^ ATPase removes 92% of the Ca^^ with the
NCX contributing only 8% (reviewed by Bers 2000). In view of these differences in
Ca^^ handling and the demonstration of an effect of NO donors on the Ca^^ current
one might anticipate species differences in the inotropic response to fast releasing NO
agents. The rat appears to lie at one end of the spectrum with the guinea-pig at the
other. Human and rabbit cells appear intermediate.
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Blocking the SR

ATPase with thapsigargin would force cells to depend

on Ca^^ entry via the L-type Ca^^ channel. With rat myocytes inhibition of SR Ca^^
release might serve to change their calcium handling to be similar to a guinea-pig
myocyte.

In isolated guinea-pig myocytes the positive inotropic response to GSNO was
potentiated by simultaneous P-adrenoceptor stimulation. The fast releasing DEANO
induced a prominent effect when used alone. We therefore used either GSNO or
DEANO ± isoprenaline to assess the influence of species on the positive inotropic
response of isolated myocytes to NO donors.

6.2 Protocols
Rat myocytes were isolated as per protocol (section 2.1.2). Cells were exposed
to either GSNO (10 pM) alone or in combination with isoprenaline (1 nM). A second
group of cells were pre-treated with isoprenaline (0.3 - 3 nM) and then exposed to
DEANO (10 pM).

Baseline rat myocyte cell shortening was recorded prior to exposure of cells to
thapsigargin (IpM). This reduced contraction amplitude after emptying the SR Ca^^
store. Contraction amplitude was then increased by either raising the Ca^^
concentration in the eluting KH solution or exposure to isoprenaline (10-30nM). The
cells were then challenged with GSNO (30pM) in the presence of thapsigargin and
the effect on cell shortening was recorded.

Isolated Langendorff perfused rat hearts, under constant flow, were treated
with discontinuous concentrations of GSNO (1 nM - 10 pM). This was infused via a
side port in the aortic cannula using a Gilson pump. Between each concentration there
was a washout period to allow the coronary perfusion pressure to return to normal.

Rabbit Myocytes were prepared as per protocol. A low concentration of
isoprenaline was infused (1 nM) and once a steady state contraction was achieved the
cells were exposed to GSNO. The response to DEANO (10 pM) was assessed at the
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end of the experiment. A second group of cells were exposed to DEANO (1-10 pM)
alone or in the presence of isoprenaline (1 nM).
Human cardiomyocytes were prepared from a range of sources including
failing explanted hearts, donor organs deemed unsuitable for implantation and from
small LV biopsies taken from the left ventricle in patients undergoing mitral valve
surgery. These myocytes have very low basal contraction amplitudes and were either
exposed to GSNO in the presence of p-adrenergic stimulation or to DEANO alone.

6.3 Results
Rat Cardiac preparations
In isolated rat myocytes there was no inotropic response to GSNO alone or in
the presence of isoprenaline. DEANO also had no effect on baseline contraction. The
potent combination of DEANO and various low concentrations of isoprenaline were
used. The isoprenaline concentration (1 and 3 nM) was sufficient to significantly raise
contraction amplitude above baseline. However the combination with DEANO (table
6.1) failed to induce any positive inotropic effect.

0.3 nM iso

1 nM iso

3 nM iso

Baseline

3.7 ±0.3

3.1 ±0.5

2.1 ±.02

Isoprenaline

4.1 ±0.5

4.9 ±0.8*

3.8 ±0.3*

+ DEANO (10 pM)

3.7 ±.04

4.7 ±0.8

3.2 ±0.5

3

6

4

N

Table 6.1 Effect of low concentrations of isoprenaline and DEANO on rat myocyte
cell shortening. The results are expressed as the mean ± SEM. Cell shortening is
expressed as a percentage of resting cell length. N is the number of observations.
*p<0.05
6.4 Rat Myocytes and Thapsigargin
Myocytes were pretreated with IpM thapsigargin. The basal contractile
amplitude fell from 2.36 ± 0.56% toi.61 ± 0.19 (p<0.001). Contraction amplitude was
restored with either a higher local Ca^^ concentration (4-8 mM), which increased cell
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shortening to 3.93 ± 0.47, p<0.01, n=9) or isoprenaline (10-30 nM, increased to 5.32
± 1.25, n=5). Cells w ere then stim ulated w ith G SN O (30 pM ) in the presence o f
thapsigargin.

7

5

Effect of GSNO on Thapsigargin treated
rat m yocytes
I

□ Baseline

^^G SN O

Isoprenaline

Figure 6.1. Effect of GSNO (SOfjM) on contraction of isolated rat myocytes in the
presence of thapsigargin (IpM) and increased
(n=9) or isoprenaline (10-30 nM,
n=5). Data courtesy of Ms Anna Castledine .
Using the rat L angendorff preparation the effect o f G SN O on heart rate, developed
pressure and coronary perfusion pressure w as assessed. As in the guinea-pig whole
heart, the rat dem onstrated a concentration dependent reversible fall in coronary
perfusion pressure (fig 6.2) w ithout any clear reversible effect on developed pressure
(fig 6.3). There w as a tendency for developed pressure to rise, but addition or w ashout
o f G SN O m ade no difference.
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Fig 6.2 Retrograde coronary perfusion with GSNO (InM-IOjjM) in the Langendorff’
perfused rat heart induced a concentration dependent reversible fall in coronary
perfusion pressure displayed in mmHg, ( n=5).

Developed Pressure (mmHg)
70605040-

InM

lOnM

lOOnM IpM

lOpM

Fig 6.3 The developed pressure showed a small, progressive rise during the
experiment but with no evidence o f a reversible change with GSNO ( n=5).
Thus in rat preparations no positive inotropic response was seen even with
isolated myocytes exposed to the combination of DEANO and isoprenaline.

6.5 Rabbit Isolated Myocytes
Rabbit ventricular myocytes did not respond to GSNO in the presence of
isoprenaline (fig 6.4). The combination of DEANO and isoprenaline did induce a
marked positive inotropic effect (fig 6.5). The cells which failed to respond to GSNO
mounted a similar positive response when given DEANO as a control.
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7.5n

B ase lin e

Iso 1nM

+ GSNO

+ DEANO

(10fiM)

(10^M)

Fig 6.4. The effect of GSNO on contractile amplitude of rabbit ventricular myocytes.
The values are the mean ± SEM (n=4). The y axis represents cell shortening as a
percentage of resting cell length. ***p<0.005.
7.5i

5.0-

Iso 1nM

B aselin e

+ DEANO

(10jiM)

Fig 6.5. The effect of DEANO on contractile amplitude of rabbit ventricular myocytes.
The values are the mean ± SEM (n=6). The y axis represents cell shortening as a
percentage of resting cell length. **p<0.01.
Only 3 rabbit cells were exposed to DEANO (l-lOpM) in the absence of
isoprenaline. Two had marked positive responses, at NO donor concentration of 1 and
3pM respectively. The third cell failed to respond.
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6.6 Human Myocytes
Isolated human myocytes, from a range of sources, demonstrated positive
inotropy (fig 6.6) when challenged with GSNO on a background of a low
concentration of isoprenaline (0.3-1 nM)
Effect of GSNO on Human M yocytes in the
presence of isoprenaline
7.5n

O)

Ç

5

5.0-

■c

o

2.5-

0.0

H I-

Average

individua! cells n=8

Fig 6.6. Effect of GSNO (30 /jmol/L) on isolated human myocytes. Cell contraction
amplitude is represented as a percentage of resting cell length. The average response
was a relative increase in contraction of 38% compared with isoprenaline alone
(p=0.012). The source of the 8 human cell preparations was asfollows:AGE

SEX

CELL ORIGIN

a

34

F

RV

Rejected donor organ, previous adrenaline, EF=40%

b

54

M

LV

Mitral valve replacement (MVR) no drug therapy

c

71

F

LV

MVR treated with an ACEI and diuretics.

d

65

M

LV

MVR, no drug treatment

e

48

M

RV

Explanted heart with ischaemic cardiomyopathy

f

21

F

RV

Explanted heart with congenital heart disease

g

55

M

RV

Explanted heart with DCM

h

65

M

RV

Explanted heart with DCM

HISTORY

DCM - Dilated cardiomyopathy, MVR - Mitral valve replacement, EF -ejection
fraction, LV - Left ventricle, RV - Right ventricle, ACEI - Angiotensin converting
enzyme inhibitor.
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In the absence of p-adrenoceptor stimulation, human myocytes demonstrated positive
inotropy to the fast releasing NO donor DEANO (fig 6.7)

Effect of DEANO on hum an m y o cy te s

10-,
o>
c
'c

Io

sz

CO

0)
o

Average

Individual cells n=8

Fig 6.7. Effect of DEANO 10 fjmol/L on isolated human myocytes. Cell contraction

amplitude is represented as a percentage of resting cell length. The average response
was to increase contraction amplitude from 1.6 to 5.6% (p<0.005). The source of the
8 human cell preparations was asfollows:AGE

SEX

CELL ORIGIN

a

NA

F

RV

Congenital heart disease

b

50

F

RV

IHD

c

62

M

LV

IHD

d

NA

M

RV

DCM with MVR

e

56

M

RV

IHD

f

65

M

RV

DCM

g

41

M

RV

NA

h

NA

NA

RV

NA

mSTORY

DCM - Dilated cardiomyopathy, MVR - Mitral valve replacement, IHD - Ischaemic
heart disease, LV - Left ventricle, RV - Right ventricle, NA - Not available
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6.7 Discussion
Rat myocytes failed to demonstrate any form of positive inotropy even with
the combination of DEANO and isoprenaline. The human myocytes behaved in a
similar manner to the guinea-pig cells with a positive inotropic effect in response to
the combination of GSNO and isoprenaline and to DEANO alone. The relative
increase of contraction was very large due to the small resting cell shortening of
human myocytes. The rabbit myocyte appeared intermediate to that of rat and guineapig, with a positive response to the most potent combination of DEANO and
isoprenaline as well as a positive response in preliminary experiments with DEANO
alone.
These results mirror the reported variation between species in Ca^^ handling.
Those species which are dependent on the inward flux of Ca^^ via the L-type Ca^^
channel appear to mount a positive response to DEANO. This lends fiiither weight to
the notion of the L-type Ca^^ channel being the target of NO action in our system.
Attempts were made to alter the Ca^^ handling of rat myocytes to examine whether
this changed the nature of their response to DEANO. Treating cells with thapsigargin
served to deplete intracellular Ca^^ stores making cells increasingly dependent on the
entry of external Ca^^ via the L-type Ca^^ channel. To compensate for the fall in
baseline contraction amplitude cells were exposed to increased extracellular Ca^^
concentrations or to P-adrenoceptor stimulation with isoprenaline. Challenge with
DEANO did not result in a positive inotropic effect suggesting that the failure of rat
myocytes to demonstrate positive inotropy to DEANO is not simply due to masking
by SR function but that the L-type Ca^^ channels are more fundamentally different. A
number of possible sources of variation could underlie the different response in rats
including
•

Variation in the L-type Ca^^ channels susceptibility to nitrosylation

•

The absence of some intermediate target, which is present in guinea-pig, and is
required for the effect on the L-type channel.

•

Activation of some antagonistic mechanism which opposes the L-type Ca^^
channel induced increase in cell shortening

Our human

myocytes were predominantly fi*om failing cardiac preparations.

Previous reports have documented alteration of Ca^^ handling with a loss of the
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normal force frequency relationship and the reduction in contraction amplitude
immediately after a period of rest. Myocytes from non failing preparations exposed to
thapsigargin behave in a similar manner to cells taken from failing hearts suggesting
that decreased SR Ca^^ uptake in failing hearts underlies the observed differences
(Davia et al., 1997). Therefore a note of caution should be applied in extrapolating the
data from failing myocytes and applying this to healthy heart. Nevertheless, biopsy
samples from mitral valve replacement patients appeared to respond in a qualitatively
similar manner to the failing cells.

In summary we have demonstrated that the observed response is determined
not only by the NO donor and preparation but also by the animal species used. The
behaviour of human cardiomyocytes appeared much closer to guinea-pig than rat.

143

Chapter 7_____________________________________________ Effect o f sepsis on NO donor response

CHAPTER?

Effect of Sepsis on the
response to NO donors

144

Chapter 7_____________________________________________Effect o f sepsis on NO donor response

7.1 Introduction
The behaviour of isolated myocytes could be modified in différent
physiological states. In animal models of sepsis there is induction of iNOS with a
substantial increase in NO generation. Ventricular myocytes fi*om lipopolysaccharide
(LPS) treated guinea-pigs show depressed contractile function which is partially
reversed with L-NAME (Brady et al., 1992). Depressed baseline contractile function
and hyporesponsiveness to P-adrenoceptor stimulation have been reported in isolated
rat myocytes after induction of iNOS by soluble inflammatory mediators (UngureanuLongrois et al., 1994) and in human myocardial preparations (Flesch et al., 1999).
The suppression in cultured neonatal and adult rat myocytes was mediated by cGMP
dependent protein kinase (Kinugawa et al., 1997; Joe et al., 1998). In human cells no
rise in cGMP was detected (Flesch et al., 1999) and more recently iNOS has been
shown to alter the SR Ca^^ release charmel function during P-adrenergic stimulation
in a cGMP independent manner (Ziolo et al., 2001). The septic response might alter
the targets for NO activity. With a potent effect on vascular resistance the cardiac
output during sepsis rises. The presence of a range of mediators including prostanoids,
acute phase proteins, adrenergic agonists and high levels of endogenous NO might
influence the response to exogenous NO. Therefore we sought to investigate whether
the septic process would alter the observed effect of exogenous NO on isolated
guinea-pig myocyte contraction.

7.2 Experimental Protocols
Dunkin Hartley guinea pigs were injected intraperitoneally with LPS (E.coli
type 055;B5) (5-20 mg/kg), 4hrs prior to sacrifice. Animals were monitored hourly
for piloerection, shivering, diarrhoea and collapse. If the guinea-pig appeared very
distressed before the end of the 4 hr period, then it was sacrificed early. Isolated
myocytes were obtained as per protocol.

In the first series of experiments a cumulative concentration response curve to
isoprenaline

was

constructed

to

look

hyporesponsiveness.
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Using a fresh cell once stable contraction had been achieved cells were
exposed to L-NAME (300pM). Cells were selected with a range of baseline
contraction amplitudes. Cell shortening was recorded before and 30 minutes post LNAME treatment to assess reversibility of any depression of cell contraction.

In a single bath of cells, baseline cell shortening was recorded from several
randomly selected cells. The bath was then exposed to L-NAME for 30 mins before
randomly selecting a further cohort of cells for re-measurement.

Individual myocytes were challenged with DEANO (10 pM) to assess their
response to exogenous NO in the absence of P-adrenoceptor stimulation.

7.3 Results
Myocytes from endotoxaemic guinea-pigs demonstrated a reduction of basal
contraction amplitude (non-septic 2.69 ± 0.16, n=57, LPS treated 1.45 ± 0.13, n=20,
p<0.001). There was a reduced response to P-adrenoceptor stimulation with
isoprenaline (fig 7.1).
12n

CO

Isoprenaline concentration response
curves in septic myocytes

H

6

o Septic
□ Control

Fig 7.1 Cumulative concentration response to isoprenaline. Septic myocytes (n=5),
control myocytes (n=I4). Values are the means ±SBM. The x axis is the Log [isoM].
The y axis is cell shortening expressed as a percentage o f resting cell length.
The Log EC 50 rose significantly after LPS treatment (septic 2.22E-08 Vs
controls 3.74E-09, p=0.01). The reduction of the peak response to isoprenaline did not
reach significance (7.52 ± 1.0 Vs 8.68 ±0.65, p=NS)
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Effect of L-NAME 0.3mM on LPS Treated
Guinea-pig
8 -i

0)
O
2-

~ r~

1--------

B asal

30 mins L-NAME

Fig 7.2 Individual myocytes from LPS treated guinea-pigs (n=I2). The average
contraction amplitude did not change after treatment with L-NAME (3.12 ± 0.49 Vs
3.11 ±0.58).
The average contraction am plitude o f m yocytes from LPS treated animals
dem onstrated no increase after treatm ent w ith the N O S inhibitor L-N A M E (fig 7.2).
O f the 12 cells treated with L-N A M E only 3 dem onstrated any form o f increase in
cell shortening following L-NAM E. These came from guinea-pigs treated with 10
m g/kg LPS. In view o f this multiple cells w ere analysed from a single preparation
from an animal treated with 10 m g/kg LPS. Cells w ere random ly selected from baths
exposed to standard K H solution and after 30 mins treatm ent with L-N A M E (Fig 7.3).

LPS Treated guinea-pig (10mg/kg)
7.5-1

O
c)

'c

■c

5.0-

o

2.7 ± 0 .3 9

2.65 ± 0.36

n = 18

n = 16

.c
(0

=5
o

2.5-

0. 0
L-NAM E

B aseline

Fig 7.3 Myocytes preparedfrom a guinea-pig treated with 10 mg/kg LPS. Cells were
randomly selected and cell shortening recorded. 18 cells were measured at baseline.
After 30 mins of L-NAME treatment 16 cells were measured at random. The average
cell shortening was unaffected.
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Effect of L-NAME on the response to isoprenaline
Three concentration response curves were produced for isoprenaline using a
ceil from 3 different septic guinea-pig preparations. The same cells were then exposed
to L-NAME for 30 minutes and the curves repeated. The average of the response
curves is set out in fig 7.4. The EC50 was not altered (Basal 1.69 E-08, Cl 1.11-2.56
Vs L-NAME 2.71 E-08 Cl 1.52-4.84). Thus we were unable to demonstrate any
reversibility of the depressed baseline contraction or the reduced response to
isoprenaline in our septic model.

Effect of L-NAME on the Isoprenaline
Concentration response of septic myocytes
10-,

a Baseline
o L-NAME
9

8

7

6

Log Iso [M]

Fig 7.4 The response o f myocytesfrom LPS treated guinea-pigs to isoprenaline before
and after exposure to L-NAME (300pM). Contraction amplitude is displayed as a
percentage o f resting cell length. N=3
Nevertheless, we continued to investigate whether the direction and magnitude
of the response to exogenous NO would be altered. Cells from guinea-pigs treated
with 5-20 mg/Kg LPS, with a range of baseline contraction amplitudes, were exposed
to DEANO (Fig 7.5). The positive inotropic response was maintained. The average
cell shortening increased from 2.63 ± 0.52 to 5.14 ± 0.94 (n=8, p<0.005). Compared
with non-septic cells the relative increase in contraction amplitude was similar (nonseptic +111.5 + 13.7 %, n=8 Vs septic 114 + 32.6, n=8, p=NS)
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Effect of DEANO (10 ^iM) on septic
myocytes

5 mg/kg of LPS
10 mg/kg

I

7.5-

W

5 .0 -

I
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Q)
O
^
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B asal

DEANO

Fig 7.5 Cell shortening was recordedfrom myocytes from LPS treated guinea-pigs.
The same cells were challenged with DEANO (10 pM) and the change in cell
shortening recorded. The y axis depicts cell shortening as a percentage of resting cell
length. Each point represents an individual cell.
7.4 Discussion
As previously reported myocytes from septic animals had depressed basal
contraction amplitude and were hyporesponsive to (3-Adrenoceptor stimulation
(Ungureanu-Longrois et ai, 1994; Flesch et ai, 1999; Vona-Davis et ai, 2002).
However the depressed function was not improved by the application of the non
specific NOS inhibitor L-NAME. Despite a range of LPS doses no improvement of
cell shortening was observed following treatment with L-NAME. Other studies have
reported difficulty in reversing myocyte depression in endotoxaemia. The selective
iNOS inhibitor aminoguanidine did not reverse myocardial depression in whole rat
hearts (Vona-Davis et ai, 2002). In guinea-pig treated with 4mg/kg of LPS depressed
function has been noted in the whole heart. In contrast to Brady et al this depression
was not reversed, even partially, by L-NAME or N-monomethyl-L-arginine (LNMMA). Furthermore, measurement of iNOS and constitutive NOS activity revealed
no difference in total NOS activity (Decking et ai, 1995). It is difficult to account for
why previous experiments from the same laboratory should have observed a
reversible depression with LPS. There was no difference in the technique of myocyte
isolation for our studies and those of Brady et ai It is possible that there was some
variation in the animals used. As expected administration of LPS was accompanied by
piloerection, weight loss and signs of being systemically unwell. If the animals had
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some milder ongoing infective process, prior to exposure to LPS, the cells
subsequently produced may act in a different manner. Exposure to LPS results in
activation of a number of systems with elevation of interleukins, prostanoids, acute
phase proteins, cytokines such as TNF as well as possible upregulation of nitric oxide
synthesis. The balance and contribution of each of these systems might vary between
species and even between individual animals.
In characterizing our sepsis model we were unable to demonstrate a clear
reversible NO mediated effect. Nevertheless cells were exposed to exogenous NO to
determine whether the direction and magnitude of the response to DEANO would be
influenced by LPS. The response appeared unchanged in direction and relative
magnitude in myocytes fi'om endotoxaemic guinea-pigs. It is therefore unlikely that
more modest endotoxin stress, fi'om endotoxin contamination of reagents or fi'om subclinical infections of the animals, would have any influence on the positive inotropic
effect of NO donors. The findings here contradict our hypothesis that sepsis alters the
response of intracellular targets to exogenous NO.
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7.1 Introduction
Exposure of the heart to exogenous NO from NO donors or to NO synthesized
within the heart via NOS activity has been reported to induce both negative and
positive inotropic effects. The apparently contradictory actions of NO have led to
considerable confusion. Only with more recent publications has it become possible to
explain and reconcile some of the apparent discrepancies. As previously outlined
there are multiple potential sites of action of NO within the cardiovascular system.
These include:• Modulation of cGMP and hence cAMP and troponin I
• The L-type Ca^^ channel
• Myocardial sarcolemmal and sarcoplasmic protein nitrosylation
• Myocardial cholinergic and adrenergic receptor coupling

In our initial studies, contrary to our expectation, we observed a significant
positive inotropic effect. We have demonstrated that a number of experimental
variables influence this positive response including

• The NO donor kinetics
• The complexity of preparation
• The animal species

and that a number of other factors have no effect

•

NO species

•

NO carrier molecule (e.g. DEA or glutathione)

•

Peroxynitrite formation

•

Prior endotoxin exposure

•

Presence or absence of heart failure in human myocytes

The choice of NO donor is one factor which influences the direction and
magnitude of any inotropic effect. We have demonstrated the association of the rate of
decomposition with the inotropic response. Agents such as DEANO are able to
deliver rapid bursts of NO leading to high transient concentrations at their site of
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action. Since their degradation is governed exclusively by first order kinetics, the
nonoates offer predictable NO delivery in vitro. The decomposition of other agents
such as nitrosothiols (GSNO and SNAP) were enhanced in the presence of cells. The
mechanism of this enhancement was uncertain but could depend on the increased
provision of copper ions to catalyse decomposition or to direct thiol-thiol interactions
with cellular proteins. Different donors are capable of generating different NO ions
though we did not identify a difference between thiol and non-thiol donors as regards
positive inotropy. The reversible inhibition of the positive inotropic effect by
oxyhaemaglobin suggests that NO* was the responsible species.

There was no detectable rise in cAMP after NO donor treatment. However,
any rise of cAMP may be modest compared with changes of contractile function.
Exposure to 1 nM isoprenaline resulted in a non-significant 15% rise in cAMP levels
compared with baseline though this low concentration induces a significant rise in cell
shortening. Further the response to GSNO was potentiated by the presence of a low
concentration of isoprenaline. Beta-adrenoceptor stimulation will result in a rise in
cAMP and the synergy between GSNO and isoprenaline could suggest a cAMP
dependent mechanism for the action of GSNO. Similarly it is possible that the
elevation of cAMP by isoprenaline lowers the threshold for the NO induced positive
effect which is itself not mediated by cAMP. If the main action of NO is mediated by
a direct effect on Ca^^ channels then administration of isoprenaline increases the
probability of channel opening, which could enhance the response to NO.
The failure of the protein kinase inhibitor Rp-cAMPS to block the effect adds
further evidence that the effect is independent of cAMP. The Rp-cAMP experiments
had no isoprenaline control but in our laboratory it has previously been shown that the
same conditions completely inhibit the response to isoprenaline.

There is evidence that the p-adrenoceptor may couple directly to the L-type
Ca^^ channel via G protein which could allow modulation of channel function
independent of cAMP levels (Yatani and Brown., 1989; Mewes et ah, 1993). This
could offer an alternative explanation of the observed synergy.
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7.2 Comparison of our results with previous publications
In cardiac preparations the observed response to NO represents a net efifect,
which may be due to activation of multiple competing systems, some with opposing
actions. The relative contribution of each target determines the overall response. The
relative importance of each potential target may vary between different species and
tissue preparations.

To date it has been possible to demonstrate cGMP dependent negative (Brady

et al, 1993; Balligand et al., 1993; Finkel et al, 1995, Flesch et al, 1997) and
positive or biphasic inotropic responses (Kojda et al, 1996; Kojda et al, 1996; Kojda

et al, 1997; Mohan et al, 1995) as well as cGMP independent positive (Vila-Petroff
et al, 1999; Sarkar et al., 2000; Paolocci et al, 2000) and negative effects
(Sandirasegarane and Diamond 1999).
In isolated myocytes the initial report in guinea-pig (Brady et al, 1994)
demonstrated a small negative inotropic effect (19% relative reduction of cell
shortening (5.8 to 4.7%). This effect was seen following exposure to SNP (lOpM).
The same donor when used in our system produced a small non-significant negative
effect. Had a larger number of cells been stimulated then this effect may have reached
significance. Similar results have been produced with rat myocytes exposed to LPS
treated rat alveolar macrophages (Balligand et al, 1993), cultured chick embryo
myocytes exposed to SNP (Ungureanu et a l, 1997) and human atrial cells and
papillary muscles (Flesch et a l, 1997). In each case the small negative effect appeared
dependent on cGMP and reversed by methylene blue. In keeping with previously
published reports using SNP and GTN we were unable to demonstrate positive
inotropy in any preparation over a range of NO donor concentrations.

Subsequent reports used faster releasing NO donors such as SNAP. Using
lOOpM Kojda demonstrated an 8 fold rise in cGMP accompanied by a negative
inotropic response. At lower SNAP concentrations (l|uM) there was a smaller rise in
cGMP and a rise in cAMP comparable to that induced by lOnM isoprenaline. This
was associated with a positive inotropic effect. A similar biphasic response to SNAP
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was observed with cat papillary muscle preparations (Mohan et al., 1995). The
biphasic response to NO donors has been explained in terms of the effect on cyclic
nucleotides. The modest rises of cGMP associated with low NO concentrations are
able to potentiate the levels of cAMP by inhibiting type 3 phosphodiesterase. At
higher concentrations of NO the larger rise in cGMP results in a fall in cAMP levels
mediated by activation of type 2 Phosphodiesterase. The biphasic effect on contractile
function has been mirrored in measurements of the Ca^^ current, which in isolated
myocytes has the corresponding biphasic change (Mery et al, 1993).

We observed a positive inotropic response in myocytes exposed to lOpM
SNAP. At high concentrations (lOOjtM) the positive effect remained with no evidence
of the previously reported biphasic response. In our guinea-pig myocyte system the
observed positive inotropy was independent of cGMP as evidenced by the failure of
ODQ to block the efifect or for 8-Br-cGMP to mimic it. Thus in our system the
predominant effect was mediated by a cGMP independent system. It could be argued
that our results represent underactivity of the sGC system in our isolated myocytes.
Against this notion the basal levels of cGMP were of the same order of magnitude as
previously reported (Stein et al, 1996) and rose significantly with exposure to both
GSNO and DEANO. The modest rise with SNAP (31+ 6%) reported in rat myocytes
(Vila-Petroff et al, 1999) was similar to the change induced by the nitrosothiol
GSNO in guinea-pig. The more marked response to DEANO was very similar to the
250% rise in a previous study (Sandirasegrane et al, 1999), whilst the combination of
DEANO and the sGC agonist YC-1 induced a marked rise in cGMP. Thus the sGC
system was functional. The variation in results may be a reflection of the different
species used. In experiments in rat myocytes, we too failed to demonstrate a positive
inotropic response with higher concentrations of NO donor suggesting that in this
species the cGMP mediated effects predominate. In support of this inhibition of rat
myocyte protein kinase G by KT5823 changed their response to DEANO fi'om one of
negative to positive inotropy (Vila-Petrofif et al, 1999) suggesting that inhibition of
the sGC system allows the unmasking of cGMP independent positive responses.

We are not alone in describing an NO induced positive inotropic efifect
independent of cGMP. Positive inotropy was reported in response to low
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concentrations of SNAP (l|iM ) in a cGMP independent manner (Vila-Petrofif et al.,
1999). Both DEANO (0.1 pM) and SIN-1 (lOpM) have been shown to increase dP/dt
in whole rat hearts. The efifect of DEANO was not inhibited by ODQ (Paolocci et al.,
2000) with the authors postulating that the L-type Ca^^ channel and the ryanodine
receptor undergo thiol-nitrosylation leading to increased Ca^^ cycling. Studies of
channel function have supported this view with evidence of modulation of the ferret
L-type Ca^^ channel (Campbell et al, 1996) and enhanced Ca^^ fluxes in the presence
of the peroxynitrite donor SIN-1 (Chesnais et al, 1999).
In our initial experiments with GSNO we were able to demonstrate a
synergistic response between low concentrations of isoprenaline and NO donor. Betaadrenoceptor stimulation leads to activation of PKA. PKA phosphorylation of RyR
increases

the

probability

of

channel

opening

whilst

phosphorylation

of

phospholamban increases SR Ca^^ loading. As with functional experiments it has
been shown that NO can inhibit or stimulate the mammalian L-type Ca^^ channel by
cGMP dependent (Campbell et al, 1996; Wahler and Dollinger 1995) and
independent (Hu et al, 1997) mechanisms. Ca^^ sparks are the fondamental unit of
SR Ca^^ release (Cheng et al, 1993) and can occur stochastically during diastole. The
Ca^^ transient is due to the temporal and spatial summation of Ca^^ sparks
synchronized by the trigger Ca^^. The resting Ca^^ spark frequency (CaSpF) increases
during P-adrenoceptor stimulation due to PKA phosphorylation of the RyR. Isolated
myocytes were challenged with isoprenaline (0.0 IpM), which as expected, increased
the CaSpF. Simultaneous exposure to the spontaneous NO donor Spermine NONOate
(300 pM) produced an increase in CaSpF in some cells and a reduction in others
(Ziolo et al, 2001). These 2 populations of cells had identical resting CaSpF levels.
However the cells which exhibited a positive NO efifect were also the cells in which
isoprenaline had only a small positive efifect on the CaSpF. With these cells
superfosion with the NONOate NO donor produced a further fourfold rise in the iso
stimulated CaSpF. The same authors have also demonstrated similar effects on the
Ca^^ transient. This enhancing efifect was independent of cGMP. The authors
proposed that the response to NO was dependent on the state of activation of PKA.
With low level activation there was enhancement by the addition of NO.
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This may apply to our system, although the effect of PKA would not be
through the SR (since it occurs in the presence of thapsigargin) but via the IcaWe have demonstrated an increase in the L-type Ca^^ current following
exposure to DEANO. Such an effect could be the result of increased cAMP or due to
a direct effect of NO on the Ca^^ channel. We have postulated the later by a process of
elimination, though the nature of the direct interaction remains unclear.

In addition to the rate of decomposition of the NO donor, the species and
complexity of tissue preparation appeared an important determinant of the observed
response. We had postulated that species differences may offer alternative targets for
NO. The dependence of myocytes on extracellular Ca^^ entry appeared to correspond
well with their inotropic response to NO donors. The human myocytes behaved in a
similar manner to guinea-pig cells, demonstrating positive inotropy to GSNO (with
isoprenaline) and DEANO alone. This would suggest that the guinea-pig with its
similarity of Ca^^ handling represents a better model of human cardiac function than
the rat.
There was a gradient of response such that papillary muscles demonstrated a
positive inotropic effect only to the most potent combination of DEANO and
isoprenaline whilst the whole heart demonstrated a concentration dependent fall in
coronary perfusion pressure and left ventricular developed pressure. With increasing
preparation complexity the attenuated response may stem from a number of effects.
The isolated myocyte model offers a number of advantages with a continuous flow of
gassed KH solution bathing the individual cell minimizing the risk of hypoxia whilst
allowing ready access of any added agents. Both these parameters would be altered
with increasing tissue mass. The diffusion distance is markedly increased particularly
in the papillary preparation. In the whole heart the coronary vasculature is the first site
of action before NO reaches myocytes. Thus the local myocyte concentration may be
significantly lower. The tissue mass may also impact on the local redox state.
Isoprenaline induced formation of superoxide could be influenced and in the presence
of NO lead to formation of peroxynitrite. Experiments with superoxide dismutase in
isolated myocytes did not impact upon the observed effect suggesting that the positive
inotropic response to DEANO is independent of superoxide and peroxynitrite
formation. However, the failure to observe a positive effect may be influenced by
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redox state and further experiments are required with NO donors in the presence of
free radical scavengers.
It is also possible that the degree of stretch may influence the effects of NO
application. Myocytes in the present study were not stretched, while the papillary
muscle was under isometric tension and the Langendorff-perfused heart would be
partially stretched by pressure within the coronary bed. Stretch has been shown to
enhance the contraction of single cardiac myocytes by induction of eNOS activity
(Petroff et al, 2001). If basal NO production is enhanced by stretch in the intact
muscle preparations then further addition of NO from donors might be less effective.

These results show clearly that effects of NO donors on single cardiac
myocytes cannot be used to predict the possible therapeutic actions in vivo. If even
the potent NO donor, DEANO, cannot affect ventricular contraction when infused at
high concentrations through the coronaries of an isolated heart, it is unlikely that in

vivo infusion (with the added possibility of NO scavenging by haemoglobin) could
give a clinically useful positive inotropy.

However, the effects of NO donors on

single cells may be more informative about the role of endogenous NO in the myocyte
because of lack of modifying influences from other cell types.

7.3 Clinical Implications
The physiological action of NO on contractile function of the healthy human
heart appears modest. The effects outside of alteration of coronary flow and the onset
of diastolic relaxation appear small. The most recent study in the normal human in
situ heart reported a 14% fall in LV

d P /d tm a x

with intracoronary infusion of a NOS

inhibitor, suggesting endogenous NO has a small tonic positive inotropic effect
(Cotton et al, 2001). Previous reports in normal hearts revealed no effect of NOS
inhibition on the response to p-adrenoceptor stimulation (Hare et al, 1998).

Exogenous NO in the form of a bicoronary infusion of SNP had no effect on
LV dP/dtmax in normal hearts (Paulus et al, 1994). In pre-op coronary surgery
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patients with ejection fractions > 40% systemic
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S N P

infusion increased

d P /d tm a x

by

20% and LV pressure by 6.6% (de Hert at al., 1996).
In the canine experimental model of pacing induced heart failure Yamamoto et

al (1997) demonstrated reversal of the depressed response to P-adrenoceptor
stimulation using the non specific NOS inhibitor L-NAME or the iNOS inhibitor
aminoguanidine.

In humans there has been little clinical evidence for a central role of
myocardial NO (derived fi’om either iNOS or eNOS) in the deterioration of
haemodynamic parameters at baseline or in response to p-adrenoceptor stimulation.
Depressed contractile function in isolated myoctes (Harding et al., 1998) and whole
human hearts (Cotton et al, 2001) was not improved by NOS inhibition. In patients
with DCM or post cardiac transplantation bicoronary SNP similarly had no beneficial
effect on developed pressure (Heymes et al, 1999; Bartunek et a/., 1997). Only Hare

et al (1998) have demonstrated a potentially useful effect of NO with potentiation of
the response to dobutamine in DCM patients treated with intracoronary L-NMMA.
To reconcile these small and sometimes divergent effects of NO Paulus et al
(2001) proposed that there is a biphasic response to NO. The normal heart operates at
the top of the biphasic response curve such that inhibition of endogenous NO
synthesis by a NOS inhibitor or supplementation by administration of an NO donor
both produce a negative effect. However, in the failing heart the baseline NO level is
elevated with the heart operating on the descending limb of the biphasic dose
response curve. Hence the blunted effect of L-NMMA as observed by Cotton et al
(2001) or the positive response observed by Hare et al (1998) after prior Padrenoceptor stimulation. These studies deal with the acute or immediate effects of
NO on contractile function. Persistent high concentrations of NO within the heart may
adversely increase longterm myocyte cell loss. In support of this the iNOS knockout
mouse appears to have reduced cell loss post infarction (Sam et al, 2001).

Thus the lack of clinical evidence to date, that modulation of cardiac NO can
significantly improve haemodynamics, severely limits therapeutic options. Using
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exogenous NO donors with rapid release kinetics we have consistently induced
positive inotropy in guinea-pig and human myocytes. The translation of this
pharmacological response in to a clinically useful effect would be difScult. With
increasing tissue complexity the efifect is diluted and finally lost. Targetting of the NO
donor to cardiomyocytes would require delivery directly to the myocardium without
inducing effects on the systemic and coronary vasculature. The therapeutic efifect
would be the net result of activation of a range of effectors the balance of which may
vary between different clinical states. Only by targeting a single effector would it be
possible to induce a reliable therapeutic response. Such targeting requires further
work understanding the individual mechanisms and the importance of cellular and
subcellular localization of NO.

7.4 Further Work
1) To extend the current work undertaken

•

To examine the effect of GSNO and a non-positively inotropic NO donor
(SNP) on the

current in isolated myocytes.

To perform Ica measurements in the presence of a dihydropyridine Ca^^
channel blocker to confirm the role of the L-type Ca^^ channel.

•

To co-infuse free radical scavengers (e.g. L-cysteine or uric acid) with
DEANO ± isoprenaline in whole heart preparations

2) To investigate the modulation of preparation response by conditions of loading or
stretch

3) To examine mechanisms of enhanced NO targeting such as flash photolysis or the
combination of NO to different carrier molecules limiting its breakdown to certain
sites.
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Materials

Source

Agents
Acrylamide/bis-acrylammide

Sigma-Aldrich Chem. Co., Dorset, U.K.

Agarose

Sigma-Aldrich Chem. Co., Dorset, U.K.

Ammonium persulphate

Sigma-Aldrich Chem. Co., Dorset, U.K.

L-Arginine

Bio-Rad Ltd, Hertfordshire, U.K.

Ascorbic acid

Sigma-Aldrich Chem. Co., Dorset, U.K.

Bovine serum albumin

Sigma-Aldrich Chem. Co., Dorset, U.K.

8 Bromo-cGMP

Sigma-Aldrich Chem. Co., Dorset, U.K.

Calcium chloride

Merck Ltd, Leicestershire, U.K.

cAMP assay kit (TRK 432)

Amesrham International

CarboxymethylceUulose

Sigma-Aldrich Chem. Co., Dorset, U.K.

Carboxy-PTIO

Calbiochem. Beeston, Nottingham, UK.

CGMP assay kit

Amersham International

Collagenase

Worthington. Freehold, New Jersey, USA.

DEANO

Insight Biotechnology, Middlesex, U.K.

Detanonoate

Alexis Corp, Nottingham, UK.

Disodium hydrogen orthophosphate

Merck Ltd, Leicestershire, U.K.

Dithiothreitol

Sigma-Aldrich Chem. Co., Dorset, U.K.

DMEM

Life Technologies Ltd, Renfrewshire, U.K.

DMEM (phenol red free)

Life Technologies Ltd, Renfrewshire, U.K.

Dowex-50

Bio-Rad Ltd, Hertfordshire, U.K.

Ethylenediaminetetraacetic acid

Sigma-Aldrich Chem. Co., Dorset, U K.

Foetal calf serum

Harland Sera-Lab Ltd, Leicestershire, U.K.

D-Glucose

Sigma-Aldrich Chem. Co., Dorset, U.K.

L-Glutamine

Life Technologies Ltd, Renfrewshire, U.K.

Glutathione

Sigma-Aldrich Chem. Co., Dorset, U.K.

Glyceryl trinitrate (GTN)

David Bull Laborotories, Dublin, Eire.

GSNO

Dr. Madge, The Cruciform Project, U.K.

Haemoglobin (human, double-crystallised)

Sigma-Aldrich Chem. Co., Dorset, U.K.

HEPES

Sigma-Aldrich Chem. Co., Dorset, U.K.

162

Hyaluronidase

Worthington, New Jersey, USA.

3-Isobutyl-l-methylxanthine (IBMX)

Sigma-Aldrich Chem. Co., Dorset, U.K.

Interferon-y (recombinant murine)

Insight Biotechnology, Middlesex, U K

Interleukin-1

Insight Biotechnology, Middlesex, U.K.

Isoprenaline hydrochloride

Sigma-Aldrich Chem. Co., Dorset, U.K.

Lipopolysaccharide (serotype 055 :B5)

Sigma-Aldrich Chem. Co., Dorset, U.K.

Magnesium sulphate

Sigma-Aldrich Chem. Co., Dorset, U.K.

Micro-FastTrack mRNA isolation system

Invitrogen Corp., CA, U.S.A.

L-NAME

Sigma-Aldrich Chem. Co., Dorset, U.K.

Nitrilotriacetic acid (NTA)

Sigma-Aldrich Chem. Co., Dorset, U.K.

ODQ

Sigma-Aldrich Chem. Co., Dorset, U.K.

17 a Oestradiol

Sigma-Aldrich Chem. Co., Dorset, U.K.

17 P Oestradiol

Sigma-Aldrich Chem. Co., Dorset, U K.

Papanonoate

Alexis Corp. Nottingham. UK.

Penicillin

Life Technologies Ltd, Renfrewshire, U.K.

Potassium chloride

Sigma-Aldrich Chem. Co., Dorset, U.K.

Potassium dihydrogen orthophosphate

Merck Ltd, Leicestershire, U.K.

Protein assay reagents

Bio-Rad Ltd, Hertfordshire, U.K.

Pyruvate

Merck Ltd, Leicestershire, U.K.

RNA molecular size standards

Life Technologies Ltd, Renfrewshire, U.K.

Rp-cAMPS

Sigma-Aldrich Chem. Co., Dorset, U.K.

Sephadex G-25

Sigma-Aldrich Chem. Co., Dorset, U.K.

Scintillation fluid (Liquiscint)

National Diagnostics. Yorkshire, UK.

Scintillation vials and caps

Hughes and Hughes

S-nitroso-N-acetylpenicillamine (SNAP)

Sigma-RBI. Natick, MA, USA.

Sodium nitroprusside (SNP)

Sigma-Aldrich Chem. Co., Dorset, U.K.

Sodium chloride

Sigma-Aldrich Chem. Co., Dorset, U.K.

Sodium dihydrogen orthophosphate

Merck Ltd, Leicestershire, U.K.

Sodium dithionite

Merck Ltd, Leicestershire, U.K.

Sodium dodecyl sulphate

Sigma-Aldrich Chem. Co., Dorset, U.K.

Sodium hydrogen carbonate

Merck Ltd, Leicestershire, U.K.
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Sodium nitrate

Sigma-Aldrich Chem. Co., Dorset, U.K.

Sodium nitrite

Sigma-Aldrich Chem. Co., Dorset, U.K.

Streptomycin

Life Technologies Ltd, Renfrewshire, U.K.

Superoxide dismutase (from bovine brain)

Sigma-Aldrich Chem. Co., Dorset, U.K.

Taurine

Sigma-Aldrich Chem. Co., Dorset, U.K.

Thapsigargin

Sigma-Aldrich Chem. Co., Dorset, U.K.

Tris-Base

Sigma-Aldrich Chem. Co., Dorset, U.K.

Tris-HCl

Sigma-Aldrich Chem. Co., Dorset, U.K.

Trypan blue

Life Technologies Ltd, Renfrewshire, U.K.

YC-1

Sigma-Aldrich Chem. Co., Dorset, U K

Zaprinast

Sigma-RBI. Natick, MA, USA.
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Appendix II. Thesis Corrections

Quenching effect of cells on the NO electrode signal with SNAP
SNAP Concentration Medium Only

Medium with cells

N number

lOpM

465±100

67±30

3

lOOpM

765 and 362

633, 290

2

lOOOpM

900±150

965±170

3

Table depicts the data revealing the quenching of the NO electrode signal from low
concentrations of SNAP in the presence of J774 cells (10^ cells/ml). The NO related
signal current is expressed in pA. For 10 and lOOOpM the values are the mean±SEM.

cAMP levels (pmols) per 100,000 viable myocytes
cAMP pmols

n

Baseline

3.25±0.32

7

SNAP lOpM

3.48±0.38

7

Baseline

3.9±.0.52

6

DEANO lOpM

3.7±0.76

6

Baseline

3.26±0.39

6

Isoprenaline InM

3.7±0.34

6

Baseline

3.22±0.3

8

Isoprenaline IpM

6.96±0.97

8

P

NS

NS

NS

P<0.001

Absolute levels of cAMP in pmols. Relative changes in levels are shown in Para 2
section 4.5 on page 103. n is the number of cell preparations.

196

Absolute baseline values o f C ell Shortening
Condition

C ell shortening ± SEM (pm )

N

3.3

Krebs
Krebs + L-arginine

2.76±0.39
3.02±0.65

6
6

3.4

Pre SNP
SNP (30 pM)

3.09±0.24
2.81±0.16

6
' 6

3.5

Pre GSNO
With GSNO
Post GSNO

3.3±0.80
2.97±1.16
1.18±0.33

4
4
4

Table 6.1

0.3 nM isoprenaline
1 nM
3 nM

4.57±0.24
4.19±0.67
3.23±0.34

3
6
4

6.4

baseline

5.22±0.38

4

6.5

baseline

5.3±0.8

6

6.6

Baseline

2.07±0.3

8

6.7

Baseline

1.83±0.25

8

7.1

control
septic

3.03±0.4
1.82±0.25

14
5

7.2

Baseline
L-NAME

3.86±0.79
3.81±0.79

10
10

7.3

baseline
L-NAME

3.58±0.55
3.8±0.45

18
16

7.4

Baseline
L-NAME

2.24±0.25
1.45±0.25

3
3

7.5

baseline

3.6±0.64

8

Fig N o

Absolute cell shortening expressed in pm. In the relevant figures the shortening is
expressed as a percentage of cell length to reduce errors due to resting cell length
variation.
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