
Endothelium-Dependent Dilatation-An Investigation 

into the Role of EDHF and the Impact of Sepsis

Sharmila Deepa Chauhan 

B.Pharm (Hons)

1
/m

A thesis submitted for the Degree of Doctor of Philosophy at

the University of London 

2002

Centre for Clinical Pharmacology, University College London,

Gower Street, London.



ProQuest Number: U643803

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U643803

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



For all knowledge and wonder, - which is the seed of knowledge, 

is an impression of pleasure in itself

Francis Bacon



Thù thesis is dedicated to my late uncle Ravindra Solanki



ACKNOWLEDGEMENTS

Thanks to God, the creator without whom none of this would have been possible.

This thesis is also dedicated to Peter, thank you for your love, encouragement, faith 

and support, I really could not have done it without you.

Love and thanks to my parents and Sunil, thank you for all your help, support and 

concern, - for all those dinners, phone calls and pep talks.

A big thank you to all my friends; especially Ruthie for listening and being my fellow 

PhD student. A special thanks to friends at UCL and Barts for all those coffee breaks, 

conversations, laughter and keeping me company with my tissues.

Also thanks to everyone in Arhus, Denmark for all the assistance with the 

microelectrode work.

Thanks to my supervisors; and most especially, a big thank you to Amrita for all your 

support and encouragement and for that ever open-door, and for making this Ph D the 

challenge it was.

IV



Abstract

ABSTRACT

The endothelium plays a key role in the modulation of vascular tone. This is 

regulated in part, by the release of endothelium-derived relaxing factors, which 

include nitric oxide (NO), prostacyclin and endothelium derived hyperpolarising 

factor (EDHF).

EDHF responses are characterised in the presence of a nitric oxide synthase inhibitor 

(NOS) and a cyclo-oxygenase inhibitor. Data from this thesis suggest that in the rat 

mesenteric artery there is a significant release of NO, despite the presence of a NOS 

inhibitor. This residual NO can be eliminated using an NO scavenger such as 

oxyhaemoglobin, in combination with a NOS inhibitor. The source of this NO is 

likely to be a photoactivatable endothelium derived NO store, and release of this NO 

contributes to the hyperpolarisation previously attributed to EDHF.

C-type natriuretic peptide (CNP) is an endogenous vasodilator found in endothelial 

cells. In the perfused rat mesenteric bed, acetylcholine (ACh)-induced relaxation was 

associated with the release of CNP, in an endothelium-dependent fashion. CNP 

causes hyperpolarisation of vascular smooth muscle cells (VSMC) which is sensitive 

to the same channel inhibitors as EDHF responses. Both ACh and CNP-induced 

relaxations were unaffected by the neuropeptide receptor (NPR) A and B antagonist
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HS-142-1, indicating that these responses were mediated through NPR-C. Inhibition 

of Gi protein using pertussis toxin also attenuated responses to ACh and CNP. The 

data suggest that CNP may be an EDHF in these tissues and mediates its effect 

through the NPR-C to cause hyperpolarisation of VSMC.

Dysfunction of the endothelium is a marker for a variety of cardiovascular diseases 

including endotoxaemia. The final chapter investigated the effects of endotoxaemia 

on endothelial function using iNOS knockout (KO) and wild type (WT) mice. LPS 

pre-treatment suppressed responses to ACh and reduced sensitivity to Spermine-NO 

in arteries of WT mice. This effect was temporally associated with iNOS protein 

expression. In contrast arteries of iNOS KO animals did not exhibit any 

hyporeactivity to ACh or Sper-NO and did not express iNOS. These results clearly 

demonstrate that iNOS induction plays an integral role in mediation of the endothelial 

dysfunction associated with sepsis. Characterisation of EDHF responses in 

endotoxaemia revealed that these responses are upregulated in LPS-treated iNOS KO, 

endothelial NOS KO and WT mice, indicating an important role for EDHF in sepsis.
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Preface

Preface

Arterial blood pressure is determined in part, by the vascular tone of resistance 

arteries. The endothelium, which lines all arteries, plays a key role in the control of 

vasomotor tone, in particular, through the release of the endothelium-derived relaxing 

factors nitric oxide (NO), prostacyclin (PGI2) and endothelium-derived 

hyperpolarising factor (EDHF). As such, dysfunction of the endothelium has a 

profound effect on vascular reactivity and indeed has been implicated in the 

pathology of cardiovascular disease, with examples including septic shock and 

atherosclerosis.

EDHF has been characterised in a variety of vascular beds and appears to play a 

major role in endothelium-dependent regulation of vascular tone in resistance arteries. 

The identity of EDHF is controversial and varies between species and vessel type; 

candidates include potassium ions and epoxyeicosatrienoic acid. EDHF-induced 

relaxation occurs as a consequence of hyperpolarisation through activation of 

potassium channels on the vascular smooth muscle cell (VSMC) and thereby 

reducing calcium entry. However, it is also known that NO mediates vasorelaxation, 

and in some arteries this is through hyperpolarisation of VSMC. In addition, there is 

also some evidence to suggest that nitric oxide synthase inhibitors (NOS) may not 

adequately remove all NO-dependent responses. Therefore the first part of this thesis 

investigates the possibility that hyperpolarising NO may account for a significant 

proportion of the activity previously attributed to EDHF.



Preface

C type natriuretic peptide (CNP) is a known vasodilator, and mediates part of its 

effects through hyperpolarisation of the VSMC. To date, little is known of the 

mechanisms mediating this response, or indeed what role it may play in regulating 

vascular tone. The second part of this thesis investigates the mechanisms of CNP- 

induced relaxation and the possibility that CNP is a candidate for EDHF.

The final part of this thesis investigates the causes of endothelial dysfunction in sepsis 

and how this may differ between resistance and conduit arteries. In particular, the 

impact of endothelial dysfunction on EDHF-responses in resistance arteries is 

investigated with the view to identifying possible compensatory mechanisms that 

might operate in sepsis and other inflammatory cardiovascular diseases associated 

with endothelial dysfunction.
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1. Introduction

The regulation of arterial blood pressure involves the integration o f neuronal, 

hormonal and environmental factors. Hypertension (i.e. chronic elevation in arterial 

blood pressure) is a major risk factor for a variety of cardiovascular diseases 

including stroke and atherosclerosis, and a major cause for mortality and morbidity.

The two determinants of arterial blood pressure are cardiac output and vascular 

resistance. An approximation for vascular resistance to blood flowing through the 

vasculature can be calculated using the Poiseuillle equation, where resistance (R) 

along a straight cylindrical tube is proportional to the tube length (L), fluid velocity 

(r|) and is inversely proportional to the tube diameter (r);

R= 8T)/%r'*

This implies that, the smaller the radius of the artery, the greater the resistance 

generated. Therefore, smaller arteries contribute more to vascular resistance and 

therefore arterial blood pressure, than conduit arteries. These are known as resistance 

arteries and have an internal diameter of less than 500 pm. Indeed, small changes in 

the vessel diameter of these arteries have a major effect on arterial blood pressure 

(Mulvany & Aalkjaer, 1990). In human hypertension, elevation of arterial blood
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pressure is a reflects elevated vascular resistance rather than elevated cardiac output 

(Short et al, 1967; Komer & Angus 1992; SchifFrin et a l, 1992).

1.1 Morphology of Arteries

All arteries have three distinct layers; the adventitia, tunica media and tunica intima 

(Figure 1.1). The tunica adventitia, is the outermost layer of the vessel, and consists 

of connective tissue, mainly collagen and elastin, fibroblasts, mast cells and 

macrophages. In addition, a number of perivascular nerves, (primarily sympathetic, 

but also parasympathetic and non-adrenergic, non-cholinergic) are located here. 

However, in certain arteries, there is evidence to suggest that these nerves may also 

penetrate into the tunica media layer. The tunica media consists of vascular smooth 

muscle cells (VSMC) arranged circumferentially around the lumen of the artery, and 

bound by a layer of elastic lamina. The number of VSMC in the blood vessel wall 

decreases as the diameter of the vessel decreases, for instance in a vessel of 

approximately 250 pm in diameter there are 4-5 VSMC layers; whereas the human 

abdominal aorta is approximately 1.75 cm in diameter and contains 20-25 VSMC 

layer (Gray, 1918). It is the VSMC that are responsible for generating the active 

tension in the blood vessel wall which determines vessel diameter. The innermost 

layer is the tunica intima, which consists of a single layer of squamous endothelial 

cells orientated with the long axis parallel to the direction of blood flow. These cells.
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on stimulation, release a variety of substances that play an integral role in 

determination of vascular tone.

ARTERY VEIN

Tunica Intima

elastin

Tunica media

Tunica
externa

valve

Figure 1.1: Structure of arteries and veins (Fox & Stuart, 2002).

1.2 Determination of Vascular tone

The state of contraction of the VSMC determines vessel diameter and therefore 

resistance to flow, and this is the result the sum of contraction and the opposing 

relaxation forces.

Contraction of VSMC is initiated by a rise in intracellular calcium which may be 

brought about from activation of either voltage gated or receptor operated calcium
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channels on the VSMC or release of calcium from the sarcoplasmic reticulum. 

Calcium then binds to calmodulin to form a calcium-calmodulin complex which 

activates the enzyme myosin light chain kinase (MLCK) leading to myosin 

phosphorylation. Once phosphorylated, myosin is able to interact with actin and this 

crossbridging initiates contraction. However, it is important to note that MLCK 

activity can also regulated by other factors such as cyclic adenosine monophosphate 

(cAMP) and cyclic guanosine monophoshate (cGMP) and these are also calcium 

dependent processes (see Vanhoutte e ta l, 1984 for review) (Figure 1.2).

A number of autocoids, (from a variety of sources) can modulate the level of 

contraction o f VSMC. One source of such autocoids is the endothelium which 

responds directly to shear stress, metabolic changes (e.g. adenosine accumulation) 

neurotransmitters (from perivascular nerves e.g. substance P, calcitonin gene related 

peptide) (Pohl et a l, 2000) by releasing a number of substances that can cause 

constriction or dilation of the blood vessel.
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Receptor —

i VOCC

IP,+ DAG

t

Calmodulin

Ca^+Calmodulin
+

MLCK
Myosin------------------ ► Myosin-P

actin

1

CONTRACTION

Figure 1.2: Mechanisms mediating vasoconstriction of vascular smooth muscle cell (VSMC). DAG= 

diacylglycerol, G = G-protein, IP3 = inositol (1,4,5) phosphate, MLCK = myosin light chain kinase, PI 

= phosphatidylinositol, PLC = phospholipase C, ROC = receptor operated cation channel, SR = 

sarcoplasmic reticulum, VOCC = voltage operated cation-channel.
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Flow
Pressure
Stretch

Bradykinin

PGL EDHF

X  i ^
Vasorelaxation

Angiotension

Perivascular Nerves

Figure 1.3: Factors contributing to vasodilatation of vascular smooth muscle cell. CGRP = calcitonin 

gene related peptide, EC = endothelial cell, EDHF = Endothelium derived hyperpolarising factor, NO 

= nitric oxide, Sub P = substance P, VSMC = vascular smooth muscle cell.

1.3 The Endothelium

The endothelium was originally believed to simply provide a barrier between the 

intravascular and interstitial compartments. However, it is now known that the 

endothelium is an active secretory body, covering a surface area of 7m^, weighing
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approximately 1kg, that releases factors responsible for, not only determination of 

vascular tone, but also a number of other processes including vascular remodelling, 

inflammation and thrombogenesis (Vane & Hotting, 1992; Vane & Hotting, 1994; 

Leee/a/., 1995).

In 1980 Furchgott and Zawadzki demonstrated that the endothelium mediated 

vasorelaxation to the muscarinic agonist acetylcholine (ACh) by the release of an 

endothelium-derived relaxing factor. Since then, numerous studies have demonstrated 

the integral role of the endothelium in the modulation of vascular tone through the 

release of factors in response to a variety of diverse stimuli.

The endothelium releases both constrictor and dilator autacoids. The constrictors 

include prostaglandin thromboxane A2 and endothelin (Vanhoutte, 1989). The 

dilators include nitric oxide (NO), prostacyclin and endothelium-derived 

hyperpolarising factor (EDHF) (Figure 1.4). The release of these factors is brought 

about by a variety of stimuli, including agonists such as ACh and bradykinin, which 

promote an elevation of intracellular calcium that ultimately results in the production 

and release of these endothelium-derived signalling molecules onto the VSMC.

10
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Autacoid
hormones

Ca2+

Phospholipase C

Ü

NOS

EC

NO ED HF PGI.

K

COX

NO EDHF PGI

+

GTP cGMP
Hyperpolarisation

AC

+
®^cAMP ATP
4-

VSMC
RELAXATION

Figure 1.4: Release and mechanisms of action of endothelium derived vasodilators. AC = adenylate 
cyclase, ATP = adenosine triphosphate, cAMP = cyclic adenosine monophosphate, cGMP = cyclic 
guanosine monophoshate, COX = cyclo-oxygenase, EC = endothelial cell, EDHF = endothelium- 
derived hyperpolarising factor, G = G-Protein, GTP = guanosine triphosphate, IP3 = inositol (1,4,5) 
triphosphate, NO = nitric oxide, NOS = nitric oxide synthase, sGC = soluble guanylate cyclase, VSMC 
= vascular smooth muscle cell.

11
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1.3.1 Nitric Oxide

In 1987, EDRF, was identified as NO (Palmer et al, 1987). This highly labile gas is 

produced by oxidation of the amino-acid L-arginine, by the enzyme nitric oxide 

synthase (NOS). Three isoforms of NOS have been identified (see Michel & Feron, 

1997 for review). Two are constitutively active: endothelial (eNOS) and neuronal 

(nNOS), and the activity of these are calcium/calmodulin dependent. In contrast, the 

inducible isoform (iNOS) is absent in normal conditions and expressed in response to 

inflammatory stimuli such as endotoxin, and can be found in a variety of cells 

including VSMC and macrophages. Additionally, unlike the constitutive isoforms, 

the activity of iNOS is calcium independent (Michel & Feron, 1997). However, many 

studies have also suggested the existence of non enzymatic sources of NO including 

nitrosothiols (Stamler et al, 1992; Gaston et al, 1994) which provide a means of 

storing and transporting NO (Barton et al, 1998). This stored NO is released by 

stimuli such as ultraviolet light (Charpie et al, 1994) and copper (Al-Sa'doni et al, 

1997, see also Ignarro 1990 for review). These stores may be of importance in 

conditions where NO synthesis is impaired or where endothelial dysfunction is 

apparent (Charpie et al, 1994). Once produced, NO diffuses freely from the 

endothelial cell to the VSMC where it binds to the haem group of the enzyme soluble 

guanylate cyclase (sGC), thereby catalysing the conversion of guanosine triphoshate 

to cGMP (Figure 1.4). Elevated cGMP levels are believed to mediate vasorelaxation 

by reduction of myosin light chain kinase (MLCK) activity (Hobbs & Ignarro, 1996)

1 2
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hyperpolarisation (Robertson et al, 1993). It has also been postulated that NO may 

directly interact with channels independent of sGC although it is unclear exactly 

how this is brought about (Bolotina et a l, 1994).

1.3.2 Prostacyclin

Prostacyclin has been shown to play a role in endothelium-dependent relaxation of 

several large and small arteries including human vessels (see McGiff & Quilley, 1980 

for review). It is one of a family of products derived from arachidonic acid via the 

action of the enzyme cyclo-oxygenase (COX) (Figure 1.4). It was first described by 

Moncada et a l, (1976) and has since been shown to be released from the endothelium 

(Weksler et a l, 1977). On the VSMC, prostacyclin acts on prostaglandin h  (IP) Gs- 

protein coupled receptors to activate the enzyme adenylate cyclase (AC) and 

therefore produce an increase in cAMP (Gorman et a l, 1977). Elevated levels of 

cAMP are believed to promote phosphorylation of MLCK by protein kinase A, 

thereby promoting vasorelaxation. In addition, prostacyclin has also been shown to 

produce hyperpolarisation of the VSMC membrane via direct action on channels 

(Clapp et a l, 1998, see also Wise & Jones, 1996, for review).

13
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1.4 Endothelium-derived Hyperpolarising Factor (EDHF)

The third known endothelium-derived vasodilator is EDHF. Many studies (of both 

isolated blood vessels and the intact circulation), suggest a role for a vasodilator that 

is resistant to inhibitors of NO and prostacyclin production (see Wise & Jones, 1996 

for review). This component has been shown to elicit relaxation via hyperpolarisation 

of the VSMC (Chen et al, 1988; Feletou & Vanhoutte, 1988); hitherto its identity 

remains controversial.

1.4.1 Discovery of EDHF

In 1984 Bolton et al, demonstrated that carbachol-induced relaxation of guinea pig 

mesenteric arteries was accompanied by hyperpolarisation of the VSMC. When the 

endothelium was removed the hyperpolarisation was abolished, and stimulation with 

carbachol produced depolarisation, indicating that the endothelium was required for 

the hyperpolarising effect of carbachol. Following this finding, investigators 

attempted to utilise the bioassay cascade technique which had been so successful in 

the identification of NO, to identify EDHF. However, unlike NO, many early 

investigations of EDHF using this technique were not so successful in elucidating an 

EDHF response in a detector tissue. There are several possible explanations for this: 

(i) EDHF may have a very short half-life and therefore is destroyed before contact
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with the receiver tissue, (ii) EDHF may not be a humoral factor at all, and may 

represent the spread of current between heterocellular gap junctions (see section 

1.4.5.e), (iii) the vessel type used may not have been appropriate for providing a 

significant EDHF response.

Some, albeit few, investigators in the field were successful in demonstrating an 

EDHF response using this technique. One of the earliest demonstrations of EDHF 

was in the canine vasculature where a femoral artery was used as a donor vessel, and 

the coronary artery the detector. ACh stimulation of the donor tissue caused a 

relaxation and hyperpolarisation of the detector strip, which was abolished when the 

endothelium of the donor vessel was removed, but was resistant to the COX inhibitor 

indomethacin (Feletou & Vanhoutte, 1988). A sandwich preparation, using canine 

arteries, also demonstrated the existence of a hyperpolarising factor. Using 

endothelium intact canine carotid artery (donor), and a denuded carotid artery 

(detector), it was demonstrated that stimulation using ACh caused the release of a 

hyperpolarising factor with a half life greater than 4 seconds, that was resistant to the 

NOS inhibitor, N^-nitro-L-arginine and indomethacin (Mombouli et a l, 1996). In 

another study, the superfusate from bradykinin stimulated, cultured porcine coronary 

endothelial cells, or whole coronary arteries induced a distinct hyperpolarisation of 

cultured VSMC (Popp et al, 1996). Whilst these studies do demonstrate the existence 

of a diffrjsible factor, these findings have been difficult to reproduce in other arteries. 

This lack of success may be related to the particular artery used, and many early

15



C hapter 1: Introduction

studies used conduit arteries rather than resistance arteries in which EDHF responses 

predominate. Moreover it appears that EDHF may require a certain level of basal tone 

or isobaric conditions to be released. Indeed, a study by Gebremedhin et a l, (1998), 

demonstrated that bradykinin stimulation of pressurised (90mmHg) perfused bovine 

coronary arteries (donor vessel) produced membrane hyperpolarisation of the detector 

coronary artery VSMC.

However, the majority o f studies find no evidence of a diffusible factor despite the 

presence of an EDHF component in the donor vessel (Kagota et al, 1999). However, 

the lack o f success of certain studies to demonstrate the existence of a diffusible 

factor may be related to experimental conditions as well as the artery type studied, 

and therefore the possibility of EDHF as a diffusible factor can not be ruled out.

1.4.2 Role of EDHF

EDHF responses have been identified in a variety of arteries from numerous species 

including humans (see Edwards & Weston, 1998 for review). In vitro studies have 

confirmed the presence of EDHF in human omental arteries, (Ohlmann et a l, 1997), 

gastroepiploic arteries, (Urakami-Harasawa et al, 1997), internal mammary artery 

(Liu et a l, 2000), coronary arteries (Kemp & Cocks, 1997; Miura et a l, 1999), 

mesenteric arteries (Matoba et a l, 2002) and subcutaneous arteries (Coats et a l,
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2001). In vivo experiments have also suggested the existence of EDHF responses in 

the human forearm. In the brachial artery, bradykinin-induced vasodilatation was 

resistant to treatment with NOS and COX inhibition, and this residual response was 

suppressed by infusion with raised KCl (Halcox et a l, 2001). Other techniques to 

eliminate NO responses have also been used such as NO clamp, in which a NOS 

inhibitor is co-infused with an NO donor to prevent the increase in basal tone. Under 

these conditions, bradykinin induced vasodilatation sensitive to the non-specific 

channel blocker tetraethylammonium (TEA) (Honing et a l, 2000).

Although EDHF is found in a variety o f arteries, it appears that the activity of EDHF 

increases as vessel diameter decreases (Shimokawa et a l, 1996), suggesting that 

EDHF plays a key part in modulating vascular resistance, and therefore arterial blood 

pressure. However, until specific EDHF modulators are available the role that EDHF 

plays in maintaining normal basal vascular tone will remain unclear. Reports in the 

literature do suggest that it may, modulate myogenic tone in mesenteric arteries taken 

from eNOS knockout (KO), but not wild type (WT) mice. The authors of this study 

suggest that in the absence of eNOS, EDHF may be upregulated to compensate for 

the loss of basally released NO (Scotland et a l, 2001). In line with this, it has also 

been suggested that EDHF plays a compensatory role in a variety of disease states 

where responses to other endothelium-dependent vasodilators (e.g. NO) are impaired. 

Indeed, responses to EDHF appear to be preserved in hypertension, atherosclerosis 

(Siegel et a l, 1993), diabetes mellitus (Ohlmann et a l, 1997), and heart failure
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(Krum & Katz, 1998) suggesting a protective or compensatory mechanism of EDHF. 

However, in contrast, there is also some evidence that some pathologies are 

associated with depressed EDHF responses such as aging (see Matz et a l, 2000 for 

review) and hypercholesterolemia (Urakami-Harasawa et a l, 1997).

Thus the role of EDHF in maintenance of normal haemodynamics and homeostasis is 

unclear, however there is mounting evidence supporting a role for EDHF as a 

compensatory back-up mechanism in the presence of compromised endothelial 

fonction.

1.4.3 Stimuli for the Release of EDHF

The release o f EDHF can be elicited by numerous agonists and these vary depending

on the vessel type and species. In vivo (i.e. measurement of forearm vasodilatation)

and in vitro studies of human arteries suggest that EDHF is released by bradykinin,

(Honing et a l, 2000), and ACh (Ge & He, 2000; McIntyre et a l, 2001). In animal

models, ACh, bradykinin (Edwards et a l, 1998; Zygmunt et al, 1998; Beny &

Schaad, 2000) and Substance P (Fisslthaler et a l, 1999; Edwards et a l, 2000) have

each been shown to elicit EDHF responses. Other stimuli such as shear stress and

pulsatile stretch can also stimulate EDHF release, most likely as a consequence of

elevated endothelial calcium levels through activation o f membrane calcium

channels This has been demonstrated in porcine coronary artery segments, where
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exposure to pulsatile stretch appears to release EDHF as measured using patch clamp 

technique in rat aortic VSMC (Popp et al, 1998). EDHF also appears to be important 

in mediating shear-stress induced dilation in rat mesenteric arteries where it was 

demonstrated that changes in vessel diameter in response to variable flow were 

mediated by EDHF (Takamura et a l, 1999). In addition, flow mediated dilatation 

also stimulates EDHF in the radial artery of humans (Mullen, et al, 2001).

Irrespective of the stimuli for the release of EDHF, it is normally associated with an 

increase in endothelial intracellular calcium. The calcium ionophore A23187 

stimulates EDHF release and in accordance with this, EDHF responses are reduced in 

calcium free solution (Chen & Suzuki, 1990; Illiano et a l, 1992; Nakashima et a l, 

1993). The source of this elevated calcium is unclear with evidence for both entry 

through membrane calcium channels and calcium release from sarcoplasmic 

reticulum pools (Fukao et a l, 1997b). In contrast, one study demonstrated that EDHF 

release can occur independently of elevated calcium (Vequaud & Thorin, 2001). 

Therefore, it appears that the dependence of EDHF release on calcium is 

heterogeneous and dependent on the vessel type and species studied.

1.4.4 Mode of Action of EDHF

EDHF causes vasorelaxation by hyperpolarising the VSMC membrane.

Hyperpolarisation occurs as a result of an increased permeability of the membrane to
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a positively charged ion, most likely K .̂ As a result, membrane potential becomes 

more negative and this is thought to reduce calcium entry via closure of voltage 

sensitive L-type calcium channels (Nilsson, 1998) leading to relaxation of the VSMC. 

In support of this, EDHF responses are suppressed in the presence of inhibitors ofK^ 

flux (see below). Studies have shown that EDHF responses are consistently blocked 

using high (30 mM) (Chen & Suzuki, 1989; Nagao & Vanhoutte, 1993) and the 

non-specific channel inhibitor TEA (Chen et al, 1991; Hasunuma et al, 1991; 

Nilsson, 1998). However, controversy exists concerning the specific type of 

channels involved, since the sensitivity of EDHF responses to selective channel 

inhibitors exhibits a great deal of heterogeneity between species, and even vessel type 

within a particular species (see Table 2 below).

1.4.4.3 Potassium channels in the Vasculature

Potassium channels play a major role in determining the membrane potential of 

VSMC and therefore vascular tone. Internal concentration in VSMC is 165 mM, 

external concentration is 5 mM. Therefore when channels open, diffuses out of 

the cell, in the direction of its electrochemical gradient, towards its equilibrium 

potential as determined by the Nemst Equation, (approximately -80mV), thereby 

hyperpolarising the cell. Since the resting membrane is more permeable to K"̂ , than 

any other ion, the resting potential of the cell usually lies between -60 and -80 mV 

(Nelson & Quayle, 1995).
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There are 4 main subtypes ofK^ channels, that have been identified in the vasculature 

i) Adenosine triphosphate (ATP)-dependent (K a tp ) ii) calcium-activated (K ca ), iii) 

voltage activated (Ky),and iv) inward rectifying (K ir ) .  These are found either on the 

endothelial cell, VSMC or both depending on the tissue type and species.

i)  K a tp  channel

These channels close as the intracellular ATP concentration rises, however they can 

also be regulated by a variety of intracellular messengers, such as hypoxia and 

adenosine release (Quayle et al, 1997). This channel has been found both on VSMC 

and endothelial cells. It is thought to be involved in determining the resting VSMC 

potential and basal vascular tone, since inhibitors of this channel, such as the 

sulphonurea-receptor antagonist glibenclamide, have been shown to cause 

vasoconstriction (Jackson, 2000; Nilius & Droogmans, 2001). However, treatment of 

humans with glibenclamide has no effect on arterial blood pressure or forearm 

vasodilatation, suggesting that these channels do not contribute to human basal tone 

(see Pogatsa, 1995 for review).

ii) Kf̂  channels

There are at least 3 subtypes of this channel, the large (BKca) intermediate (IKca) and 

small (SKca) conductance. All of these channels are activated by an increase in 

intracellular calcium (3-lOpM), and are found on both endothelial and VSMC 

(Nelson & Quayle, 1995). There are a wide range of inhibitors available that may be
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There are 4 main subtypes of channels, that have been identified in the 

vasculature, i) Adenosine triphosphate (ATP)-dependent (K a tp )  ii) calcium-activated 

channels (K c a ) , iii) voltage activated (Kv),and iv) inward rectifying (K ir ) ,  and 

these are found either on the endothelial cell, VSMC or both depending on the tissue 

type and species.

i l  K a t p  channel

These channels close as the intracellular ATP concentration rises, however they can 

also be regulated by a variety of intracellular messengers, such as hypoxia and 

adenosine release (Quayle et a l, 1997). This channel has been found both on VSMC 

and endothelial cells. It is thought to be in resting VSMC and determine basal 

vascular tone, since inhibitors of this channel such as the sulphonurea-receptor 

antagonist, glibenclamide have been shown to cause vasoconstriction (Jackson, 2000; 

Nilius & Droogmans, 2001). However, treatment of humans with glibenclamide has 

no effect on arterial blood pressure or forearm vasodilatation, suggesting that these 

channels do not contribute to human basal tone (see Pogatsa, 1995 for review).

iii Kr« channels

There are at least 3 subtypes of this channel, the large (BKca) intermediate (IKca) and 

small (SKca) conductance. All of these are activated by an increase in intracellular 

calcium (3-lOpM), and are found on both endothelial and VSMC (Nelson & Quayle,

1995). There are a wide range of inhibitors available that may be
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used experimentally to determine which subtype of the receptor may be involved 

(Jackson, 2000; Nilius & Droogmans, 2001) (Table 1.1). BKca has also been 

implicated in mediating a negative feedback mechanism in response to 

vasoconstrictors, elevated oxygen tension (Jackson & Blair, 1998) and also calcium 

sparks (Jaggar et al, 1998).

TOXIN CHANNEL

2-chlorophenyl-bisphenyl-methanol IKca

Apamin SKca

Iberiotoxin BKca

CTX BKca,lKca

Table 1.1: Inhibitors of the calcium-dependent potassium channels.BKca, large conductance, CTX = 

charybdotoxin, nCca intermediate conductance and SKca, small conductance calcium activated 

potassium channels.

iii) Kv channels

These channels are found on the VSMC and are activated by membrane 

depolarisation (with a threshold potential of approx. -30mV). They are believed to 

mediate membrane repolarisation and thereby limit Ca^  ̂ entry into the VSMC. The 

activity of these channels is inhibited by 4-aminopyridine (Nelson & Quayle, 1995).
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iv) K ir  channels

This channel is one of the most important channels for controlling resting membrane 

potential and acts as a sensor. At membrane potentials more negative than the 

equilibrium potential -  this channel will pass an inward current. However, these 

channels also pass an outward current when exposed to small increases in 

extracellular K^(5-15mM) (Nelson & Quayle, 1995). Small increases in [K̂ ]o, shifts 

the reversal potential of the channel to a more positive value and increases the 

conductance of these channels to pass a greater outward current and therefore induce 

membrane hyperpolarisation. In contrast, similar increases in [K^o will decrease 

conductance of other channels. The reasons for this are unclear. The activity of 

these channels is inhibited by Ba^\ Cŝ "̂ , as well as agonists such as endothelin-1, 

histamine and vasopressin, possibly through G-protein coupled pathways (Nilius & 

Droogmans, 2001). These channels are found on both VSMC and endothelial cells 

(Jackson, 2000; Nilius & Droogmans, 2001).

1.4.4.b Potassium Channels Involved in EDHF Activity

Few studies demonstrate a role for the K a tp  channels in mediating EDHF dilation. 

Most studies have shown that the glibenclamide has no effect on EDHF responses 

(Chen et al, 1991; Hasunuma et al, 1991). In contrast, B K ca , and S K ca  channels 

have all been implicated in mediating EDHF responses, since CTX, apamin and 2- 

chlorophenyl-bisphenyl-methanol, inhibit EDHF responses (Edwards et al, 1988a 

and b; Andersson et al, 2000). However, the more selective BKca channel inhibitor
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iberiotoxin has no efifect on EDHF responses, in many different vessels (Edwards et 

al, 1998), and this may suggest that it is the IKca, rather than the BKca which 

mediates EDHF activity since both these channels are blocked by CTX. Interestingly, 

CTX and apamin have little or no effect when used alone and only inhibit EDHF 

responses when used in combination. The reasons for this are unclear but may 

indicate some sort of synergy between the two toxins or, the presence of a 

compensatory mechanism between the channels such that both sites have to be 

blocked to obtain inhibition of EDHF-induced dilation. It is clear however, that a 

combination of these toxins suppress EDHF responses in most vessel types (Edwards 

et al, 1998). The exact cellular site of action of these toxins is controversial, and it is 

unclear whether they inhibit the release of EDHF on the endothelial cell (Doughty et 

al, 1999) or the action of EDHF on the VSMC (see section 1.4.5.d), although there is 

increasing evidence for the former (Edwards et al, 1998; Doughty et al, 1999).

Evidence also suggests that EDHF activates the Na/K-ATPase and K ir  to 

hyperpolarise the VSMC membrane. Activation of the Na/K-ATPase will produce 

hyperpolarisation, by causing a net movement of negative charge out of the cell (as it 

exchanges 2K^ into the cell for 3Na^ out of the cell). Inhibition of this pump using 

ouabain, in combination with Ba^  ̂(which blocks K jr ) , inhibits EDHF responses in 

several different vessel types (Edwards et al, 1998b, Edwards et al, 1999; Scotland 

et al, 2001). However, this again is controversial, and sensitivity to these agents 

varies even between vessel type from the same species (Edwards et al., 1998a and b).

24



Chapter 1 : Introduction

The only certainty from these studies is that EDHF responses are mediated by a 

variety of channels, of which the specific type varies from one artery to another. 

Currently, the combination of CTX and apamin remains the main tool for identifying 

an EDHF response with any certainty in most tissue types.

CHANNEL SPECIES TISSUE

B K c a Pig, cow, rat coronary, mesentery

K  ATP Rabbit, pig cerebral, coronary

S K ca guinea-pig, rat, pig cow carotid, hepatic, mesentery, coronary

Table 1.2: Tissue and species diversity of potassium channels implicated in EDHF-mediated 

hyperpolarisation and vasorelaxation. BKca= calcium activated large conductance potassium channel, 

K -a tp .  = ATP-dependent potassium channel, SKca = calcium activated small conductance potassium 

channel (Modified from Waldron and Cole 1999).

1.4.5 Identity of EDHF

The identity of EDHF is still unclear and studies have been confounded by its 

apparent versatility and also the lack of specific inhibitors of either its release or 

activity (see above). The characteristics of EDHF seem to vary not only with vessel 

type and location, but also across species. Reports in the literature suggest that the 

existence of a single factor is unlikely, and it may be more appropriate to refer to a
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number of EDHFs. Since the initial discovery of EDHF several candidates for its 

molecular identity have been proposed including epoxyeicosatrienoic acids (EETs), 

ions and anandamide.

1.4.5.a Nitric Oxide Has EDHF-iike Activity

Although studies of EDHF are conducted in the presence of inhibitors of NOS, a 

number of reports have demonstrated that the activity of NO may be NOS inhibitor 

resistant in a variety of tissues (Cohen e ta i, 1997; Kemp & Cocks, 1997; Simonsen 

et al, 1999; Liu et al., 2000; Vanheel & Van, V, 2000; Ge et al, 2000b). In addition, 

NO has been shown to produce hyperpolarisation of VSMC through activation of 

potassium channels both dependency and independently of sGC (Tare et al, 1990; 

Murphy & Brayden, 1995).Therefore it is possible that in some tissues at least, 

responses attributed to EDHF are in fact due to NO.

1.4.5.b Epoxyeicosatrienoic acids Have EDHF-iike Activity

EETs are a family of substances derived from arachidonic acid by the activity of the

enzyme cytochrome P 4 5 0  (CYP). Studies have shown that certain EETs such as 11,12

and 14,15 EET (Figure 1.5) can hyperpolarise VSMC. Moreover, inhibition ofEET

synthesis, using CYP inhibitors, blocks EDHF responses in certain arteries

(Fisslthaler et al, 1999; Pratt et al, 2001) (Figure 1.6). The family of EETs is large

and subject to considerable tissue and species heterogeneity, that is primarily
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dependent on the CYP isoform expressed in any particular blood vessel. Since there 

are numerous CYP isoforms, and these exhibit tissue and species variation, the profile 

of EETs produced varies enormously, and this may reflect the apparent heterogeneity 

found in EDHF responses.

COOH

COOH

Figure 1.5: Structure of (A) 11,12 epoxyeicosatrienoic acid and (B) 14,15 epoxyeicosatrienoic acid

Early studies suggesting EDHF was an EET (Hecker et a l, 1994; Campbell et a l,

1996) were based on the findings that EDHF responses are suppressed in the presence 

of CYP inhibitors such as clotrimazole, miconazole and 17-oxydecanoic acid (17- 

ODYA). Cascade bioassay studies further supported this theory; Popp et a l, (1996) 

demonstrated that responses to EDHF in the detector VSMC were suppressed by the 

addition o f a CYP inhibitor on the donor, (either bradykinin-stimulated porcine 

coronary arteries or cultured porcine coronary endothelial cells) and mimicked by the 

addition of CYP metabolites. In addition, the superfusate of cannulated bovine
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coronary arteries with an intact endothelium caused hyperpolarisation of detector 

denuded coronary artery strips, which was abolished in the presence of CYP 

inhibitors (Hecker et a l, 1994). In support of this, further studies show that EETs 

hyperpolarise and relax vascular preparations including porcine coronary artery and 

rat mesenteric artery, in an endothelium independent fashion (see Quilley et a l, 1997 

for review). Additionally the potency of EET responses appears to increase as vessel 

size decreases (Rosolowsky & Campbell, 1993), an observation that mimics the 

pattern of EDHF responses in the resistance vasculature.

However, the hypothesis that EET s are an EDHF is controversial for several reasons. 

Firstly, most of the evidence to date is based on the use of pharmacological inhibition 

of CYP. Many CYP inhibitors also directly inhibit channels as part of their 

activity (Devor et a l, 1997; Rittenhouse et a l, 1997). Therefore it is difficult to 

determine whether the effects of these inhibitors are due to CYP inhibition or a direct 

effect on channels. Secondly, as different isoforms of CYP produce vasodilators 

and vasoconstrictors (e.g. 20-hydroxyeicostatetraenoic acid, 20-HETE), the result of 

CYP inhibition is largely dependent on which pathway predominates. For instance, if 

20-HETE production predominates, it may appear that EDHF is not an EET, since 

CYP inhibitors will have no effect on vasorelaxation. Development of selective 

inhibitors for the various isoforms of CYP may allow these responses to be better 

characterised. Thirdly, although EET's hyperpolarise VSMC, many studies suggest
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that the profile of inhibitors that block this response do not match those that inhibit 

EDHF.

BK ACh

PL

Endothelial cell

AA
I P450 (2C) 

EET

VSMC

20-HETE

P450 (4A)

relaxai ionContraction

Stretch
Câ +

Figure 1.6; Actions of arachidonic acid (AA) metabolites, epoxyeicosatrienoic acid (EET’s) and 20- 

hydroxyeicostatetraenoic acid (20-HETE) on channels. ACh = acetylcholine, BK = bradykinnin, 

P450 (2C) = cytochrome P450 2C, P450 (4A) = cytochrome P450 4A PL=phospholipids, PLase = 

phoshopholipase, VSMC = vascular smooth muscle cell. Modified from Campell and Harder 1999

For example, in the porcine coronary artery it has been shown that EDHF responses 

(elicited by substance P) are unaffected by iberiotoxin, whilst 11,12 EET induced 

hyperpolarisation is abolished by this toxin (Edwards et a l, 2 0 0 0 ). In addition EET's
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fail to induce hyperpolarisation in certain arteries, despite the fact that EDHF 

responses have been demonstrated in those arteries (Kagota et a l, 1999). Finally, 

studies in the porcine coronary artery, also suggest that EET’s act within the 

endothelial cell to modulate calcium levels via activation of the tyrosine kinase 

pathway (Hoebel et a l, 1998). Thus, inhibition of CYP may simply inhibit the release 

of an EDHF, and results showing decreased EDHF activity may actually only 

represent suppressed release, rather than production of EDHF.

In an attempt to overcome the problems associated with non-specific CYP inhibitors, 

one group (Fisslthaler et a l, 1999) employed transfection of antisense oligonuclotides 

as a method to specifically block the CYP 2C8/34 isoform. Treatment of porcine 

coronary arteries with antisense oligonuclotides resulted in blunted EDHF responses. 

Conversely, activation of this enzyme using beta-naphthoflavone enhanced EDHF- 

mediated hyperpolarization and relaxation; and the authors proposed therefore that 

EDHF is 11,12 EET in porcine coronary arteries. Subsequent studies, have agreed 

with this (Hayabuchi, et a l, 1999; Niskikawa et a l, 1999), and in particular, a recent 

study by Gauthier et al, (2002), demonstrated that the EET antagonist - 14,15- 

epoxyeicosa-5(Z)-enoic acid, inhibited indomethacin and L-nitroarginine-resistant 

relaxations to bradykinin in bovine coronary arteries. However, it is still unclear 

whether EDHF is a single EET or several.
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In summary, although EETs may act as an EDHF in some tissues, their role does not 

appear ubiquitous, and certain vascular beds clearly do not utilise EETs as an EDHF 

(Fukao et al, 1997a; Quilley et al, 1997; Chataigneau et al, 1998). The fact that 

eNOS inhibits CYP (Ding et al, 2002), may explain the mechanism by which EDHF 

compensates for loss of endothelial function in certain diseases, in which eNOS 

function is impaired (Siegel et al, 1993; Ohlmann et al, 1997; Krum & Katz, 1998). 

Further characterisation of EET responses using techniques to selectively inhibit CYP 

subtypes or CYP knockout mice would permit more extensive investigation into the 

role of EET as an EDHF.

1.4.5.C Anandamide Has EDHF-iike Activity

Anandamide (N-acylethanolamine, NAE) is the ethanolamide of arachidonic acid 

(Figure 1.7), produced via the action of phospholipase D. This endogenous ligand 

acts on the cannabinoid receptor 1 (CBl) and 2 (CB2) subtypes on VSMC, and also 

the vanilloid receptor (VR-1) on perivascular nerves (Zygmunt et al., 1999). 

Activation of the CB receptors is believed to cause inhibition of AC, N-type Ca^  ̂

channels and activation of channels thereby mediating vasorelaxation.

In 1996, Randall et al, proposed that EDHF was anandamide in the rat mesenteric 

artery. In this study, he showed that responses to ACh (in the presence of NOS and 

COX inhibition) and anandamide were similarly shifted to the right in the presence
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of the CBl antagonist SR 1417116 A. Further studies showed that both these responses 

were inhibited in the presence of high (60mM) and TEA (White & Hiley, 1997; 

Randall et a l, 1997). Additionally, it has been demonstrated that anandamide 

hyperpolarises VSMC in an endothelium independent fashion (Zygmunt et a l, 2 0 0 0 ). 

Together, these studies suggest that anandamide displays the characteristics of an 

EDHF in these tissues.

OH
NH

Figure 1.7: Chemical structure of anandamide

However, subsequent studies have shown that anandamide cannot be EDHF for 

several reasons. Firstly, anandamide does not produce hyperpolarisation in all 

vascular beds, (see Edwards et a l, 1998 for review). Secondly, in some tissues, the 

actions of exogenously administered anandamide have been shown, in part, to be 

endothelium dependent (Zygmunt et a l, 1997). Thirdly, the differing sensitivity of 

EDHF and anandamide to channel inhibitors suggests that different channels 

are involved in mediating EDHF and anandamide-induced relaxation (Plane et a l, 

1997; White & Hiley, 1997; Zygmunt e ta l,  2000). This may be explained by a study 

suggesting that anandamide acts on vanilloid receptors (VR-1) on the sensory nerve
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fibres (Zygmunt et al, 1999), to stimulate the release of calcitonin-gene-related- 

peptide (CGRP), which hyperpolarises and thereby relaxes VSMC (Nelson et al, 

1990; Hogestatt et al, 2000). This is clearly endothelium independent and does not 

fulfil the criteria of an EDHF, but may explain the hyperpolarising nature of 

anandamide. The heterogenicity between tissue beds and differing sensitivity to 

channel inhibitors, suggest that EDHF is unlikely to be anandamide.

1.4.5.d Potassium Has EDHF-iike Activity

More recently, Edwards et al, (1998b) suggested that EDHF is K .̂ In rat mesenteric 

and hepatic arteries, low concentrations (5-lOmM) of hyperpolarised and relaxed 

vascular smooth muscle, in an endothelium independent fashion (Figure 1.8). The 

investigators demonstrated that ACh caused an accumulation of (fi-om the 

endothelium) in the myo-endothelial space (the gap between the endothelium and 

VSMC) as measured using a electrode. This release of was sensitive to 

inhibition of BKca and SKca, suggesting that release fi-om the endothelial cell 

occurred as a consequence of ACh-induced increase in intracellular calcium. 

Additionally, in denuded preparations, CTX and apamin had no effect on induced 

hyperpolarisation. The mechanism by which in the myoendothelial space could 

cause hyperpolarisation was determined by applying to endothelium denuded 

preparations. The investigators showed that K^-induced hyperpolarisation could be 

inhibited by a combination of ouabain and barium indicating that the Na/K-ATPase
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and K ir  were involved in mediating the response to K .̂ The mechanisms mediating 

ACh-induced EDHF and induced hyperpolarisation were similar supporting the 

theory that EDHF was in these arteries.

However, subsequent studies have directly contradicted these findings (Ding et al, 

2000; Lacy et al, 2000; Zygmunt et al, 2000) and suggest that is unable to 

produce relaxation or in some cases that it produces an endothelium-dependent 

response (Harris et al, 2000). The authors of the original study have suggested that 

this discrepancy is due to the degree of pre-contraction or depolarisation of the artery 

and the type of vasoconstrictor used (Plane & Garland, 1996). A previous finding by 

this group demonstrated that in the rat mesenteric artery, EDHF responses are elicited 

from arteries contracted using noradrenaline, but not thromboxane analogues. The 

authors suggest that contraction using the former, promotes the passage of calcium 

from the VSMC to the endothelial cell, through gap junctions, to stimulate EDHF 

release (see section below), therefore use of the later may promote an EDHF 

response. Finally, it has also been proposed that raised may actually only serve to 

stimulate the release of nerve-derived hyperpolarising factor, CGRP (Hogestatt et al, 

2000). In light of the current evidence, it is difficult to determine whether the is 

EDHF itself or simply a consequence of EDHF release.
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AGONIST
i

O  Ca2-

EDHF

Hyperpolarisation
RelaxationNa

Figure 1.8: Proposed scheme for endothelium derived hyperpolarizing factor (EDHF) /K^ -induced 

hyperpolarisation. BKca = large conductance calcium activated channel, EC = Endothelial cell, G = 

G protein, Kir = inward recifying channel, SKca = small conductance calcium activated channel, 

VSMC = vascular smooth muscle cell (Modified from Edwards et al., 1999).
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1.4.5.0 EDHF and Gap Junctions

More recently, it has been suggested that EDHF may not be a humoral factor at all, 

and rather represents the transfer of electrotonic current from the endothelial cell to 

the VSMC via heterocellular gap junctions (Figure 1.9). Gap junctions are specialised 

regions of cell to cell contact, which are formed from a protein called connexon 

which forms a pore like structure. Pore diameter has been estimated at about 12.5Â 

(Dhein, 1998), which is adequate to allow the transfer of a monovalent ion such as 

K \ (which together with an inner sphere of water molecules, has a diameter of 

approximately 8.2Â, and small signalling molecules such as cAMP and cGMP 

(Christ e ta i, 1996).

Molecular studies have shown that these connexons are formed by the 

oligomerisation of 6  connexin (Cx) molecules of which there are at least 3 known 

isoforms. These are classified according to their weight in KDa; Cx37, Cx40 and 

Cx43. Hence a connexon, may be heteromeric (formed by the oligomerisation of 

different isoforms) or homomeric (formed by the oligomerisation of the same 

isoforms). The composition of the connexins, determines the unitary conductance, 

gating properties, and permeability characteristics of the channel (Gunnett et al, 

1998; Zygmunt e ta l, 2000; van Veen e ta l, 2001). Additionally, the distribution of 

connexins can be related to their location: Cx37, Cx40 and Cx43 are all found in 

endothelial cells whereas only the latter two are found in VSMC (Christ e ta l, 1996).
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However, there does not appear to be a clear pattern regarding the distribution of 

connexin types and vessel or species type (Christ et al, 1996).

There is much evidence supporting the role of gap junctions in EDHF responses. The 

connexin-memetic peptide, Gap 27, which uncouples gap junctions, reduces ACh- 

induced hyperpolarisation in intact vessels and the transfer of fluorescent dyes 

between cells ÇDovdietal, 1999). Additionally, 18 alpha-glycyrrhetinic acid, another 

gap junction uncoupler also inhibits EDHF responses in a variety of tissues (Kagota 

et al, 1999a; Harris et al, 2000; Hill et al, 2000). In support of this, conducted 

vasodilator responses to both bradykinin and ACh are significantly reduced in Cx 43 

knockout and Cx 41 knockout mice (de Wit et al, 2000; Liao et al, 2001). In 

addition, the incidence of gap junctions appears to increase with decreasing vessel 

diameter (Sandow & Hill 2000) and this may provide an explanation for the 

prevalence of EDHF responses in resistance vessels compared with conduit arteries.

However in some vessels, gap junction inhibitors have no efifect on ACh-induced 

relaxation (Hill et al, 2000), suggesting that other pathways may exist. This 

discrepancy may be due to the dififerent vasodilators used, as different agonists 

employ dififerent routes of heterocellular communication. Hutcheson et al, (1999) 

demonstrated that EDHF-induced relaxations elicited by ACh utilised gap junctions, 

but those using A23187 promoted the release of EDHF into the extracellular space, 

suggesting that the apparent lack of efifect of gap junction inhibitors may be due to the
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agonist employed. There is also evidence suggesting that gap junction uncouplers 

may inhibit the release of EDHF by inhibiting the transport of calcium from the 

VSMC to the endothelial cell (Hutcheson et a l, 1999; Dora, 2001). Therefore it is 

difficult to determine whether these compounds inhibit EDHF release or activity. 

Interestingly, both sodium nitroprusside (SNP) and 5,6-EET induced relaxations are 

attenuated by Gap 27 (Chaytor et al, 1998; Fujimoto et a l, 1999; Kagota et al, 

1999a) suggesting that gap junctions may mediate vasorelaxation to a variety of 

mediators. Overall, although gap junctions might mediate EDHF responses in some 

vessels, other pathways exist which may explain the lack of effect of gap junction 

uncouplers in some vessels.

K*

eGM Pj

II . . . .

Conntxon
Pfolein

Connexin i n t e r c e l t u t a r
‘ s p e c *

Figure 1.9: Schematic diagram of the salient features of two gap junction channels (Taken from Christ

etai, 19%).
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1.5 C-type natriuretic peptide Has EDHF-iike Activity

C-type natriuretic peptide (CNP) is member of the natriuretic peptide family and 

shares structural homology with both atrial (ANP) and brain natriuretic peptides 

(BNP). It was first isolated in the porcine brain (Sudoh et al, 1990), and has since 

been demonstrated in a variety of cell types including nerves, monocytes and 

endothelial cells (Stingo et al, 1992b) as well as the kidney and plasma (Chen & 

Burnett, Jr., 1998)

Like the other natriuretic peptides, CNP is formed by cleavage of a precursor protein 

(preproCNP, which is 126 amino acids in length) by proteolytic enzymes to produce 

the active forms CNP-22 and CNP-53, of which the former is the more potent form. It 

is still unclear how CNP is stored within the endothelial cell, however it may be 

stored in granules like ANP (de Bold et al, 2001). Once released, CNP is degraded 

by either neutral endopeptidase (NEP) or the clearance receptor (see below) (see 

Kone, 2001 for review). NEP is a membrane bound metallopeptidase with zinc at its 

active site. It metabolises a variety of substances including ANP, BNP, substance P 

and bradykinin. NEP is found on a variety of cells including endothelial cells, VSMC, 

and fibroblasts (Newman et al, 1991).

CNP mediates its actions by binding to the natriuretic receptors (NPR); of which 

there are three subtypes, NPR-A, NPR-B and NPR-C, all of which are found on 

VSMC. CNP can bind to all 3 subtypes, however it has greater afiinity to the NPR-B
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and C subtype (Chen & Burnett, Jr., 1998). Both NPR-A and B are coupled to G- 

proteins and contain intracellular kinase and particulate GC catalytic domains. NPR- 

C acts as a clearance receptor (Matsukawa et al, 1999) and is believed to internalise 

the bound peptide, delivering it to the lysosomes for degradation. All members of the 

natriuretic family bind to this receptor, although with different affinity. Indeed, NPR- 

C knockout mice exhibit reduced blood pressure, increased circulating levels of 

natriuretic peptides and increased cGMP excretion, most likely due to the increased 

half life of ANP (Matsukawa et al, 1999). NPR-C is known to be coupled to a G- 

protein, to produce a variety of effects including activation of eNOS and also 

inhibition of AC, (and therefore reduce cAMP levels), through activation of the 

pertussis toxin sensitive Gi protein in tissues such as gastric smooth muscle, cardiac 

tissue and platelets (Anand-Srivastava et al, 1996; Murthy & Makhlouf, 1999; 

Murthy et al, 2000). These studies demonstrate the alternative mechanisms of action 

of NPR-C receptors through G-coupled pathways.

CNP exerts a variety of cardiovascular effects including vasodilatation of both veins 

and arteries (Wei et al, 1993; Wennberg et al, 1999), anti-mitogenic effects as well 

as inhibition of the renin-angiotensin system (Sudoh e ta l, 1990; Stingo eta l, 1992a; 

Clavell et al, 1993; Chen & Burnett, Jr., 1998). CNP reduces cardiac filling pressure 

and output, secondary to vasorelaxation and decreases in venous return (Chen & 

Burnett, Jr., 1998). Studies have suggested that these effects are mediated through 

NRP-A and B subypes. Indeed, in cultured VSMC and rat aortic rings, CNP induced
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vasodilatation was associated with increased cGMP levels (Furuya et a i, 1990; 

Koller & Goeddel, 1992; Sugae/a/., 1992a). In addition, CNP-induced relaxation 

attenuated by ODQ in perfused heart preparation (Brunner & Wolkart, 2001a). (See 

Table 1.3 and Figure 1.10 below.)

POTENCY MECHANISM OF ACTION

\PR-A  AN P>BN P » C N  P GC-iiiediated actions - vasorelaxation

\P R -B  CN P> A N P> BN P
GC-niediated actions -  vasorelaxation

SPR-C A N P=BN P=CN P Clearance receptor, also vasorelaxation

Table 1.3: Classification of neuropeptide receptors (NPR). AC = adenylate cyclase, ANP = atrial 

natriuretic peptide, BNP = brain natriuretic peptide CNP = C-type natriuretic peptide, EC = endothelial 

cell, sGC = soluble guanylate cyclase, VSMC = vascular smooth muscle cell.

CNP can also cause vasodilatation through hyperpolarisation of the VSMC 

membrane, however these studies are limited and studies of whole vessels are 

lacking. In porcine coronary arteries, vasorelaxation to CNP was attenuated by 

glibenclamide and CTX, suggesting a role for the K a tp  and B K ca  channels. CNP- 

induced membrane hyperpolarisation of isolated porcine coronary artery VSMC was 

also attenuated by TEA (Wei et al, 1994, Barton et al, 1998). In canine femoral
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veins, relaxations to CNP were inhibited by both TEA, and CTX (Banks et a l, 1996). 

Finally, in studies of the human forearm, CNP-induced vasodilatation was also 

inhibited by TEA (Honing et a l, 2001), the mechanism by which CNP may cause 

hyperpolarisation is unclear.

CNP

NPR-C

DEGRADATION \

CNP

NPR-B

cGMP

RELAXATON

Figure 1.10: Mechanisms mediating C-type natriuretic peptide (CNP) induced relaxation of vascular 

smooth muscle cell. cGMP = guanosine monophosphate, GTP = guanosine triphosphate, NPR-B = 

neuropeptide B subtype receptor, NPR-C = neuropeptide C subtype receptor, sGC = soluble guanylate 

cyclase.

42



Chapter 1: Introduction

However, CNP has received little attention with respect to the possibility that it may 

be a candidate for EDHF. The fact that CNP is found in the endothelium and that it 

causes vasorelaxation, amongst other mechanisms by hyperpolarisation of the VSMC 

indicates that it may potentially fimction as an EDHF. However further work is 

needed to determine this.

1.6 Endothelial Dysfunction

Endothelial dysfunction is associated with a variety of cardiovascular disease 

including sepsis, stroke, myocardial infarction, hypertension, and atherosclerosis 

(Mombouli & Vanhoutte, 1999). It is characterised by a loss of endothelium- 

dependent dilation, and can occur even before clinical symptoms of the disease 

condition are apparent. Reduced activity of endothelium-dependent factors may result 

in reduced barrier function, prothrombogenic effects, and increased adhesion of 

neutrophils and monocytes. As such, endothelial dysfimction is considered not only 

to be a useful marker of disease but also to play a role in the underlying pathogenesis 

of inflammatory cardiovascular conditions (see Mombouli & Vanhoutte, 1999 for 

review).
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1.6.1 Endothelial Dysfunction and Septic Shock

Bacterial sepsis is a systemic inflammatory state characterised by severe hypotension, 

acidosis and anoxia, eventually leading to capillary congestion, a decrease in cardiac 

output and multi-organ failure (Fleming et a l, 1991). It is estimated that the mortality 

rate for sepsis is between 40-60% despite treatment and it is a major cause for 

admission to intensive care. The most common cause of sepsis is contamination of 

the blood by endotoxin or lipopolysaccharide (LPS), which is a component of gram 

negative bacterial wall. This provokes the release of host inflammatory mediators, 

tumour necrosis factor and interleukin-ip, and interferon-y. LPS also increases the 

expression of iNOS (in the VSMC and also the adventia), to produce large, 

sustainable levels of NO in a calcium-independent manner. LPS interacts with the 

LPS binding protein (LBP) and this complex may interact with the cell surface 

molecule CD 14, the signal is then transduced across the membrane and through a 

variety of secondary messengers including tyrosine kinases and mitogen-activated 

protein kinases, to activate the transcription factors (e.g. NF-kB) required for the 

expression of iNOS (Titheradge, et a l, 1999). Indeed inflammation-induced iNOS 

expression has been identified in several species including humans (Anstey et al, 

1996).
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In animal models, sepsis can be mimicked by administration of LPS. A number of 

early studies have shown that administration of LPS causes hypotension 

(Thiemermann & Vane, 1990), and hyporeactivity to vasoconstrictor agents which is 

now a hallmark of animal models of sepsis (Julou-Schaefifer et al, 1990; Rees et al,

1990). This has been attributed to increased NO-mediated dilatation, secondary to the 

induction and activity of iNOS in VSMC, since there is also a temporal relationship 

between iNOS expression and the LPS-induced changes described above. However, 

when considering animal models of sepsis it is important to consider the species of 

animal used and the means of administering LPS, since certain species and models 

produce a more accurate representation of human sepsis (Deitch, 1998). In vitro or ex 

vivo experiments show that septic shock is characterised by pathological 

vasodilatation and endothelial dysfunction, which may contribute to the hypotension, 

and inadequate tissue perfusion. In addition pharmacological inhibition ofNOS, (both 

in vivo and in vitro) suppresses NO overproduction induced by LPS and restores 

contractile reactivity (Julou-Schaeffer et al, 1990; Rees et al, 1990; Thiemermann & 

Vane, 1990; Thiemermann, 1997). However, in vivo human studies using non- 

selective NOS inhibitors such as L-NAME and L-NMMA have mixed results, in 

some cases a beneficial effect was reported (Petros et al, 1994), whilst other studies 

report deleterious effects with these agents (Avontuur et al, 1998). Moreover, 

although iNOS-derived NO has been proven to mediate altered VSMC fimction in 

sepsis, its role in mediating endothelial dysfunction is unclear and warrants further 

investigation.
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1.6.2 Mechanisms of Endothélial Dysfunction in Sepsis

The exact mechanisms causing impaired endothelial function in cardiovascular 

disease are still unclear. Essentially, endothelial dysfunction is a suppression of the 

release of endothelium-derived factors following endothelial stimulation. The exact 

mechanisms for this suppression could involve one or more of the following 

possibilities: (i) reduced function of the endothelium derived autocoid synthesising 

enzymes (e.g. eNOS, COX), (ii) lack of necessary co-factors for autocoid synthesis, 

(iii) increased degradation of the autocoid and (iv) impaired release of the autocoid. 

There is a considerable body of evidence supporting the observation that an increase 

in reactive oxygen species (ROS) such as the superoxide anion (0 2 "), hydroxyl radical 

(OH*) and peroxynitrite (ONOO), occur in cardiovascular diseases in which 

endothelial dysfunction occurs. Most, but not all, ROS have an unpaired electron and 

therefore are free radicals and lead to oxidation of a number of cellular components 

including proteins lipids and carbohydrates. ROS may oxidise tetrahydrobiopterin- a 

co-factor for eNOS. In the absence of tetrahydrobiopterin, eNOS will “un-couple” 

and produce O2 and also ONOO, thereby reducing the production of NO and 

increasing ROS production. In addition, it is thought that increased levels of O2 will 

scavenge NO (see Cai & Harrison, 2000 for review) leading to reduced 

bioavailability of this vasodilator. An increase in NO production, as a consequence of 

iNOS induction is likely to lead to increased production of ROS however, the link 

between, iNOS, oxidative stress and endothelial dysfimction are still unclear.
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1.6.3 EDHF and Septic Shock

Endothelial dysfunction in general is attributed to the loss of NO-dependent 

relaxation, however it is now known that EDHF plays a major role in mediating 

endothelium-dependent relaxation (in the resistance vasculature at least). Despite this, 

investigations into the effect of sepsis on EDHF responses are lacking.

EDHF responses are known to be upregulated in a variety of disease states where NO 

function is impaired (see section 1.4.2). Indeed, evidence suggests that NO inhibits 

the production of EDHF (Bauersachs et al, 1996; Bauersachs et al, 1997), therefore 

in the absence of endothelium-derived NO, EDHF responses may be upregulated. In 

accordance with this, arteries from eNOS knock out (KO) mice display enhanced 

EDHF responses when compared to wild type (WT) mice (Waldron et al, 1999; 

Brandes et al, 2000). However, in contrast with this, previous studies have shown 

that EDHF activity is downregulated in sepsis (Kristof et al, 1997; Kessler et al, 

1999), but these studies were conducted in the porcine coronary artery, where EDHF 

is likely to be an EET. Since this is not a ubiquitous phenomena, the effect of sepsis 

on these responses cannot be extrapolated to other vessels.

The effect of endo toxaemia on EDHF responses is important for a variety of reasons: 

firstly EDHF responses predominate in the vasculature that plays a major role in the 

modulation of arterial blood pressure and secondly because EDHF has been shown to
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play a compensatory role in the absence of NO. If the latter is correct, it can be 

postulated that in an eNOS KO mouse subjected to endotoxaemia, may provide a 

model which displays considerable EDHF activity, completely devoid of eNOS 

activity. This possibility is addressed in this thesis.

1.7 Aims and Objectives

The resistance vasculature is of major importance in the regulation of arterial blood 

pressure and an understanding of the mechanisms mediating endothelium-dependent 

dilation provides an important insight into vessel physiology and pathophysiology. 

The mechanisms mediating NO and prostacyclin-mediated relaxation have been 

extensively investigated, however those associated with EDHF are less clear. The 

first part of the thesis focuses on the characterisation of EDHF responses in rat 

mesenteric arteries and the relative contribution of NO and EDHF to vasodilator 

responses in this vessel.

There are a variety of candidates for the identity of EDHF in rat small arteries, 

however, there is very little information on the potential role of CNF as an EDHF, 

despite the fact that current evidence points to a strong role for CNF as a 

hyperpolarising factor. Therefore, the second part of the thesis investigates whether 

CNF could be an EDHF in these arteries.
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Dysfiinction of the endothelium plays a major role in the aetiology of many diseases. 

The final part of the thesis examines the mechanisms mediating endothelial 

dysfunction of resistance and conduit arteries during septic shock, with the view to 

investigating the effect of endotoxaemia on EDHF responses, and, in particular, to 

assess whether this model o f sepsis can be used in eNOS KG mice, to provide an 

environment to study an amplified EDHF.
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2 General Methods

2.1 Vascular Reactivity Studies

2.1.1 Tissue Collection

In all of the experiments described below, tissues were bathed in physiological salt

solution (PSS), composition (mM) NaCl 119, KCl 4.7, CaCl2 .H2 0  2.5, MgS0 4 .7 H2 0

1.2, NaHCOs 25, KH2PO4 1.2 and glucose 5.5, and gassed with 5% CO2 in O2 and 

maintained at 37.5°C throughout the course of the experiment.

2.1.1.a Rat Mesenteric and Hepatic Resistance Arteries

Male Sprague-Dawley rats (180-220g, Charles River) were killed by cervical 

dislocation. The mesentery or liver was removed and immediately placed in cold 

PSS. Third order mesenteric vessels (RMA) or 4/5̂  ̂ order hepatic (RHA) vessels 

were isolated and cleaned of extraneous tissue using micro-dissection, and cut into 

segments approximately 2 mm long.

2.1.1.b Murine Aorta and Mesenteric Resistance Arteries

Mice with a targeted disruption of either the eNOS (Huang et al., 1995), or iNOS 

(MacMiking et ai., 1995) gene were obtained from Jackson Inc, (USA). The
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corresponding wild type (WT) animals were bred in-house. eNOS WT were produced 

by crossing a male SV 129 with a female c57/black/6J to produce Fi hybrids. 

C57/Black/6J mice were used as the iNOS WT.

Male WT or knockout (KO) mice (8-12weeks old) were killed by cervical 

dislocation. The thoracic aorta or mesentery was removed and immediately placed in 

cold PSS. The aorta and second order mesenteric resistance arteries were isolated and 

cleaned of extraneous tissue using micro-dissection. The aorta was cut into 3mm 

rings and the resistance arteries into 2 mm length segments.

2.1.2 Tension Myograph

Resistance arteries were mounted in an automated tension myograph (Danish 

Myotechnology, Arhus, 500A, Mulvany and Halpem 1974). Each artery was attached 

between two jaws, using stainless steel wires (40 pm in diameter). One jaw was 

attached to a micrometer, whilst the other was fixed in position and attached to a 

force transducer to record isometric tension. Data was collected electronically using a 

mac-lab set up attached to the myo-interface using the software Chart 4 for Windows 

(Figure 2.1).
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Once mounted vessels were allowed to equilibrate for Ih with 15 min interval 

washes. Vessels were then normalised to determine the optimum diameter for 

maximal active tension. During this procedure, arteries were stretched in a stepwise 

manner at approximately 2mN increments, to determine the relationship between 

passive tension and pressure. Using LaPlace’s equation it is possible to estimate the 

internal circumference of the vessel under an effective transmural pressure of 1 0 0  

mmHg (ICioo):

Tension = pressure x radius

Once the ICioo was determined, vessels were stretched to 90% of ICioo, since this has 

been shown to be the optimal circumference for maximal active force production 

(Mulvany & Aalkjaer, 1990).

Following normalisation, vessels were repeatedly contracted with either the 

thromboxane A2 analogue, 11a, 9 a-epoxymethano-PGH2, (U46619, IpM) or KPSS 

(125mM KCl in PSS; in which there was an equimolar substitution for NaCl with 

KCl; composition, (mM) KCl 125, CaCl2.H20 2.5, MgS0 4 .7 H2 0  1.2, NaHCO] 25, 

KH2PO4 1.2 and glucose 5.5) with 45 min washes in between, until reproducible 

responses were obtained. Arteries, which did not contract to a tension level greater 

than that achieved at the effective transmural pressure of lOOmmHg were excluded. 

In experiments where denuded tissues were required, the endothelium was removed
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by inserting a human hair into the lumen of the vessel (Kakuyama et al, 1998). After 

this procedure, the vessel was washed for 45 min and the contractile integrity of the 

vessel tested using 1 pM U-46619 (vessels that did not contract within 20% of the 

previous contraction were excluded). The endothelial function was also tested using 

1 OgM ACh (vessels that relaxed <5% were deemed denuded).

P h y s i o l o g i c a l

C h a r t

v a c u u m  9 5 % O o / 5 %  C O ,

s o l u t i o n  a t  3 7 ° C  

g a s s e d  w i t h  

9 5 % O o / 5 %  C O ,

MYO-INTERFACE

t r a n s d u c e rmicrometer

CONTROLLER

Figure 2.1 : Schematic diagram of tension myograph
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2.1.3 Organ Bath

Aortic rings, were mounted between two parallel tungsten (0.125 mm diameter) wires 

and placed in a 25ml jacketed organ bath (see Figure 2.2) The lower wire was fixed 

whilst the upper wire was attached to a micrometer and suspended from a force 

transducer (Grass FT-03, Grass Instrument Company, USA) which was connected to 

a MacLab for recording of isometric tension. Vessels were equilibrated in PSS gassed 

with 5% CO2 in O2 at 3TC  under 0.3g tension for 1 h with 15 min washes. Following 

this, arteries were subjected to 48mM KCl, with 45 min washes in between, until 

reproducible contractions were obtained.

Fixed
wire

ChartTransducer
Water
outlet

Physiological salt solution at
2 T C

95%Oo/5%CO.
Water inlet

Heated jacket

waste

Figure 2.2: Schematic diagram of organ bath
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2.1.4 Perfused Mesenteric Bed

Rats were heparinised and sacrificed by cervical dislocation. An abdominal midline 

incision was made and the superior mesenteric artery isolated and cannulated, before 

being gently perfused with 10 ml of warmed PSS to eliminate blood. After the 

superior mesenteric artery was isolated with its mesentery, the intestine was carefully 

cut away near its mesenteric border. The mesenteric bed was then put in a 37°C 

water-jacketed container and perfused at a constant rate 4 ml/min with PSS solution 

gassed with 95%02/5%C02 using a roller pump (Gilson, Miniplus 2) (Figure 2.3). 

The preparation was covered with parafilm to prevent drying out and to maintain the 

temperature within the bath. Perfusion pressure was measured by attaching the 

cannula to a pressure transducer (Becton Dickinson, P23XL) and was recorded 

continuously on a PC using Chart software. Since pressure is proportional to both 

flow and resistance, the flow rate was kept constant throughout the experiment, to 

ensure that any changes in pressure only reflected changes in the resistance of the 

vascular bed. The preparation was equilibrated for 45 min before being exposed to 1 

pM U-46619. After a washout period (45 min) this was repeated and the preparation 

exposed to ACh (10 pM). Preparations that did not relax more than 50% of the 

induced tone were excluded.
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Physiological salt solution gassed  
with 95%02/5% CO2 at 37°C.

cannula
Water inlet

Transducer

Mesenteric bed 

Heated jacket 37°C

Water outlet

Collection of effluent

Chart

Figure 2.3: Schematic diagram of perfused mesenter}

2.2 Membrane Potential Measurements

RMA were mounted in a tension myograph, normalised and equilibrated using 

U46619 as described above. Membrane potential of VSMC was measured using 

aluminium silicate electrodes (1.0mm in diameter. World Precision Instruments) that 

had resistances between 70 and 135MG when filled with 3M KCl. Membrane
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potential (mV) was measured using an oscilloscope (Gould) connected to an amplifier 

(World Precision Instruments, intra 767 electrometer) and recorded on a chart 

recorder (Gould). Electrode entry into a VSMC was determined by an abrupt drop in 

voltage, with a minimal change in electrode resistance (maximum 10% change) 

followed by a sharp return to baseline on exit. All recordings produced a stable 

measurement for a minimum of 2 min (Mulvany et al., 1982).

2.3 Radioimmunoassay

The radioimmunoassay (RIA) technique was used to provide quantitative analysis of 

CNP concentrations in the effluent from ACh-stimulated perfused mesenteric beds. 

This process requires three steps, (i) generation of the sample (effluent), (ii) 

extraction of CNP from the effluent, and finally (iii) the RIA for CNP.

2.3.1 Generation of Sample

Preparations were equilibrated and treated according to the protocol required (see 

section 2.1.4), and then infused with U-46619 (10-100 nM, in PSS) to precontract to 

an ECso- Once a stable plateau was obtained, an infusion of ACh (10 pM) or CNP (1 

pM) was commenced. Effluent samples were collected from the bath 2 min after the
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infusion of ACh commenced, (the infusion time was calculated to be 2 min from site 

of entry to contact with the preparation) and then collected for 5 minutes into vials 

containing 0.6IU/ml of aprotonin (to prevent peptide degradation). The sample was 

frozen to -20°C until required.

2.3.2 Extraction of CNP from Effluent

For extraction, 3ml C18AR columns (DRG Diagnostics, Germany) were equilibrated 

with 1.5ml buffer A (1% trifluoroacetic acid; HPLC grade). Each sample was 

defrosted and then applied to a separate column and allowed to flow through by 

gravity. Columns were then washed with 2 x 1.5ml Buffer A and the CNP eluted with 

2 X 1ml Buffer B (60% acetonitrile in 1% trifluoroacetic acid). The eluent was then 

evaporated to dryness at 37°C under N]. The residue was then dissolved in 220pl of 

RIA buffer.

2.3.3 Radioimmunoassay for CNP

Samples were assayed using a radioimmunoassay kit (Drg-Diagnostics), in which the 

I-CNP competes with the CNP (in the sample) for the specific antibody. Therefore 

the greater the concentration of the CNP in the sample, the lower the amount of 

CNP that can bind to the antibody. Using peptide standards it is possible to produce a
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standard curve (Figure 4.12) based on peptide concentration and counts per min 

(cpm) from which the concentration of CNP in the unknown samples can be 

determined.

The RIA reactions were set up by pipetting 200pl of RIA buffer into each non

specific binding (NSB) tube, lOOpl of RIA buffer into each total-binding (TB) tube, 

and lOOpl of RJA buffer in each of the standard tubes. Following this, 100 pi of 

primary antibody (rabbit anti-peptide serum) was added to all the tubes, with the 

exception of the total counts (TC) and NSB tubes. All the samples were then covered 

and incubated for 16-24 h at 4° C.

Following this, the ^^^I-peptide was reconstituted with 13 ml of RJA buffer to make 

the tracer solution. 100 pi of this tracer solution were added to each tube, and then 

each tube was vortexed, covered and incubated for 16-24 h at 4°C.

The reconstituted Goat Anti-Rabbit IgG serum and Normal Rabbit serum (with 13.0 

ml of the RIA buffer each in equal parts (1:1)) was added (200 pi each) to each tube 

except the TC tubes. All tubes were vortexed and incubated at room temperature for 

90 min. Finally, 500 pi of RIA buffer was added to all tubes except the TC tubes and 

vortexed, before being centrifuged (except the TC tubes) at 3,000rpm (approx. 

1700g) for 20 min at 4°C. After this, the supernatant was aspirated (except TC tubes) 

and the radioactivity counted in a gamma counter for 1 min.
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A standard curve was constructed using the following equations to determine B/Bo:

Bo = T B -N SB

B /  (o/̂ \ -
\Avg{cpm^-\NSB\ * 100 

Yo

The concentration of CNP of unknown samples was then calculated using the 

standard curve.

2.4 Western Blotting

Western blotting was used as a relatively rapid and sensitive qualitative method to 

identify the presence of iNOS and COX-2 proteins from both aortae and mesenteric 

arteries from LPS and saline treated mice. It comprises of 3 main steps, (1) sodium 

dodecyl sulphate polyacrilamide gel electrophoresis (SDS PAGE), (2) gel transfer 

followed by (3) incubation and detection of the protein.
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2.4.1 Sample Collection

Male wild type or knockout mice (iNOS, 25-30g) were killed by cervical dislocation. 

The mesenteric bed and the thoracic aorta were removed and immediately placed in 

aluminium foil and snap frozen using liquid nitrogen. Samples were then maintained 

at -80°C until required.

2.4.2 Preparation of Sample

One mesenteric bed or 3 aortae were crushed using a stainless steel pestle and mortar 

cooled to -80°C. The crushed sample was then resuspended in phosphate buffered 

saline (PBS) an enzyme inhibitor cocktail containing ethylenediaminetetracetic acid 

(EDTA 1 mM), phenylmethylsulfonyl fluoride (ImM), leupeptin (0.2mM), pepstatin 

A (0.05mM). Samples were then centrifuged at 15000 g  for 5 min, and the 

supernatant harvested.

2.4.3 Determinations of Protein Concentration

Protein concentration of the above samples was determined using standard Bradford 

Assay (Bradford 1976). Samples of bovine serum albumin (BSA) of known protein
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concentration (0.0625, 0.125, 0.025, 0.5, Img/ml,), test samples, and a blank (5 pi 

each) were loaded into a 96 well plate in duplicate. To each of these, 45 pL of the 

Bradford Reagant (diluted 1 in 5 with water) was added. The light absorbance of each 

sample was measured using a plate reader at a wavelength of 570 nM and a standard 

curve of protein concentration versus light absorbance was constructed to BSA. The 

concentration of protein in the test samples was therefore determined by comparison 

with the standard curve. The quantity of test sample to be loaded on each gel was then 

adjusted accordingly to provide equal amount of protein in each lane (mesentery = 

25-150pg, aorta = 5-60pg).

Samples were mixed in an equivalent volume of sample buffer (containing Tris-HCl, 

20mM, EDTA 2M, SDS 20%, 10% mercaptoethanol, 20% glycerol, 0.025% 

bromophenol blue) and reduced by boiling for 4 minutes. The molecular weight 

marker (RPN 800) was also boiled for 4 min.

2.4.4 Sodium Dodecyl Sulphate Polyacrilamide Gel Electrophoresis

In SDS PAGE, proteins (extracted from the tissue sample see section 2.4.2) are 

denatured (i.e. disulphide bonds broken) with a thiol-reducing agent such as p- 

mercaptoethanol. Treatment with SDS which is an anionic detergent, disrupts non- 

covalent interactions and causes the polypeptide chains to unfold and then coats the
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proteins with a net negative charge, therefore eliminating charge variability between 

polypeptides, giving them all the same charge-to-mass ratio and forcing them into 

rod-like shapes. Separation in SDS-PAGE is therefore based on the molecular weight, 

and all the proteins applied to gel will migrate towards the anode in accordance to 

their molecular weight only. The polyacrylamide gel matrix has a suitable porosity to 

enable separation according to protein molecular weight (Wyckoff et ai, 1977). 

When an electric current is passed through the gel, the mobility of proteins (Rf) is 

linearly proportional to the logio of their mass

2.4.4.a Preparation of Geis

Mini-gels (8 x 10 cm; -1 .5  mm thick) were cast using a gel casting apparatus (Mini- 

PROTEAN III, Bio Rad, UK) Each gel was composed of two layers: a stacking and 

resolving gel The resolving gel (10%, see below) was first loaded, and it is this gel 

that separates the proteins according to their molecular weight.

Resolving gel 10%
Tris HCl (pH 8.8) = 1.875M Tris 10ml
base, 0.5% SDS in distilled water

acrylamide / bis 16.7ml

distilled water 22.5ml

*TEMED 50pl

* ammonium persulphate 500pl

(lOOmg/ml)
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The first three components were mixed together and then the ammonium persulfate 

and TEMED (polymerisation initiators -  TEMED catalyses free radical production 

from persulfate) were added and the mixture, gently swirled to mix, whilst preventing 

production of bubbles. The mixture was carefully introduced into a glass plate 

sandwich within the gel holder apparatus using a Pasteur pipette and any air bubbles 

excluded using saturated butanol. The gel was allowed to polymerise over 45 min and 

then the butanol was poured off. The stacking gel was then loaded, - this layer forms 

the upper part of the gel and used to create a series of wells in which to load the 

samples - and the combs carefully inserted.

Stacking gel 4%
Tris HCl (pH 6.8) = 0.625M Tris 
base, 0.5% SDS in distilled water

8ml

acrylamide / bis
m  ' "5:

5.4 ml

distilled water 26.2ml

*TEMED 40pl

* ammonium persulphate 

(lOOmg/ml)

400pl

This was allowed to polymerise for 45 min, after which time the comb was removed 

and the wells carefully rinsed with the running buffer.
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2.4.4.b Running the Gels

These gels were assembled in the electrophoresis tank and immersed in the running 

buffer. The prepared samples were then loaded into the wells using a Hamilton 

syringe. The gels were run at 100 V for approximately 60min until the dye was 

visible at the bottom end of the gel. (Laemmli UK, 2002).

R unn ing  buffer

tris base (50mM) 6gd

glycine (0.384mM) 28.8 g/1

SDS (0.1%) 1.0 g/1

Distilled water To 11

2.4.5 Transfer of Proteins

Separated proteins were then electrotransferred onto nitrocellulose paper to permit 

detection of the proteins using antibodies.

The gels were removed for the tank and incorporated into a “sandwich” with blotting 

paper and the nitrocellulose membrane (0.5pM, Hybond, Amersham), which had
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been previously imnersed in transfer buffer. This was then subjected to semiwet 

transfer (ISvolts, foi 30 min).

Transfer buffer

tris base 3g/l

glycine 14 g/1

methanol 200ml

Distilled water 800ml

2.4.6 Incubation and Detection

Detection was achieved by incubating the nitrocellulose membranes with a primary 

antibody sensitive to the protein of interest. This was followed by incubation with a 

secondary antibody lirJeed to the enzyme horse radish peroxidase which recognised 

the primary antibody. When exposed to peracid (contained in the ECL™ detection 

kit) the enzyme becDmes oxidised to produce a luminescent product which was then 

transferred onto radiographic film (Figure 2.4).

67



Chapter 2: General Methods

Protein

Secondary antibody HRP

Primary antibody

Hybond ECL

Peracid

Oxidised form of enzyme 
+

luminol 
+

enhancer

Oxidised product _

Ifll light ^  I

Hyperfilm ECL

Figure 2.4: Schematic diagram of ECL detection system. HRI  ̂ = horse radish peroxidase (Addapted 

from ECL^^ manual)

Following transfer, the nitrocellulose blots were then blocked in PBS-Tween 

(0.001 %)/5% milk for 1 h to reduce non specific binding and then incubated 

overnight at 4°C with constant agitation, with either rabbit polyclonal iNOS antibody 

(1:2000 dilution), or rabbit COX-2 polyclonal antibody (1:3000 dilution) in PBS- 

T ween/5 % milk. Following this, blots were washed for 1 h at 15-min intervals with 

PBS-Tween and then incubated with the appropriate horseradish peroxidase-lmked 

secondary antibody (goat raised anti-mouse immunogloblins 1:1000 dilution, goat 

raised anti-rabbit immunogloblins, 1 3000 dilution) in PBS-Tween/5% milk for 2 h at 

room temperature with constant agitation. Signals were detected using the ECL™
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detection kit (Amersham) and autoradiographic (Kodak) film. Film was exposed to 

the blot for a variety of time points ranging from 30 sec to 2 min.

2.5 Data Analysis

All data are expressed as mean ± standard error of the mean (SEM). Contractile 

responses are expressed as either tension (g) or force (mN) or as a percentage of the 

responses to KPSS i.e. [(response/KPSS response) x 100]. Relaxation responses were 

calculated as a percentage reversal of tone (induced by either U46619 or 

phenylephrine). The concentration of agonist required to elicit 50% of the maximum 

response (EC50) was calculated using non-linear regression fit for sigmoidal response 

curve (Prism 3.0). EC50 values are quoted as pECso, (-log EC50). Please note that the 

pECso values calculated for CNP concentration response curves were calculated to 

estimate qualitatively a shift in the potency of CNP and may not be a true estimate of 

pECso since a maximal response (plateau) was not obtained with the concentrations 

used. The numbers quoted depicts the number of animals used.

Statistical analysis was calculated using 2-Way Analysis of Variance (ANOVA) 

when comparing curves of two or more data sets, in the absence and presence of 

inhibitors or antagonists. pEC$o values and maximum responses were compared using
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either an un-paired t-test for 2 data sets, or One-Way ANOVA with Bonferroni post

test for 3 or more data sets. Statistical significance was considered where f  <0.05.

2.6 Preparation of Drugs

All drugs were prepared freshly on the day of use, with the exceptions of apamin, 

bradykinin, CTX, and U46619. Stock solutions of CTX and apamin were made up in 

sterile water and then stored at -20°C until required. U46619 was made up in 100% 

ethanol and frozen to -20°C. Initial dilutions of U46619 were made in 50% ethanol 

and 50% NaCl (0.9%), with subsequent dilutions in NaCl (0.9%) only. All other 

drugs were made in NaCl (0.9%), with the exceptions of indomethacin, which was 

made up in sodium bicarbonate (3%), barium (H2 0 )and spermine-diazeniumdiolate 

(Sper-NO, H2O) and ouabain (dimethyl sulphoxide, (DMSO)). Final bath 

concentration of either ethanol of DMSO never exceeded 0.1%

OxyHb was prepared by reducing human methaemoglobin using an excess of sodium 

dithionite and then separating OxyHb from dithionate using sephadex (G-25, Sigma) 

beads (mixed with PBS) packed into a column. Stock solution of OxyHb were stored 

at -20°C until required. The concentration of OxyHb was determined using an 

infrared spectrometer and scanned between 400-600nm. Expected peaks were: 415nm
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-  Soret bandy (131 mM’* cm’ )̂, 542nm - P band (14.4 mM'^ cm'^) and 577nm alpha

band (15.4 mM'^ cm‘‘) (Di lorio 1981).

2.7 Sources of Drugs

acetylcholine chloride Sigma Chemical Co, Poole, UK

11a, 9a-epoxymethano-PGH2 U44619 Biomol., UK

18 a  Glycyrrhetinic acid Sigma Chemical Co, Poole, UK

1 H-[ 1,2,4]oxadiazolo[4,3-a]quinoxalin-l -one 

ODQ

Professor J Garthwaite, UCL, 

London, U.K.

2-(4-Carboxyphenyl)-4,4,5,5- 

tetramethylimidazoline-1 -oxyl-3 -oxide (carboxy- 

PTIO)

Calbiochem-Novabiochem, 

Nottingham, U.K.

acrylamide Sigma Chemical Co, Poole, UK

ammonium persulphate Sigma Chemical Co, Poole, UK

apamin Tocris Cookson Ltd, Bristol 

U.K.

atrial natriuretic peptide Calbiochem-Novabiochem, 

Nottingham, U.K.

barium chloride Sigma Chemical Co, Poole, UK
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bromophenol blue Sigma Chemical Co, Poole, UK

charybdotoxin Tocris Cookson Ltd, Bristol, 

U.K.

C-type natriuretic peptide Calbiochem-Novabiochem, 

Nottingham, U.K.

dried milk Marvel, U.K.

ethylenediaminetetracetic acid (EDTA, Sigma Chemical Co, Poole, UK

glycerol Sigma Chemical Co, Poole, UK

glycine Sigma Chemical Co, Poole, UK

goat raised anti mouse imunoglobins Dako, A/S, Denmark

goat raised anti rabbit IgG Vector Laboratories, CA, USA

HS-142-1 Gift from Professor Morishita, 

Japan

indomethacin Sigma Chemical Co, Poole, UK

leupeptin (0.2mmol/L), Sigma Chemical Co, Poole, UK

lipopolysaccharide (e.coli) Sigma Chemical Co, Poole, UK

L-nitro-mono-methyl-arginine (L-NMMA) Sigma Chemical Co, Poole, UK

mercaptoethanol BDH (Merck Eurolabs Ltd.) 

Dorset, U.K.

Methaemoglobin (human) Sigma Chemical Co, Poole, UK

No-L-nitro-L-arginine methyl ester hydrochloride Sigma Chemical Co, Poole, UK
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(L-NAME)

nitro-L-arginine (L-NOLA) Sigma Chemical Co, Poole, UK

pepstatin A (0.05mmol/L) Sigma Chemical Co, Poole, UK

pertussis toxin Calbiochem-Novabiochem, 

Nottingham, U.K.

phenylephrine Sigma Chemical Co, Poole, UK

phosphate buffered saline Sigma Chemical Co, Poole, UK

rabbit cyclooxygenase 2 polyclonal antibody Cayman Chemical distributed 

by Alexis, Nottingham, U.K.

rainbow marker Amersham Life Science, 

Buckinghamshire, U K

sodium lauryl sulphate Sigma Chemical Co, Poole, UK

sodium nitroprusside Sigma Chemical Co, Poole, UK

sodium dithionate Sigma Chemical Co, Poole, UK

spermine-NONOate Calbiochem-Novabiochem, 

Nottingham, U.K.

TEMED Sigma Chemical Co, Poole, UK

Thiorphan Alomone Lab, Israel

Tris Base Sigma Chemical Co, Poole, UK

Tween 20 BDH (Merck Eurolabs Ltd.) 

Dorset, U.K.
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3 Contribution of NO to EDHF Responses

3.1 Introduction

To facilitate investigation of EDHF responses, it is necessary to eliminate the activity 

of the other endothelium-derived mediators; primarily prostacyclin and NO. The 

complete removal of these mediators is essential since both NO and prostacyclin act, 

in part, by hyperpolarising VSMC (Tare et al, 1990; Murphy & Brayden, 1995). 

Additionally, both NO and prostacyclin appear to interfere with EDHF release and 

activity (Bauersachs et al, 1996; McCulloch et al, 1997). Classically inhibition of 

NO and prostacyclin is achieved using a combination of a NO synthase (NOS) 

inhibitor, such as N^-nitro-L-arginine methyl ester (L-NAME), and the COX inhibitor 

indomethacin (Indo). Relaxations in the presence of these two agents are attributed to 

an EDHF response (Waldron & Garland 1994; McCulloch et al, 1997; White & 

Hiley, 1997; Edwards et al, 1998a and b; Lacy et al, 2000). However, whilst Indo is 

reliably effective at inhibiting prostacyclin synthesis (Flower 1974), recent studies 

suggest that NOS inhibitors alone are insufficient to abolish endothelium-dependent 

responses accredited to NO (Cohen et al, 1997; Kemp & Cocks, 1997; Simonsen et 

al, 1999; Ge et al, 2000b; Liu et al, 2000; Vanheel & Van 2000). Thus, despite
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the presence of NOS inhibitors it is possible that NO may contribute to responses that 

have previously been attributed to EDHF.

In light of the above findings, I have investigated the contribution of NO to the 

classical EDHF response in the presence of NOS inhibitors. Experiments were 

conducted in RMA and RHA; both preparations in which a significant component of 

endothelium-dependent relaxation is thought to be due to EDHF activity (Edwards et 

al, 1998a; Zygmunt et al, 1998). In addition to NOS inhibitors I have used 

pharmacological tools affecting the NO pathway further downstream, namely the sGC 

inhibitor, lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one (ODQ) (Garthwaite et al, 

1995) and the NO scavengers oxy-haemoglobin (OxyHb) (Kelm & Schrader 1990) 

and 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1 -oxyl-3-oxide (Carboxy- 

PTIO) (Akaike et al, 1993; Lovren & Triggle, 1998) (see Figure 3.1).

3.2 Aims

1. To determine whether NOS inhibitors adequately eliminate NO-dependent 

responses in these vessels

76



Chapter 3: Contribution of NO to EDHF-Responses

2. To determine whether the residual response in the presence of optimal NO 

blockade is due to EDHF

3. To investigate the source of this NOS inhibitor insensitive NO

ENDOTHELIUM VASCULAR SMOOTH 
MUSCLE

I  cAMPPGIAA
COX

ODQ
Indomet iacin

L-Arg sGC> NO NO
NOS

GTP cGMP

OxyHb
Carboxy-

PTIOL-NAME

V
A
S
0  
R 
E 
L 
A 
X 
A 
T
1
O
N

Figure 3.1: Modulation of the NO-pathway. AA = arachidonic acid, cAMP = cyclic adenosine 
monophosphate, Carboxy-PTIO = 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-l-oxyl-3- 
oxide, cGMP = cyclic guanosine monophosphate, COX = cyclo-oxygenase, GTP = guanosine 
triphosphate, L-NAME = No-nitro-L-arginine methyl ester , NO = nitric oxide, NOS = nitric oxide 
synthase, ODQ = lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one, OxyHb = oxy-haemoglobin, sGC = 
soluble guanylate cyclase.
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3.3 Experimental Protocol

RMA or RHA arteries were mounted and equilibrated in a tension myograph using 

standard procedures as described in chapter 2.1.2. In experiments where denuded 

tissues were required, the endothelium was removed by inserting a human hair into the 

lumen of the vessel (Kakuyama et a l, 1998). After this procedure, the vessel was 

washed for 45 min and the contractile integrity of the vessel tested using 1 pM U- 

46619, (vessels that did not contract within 20% of the previous contraction were 

excluded,) the endothelial function was also tested using lOpM ACh (vessels that 

relaxed <5% were deemed denuded).

Following this, arteries were used for functional or membrane potential studies as 

described below.

3.3.1 Functional Reactivity Studies

RMA were incubated with a range of drug combinations before being precontracted 

with a concentration of U46619 (1-100 nM) giving 75-90% of the response to 1 pM 

U46619. On generation of a stable plateau, a concentration-response curve to ACh (1-

10,000 nM) was constructed. To dissect the mechanisms involved in ACh-induced
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relaxation, vessels were pre-treated with one of a range of inhibitor combinations 

described below or maintained as a timed control.

3.3.1.aDetermination of Optimal NO Blockade

To determine whether NOS inhibition alone was adequate to remove all NO- 

dependent responses, RMA were incubated with the following drug combinations:

i. L-NAME (300 pM, 30 min) + Indo (5 pM, 30 min)

ii. L-NAME + Indo + ODQ (1 pM, 30 min)

iii. L-NAME + Indo + OxyHb (10 pM, 15 min, then lOpM before curve to

ACh)

iv. L-NAME +Indo + Carboxy-PTIO (300 pM, 30 min)

Some studies have also suggested that a single NOS inhibitor is inadequate to 

remove all NOS-derived NO. Therefore, to determine whether maximal NOS 

inhibition was achieved using L-NAME alone, experiments were also conducted 

using two other NOS inhibitors: nitro-L-arginine (L-NOLA) or Nq -Monomethyl- 

L-Arginine (L-NMMA).
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V. L-NAME (30 |j.M) + Indo (5p.M) + L-NOLA, (300 [xM, 30 min)

vi. L-NAME (30 pM) + Indo (5pM) + L-NMMA, (300 pM, 30 min)

3.3.1.b Characterisation of Relaxation to ACh in the Presence of

Optimal NO Blockade

EDHF causes hyperpolarisation of VSMC, and this can be blocked by a variety of 

channel blockers. To determine whether the remaining response in the presence of L- 

NAME + Indo + OxyHb is due to EDHF activity, experiments were conducted using 

channel inhibitors previously shown the inhibit EDHF responses (see Edwards et 

ai, 1998a and b). Firstly, experiments were conducted in presence of raised 

extracellular (KCl), then the role for BKca and SKca channels was determined using 

a combination of CTX + apamin. Finally, to assess whether these ACh-responses were 

mediated through K® and Na/K-ATPase, arteries were treated Ba  ̂ + ouabain

i. L-NAME (300 pM, 30 min) -Undo (5 pM, 30 min) + OxyHb (20 pM, 15 

min)

ii. L-NAME +Indo + OxyHb + (KCl 30 mM, 15 min).

iii. L-NAME +Indo + OxyHb + CTX (100 nM, 15 min) + apamin (100 nM, 

15 min)
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V. L-NAME + Indo + OxyHb + + ouabain

The experiments with Ba^ + ouabain (i, iv and v) were also repeated in RHA; a 

preparation in which a significant component o f the EDHF response has previously 

been shown to be sensitive to these agents (Edwards et al ,  1998a). Finally to 

determine whether Ba^^ + ouabain had a direct effect on NO mediated relaxation, 

concentration responses curves were constructed to  the NO donor sodium 

nitroprusside (SNP, 1 - 10,000 nM) in the absence or presence o f Ba^^+ ouabain

3.3.2 Photorelaxation Studies

Non enzymatic sources o f  NO include nitrosothiols (Stamler et ai ,  1992; Gaston et 

ai,  1994) and these may provide a means o f storing NO ( Myers et ai,  1990; Girard 

& Potier, 1993). Release o f  NO from these stores can be elicited by exposure to, 

ultraviolet light, transition metals (copper in particular) and heat (see Ignarro 1990 for 

review). In 1955, Furchgott demonstrated that exposure to light caused relaxation o f 

the rabbit aorta (see Furchgott 1991 for review). Since then a variety o f studies have 

confirmed that exposure to ultraviolet light can cause relaxation (photorelaxation) in 

vascular tissues, and this relaxation has been attributed to NO since it is inhibited by 

methylene blue and haemoglobin (M atsunaga & Furchgott, 1989; Furchgott &
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methylene blue and haemoglobin (Matsunaga & Furchgott, 1989; Furchgott & 

Jothianandan, 1991; Venturini et al., 1993). More direct evidence has been provided 

by Kubaszewski et axl., (1994) who demonstrated a rise in NO levels, as measured 

using a porphorynic sensor, in response to ultraviolet light. However, the majority of 

these studies have beien conducted in conduit vessels, and it is still unknown whether 

these stores are present in the resistance vasculature.

To determine whether preformed NO stores were present in RMA, photorelaxation 

studies were conducted using the following protocol: RMA were incubated with L- 

NMMA (300pM) + Indo (5 |iM), +/- OxyHb (20pM). After which, arteries were pre

contracted with a concentration of U46619 (1-100 nM) to provide an EC50.75 (of 

contraction to 1 pM U46619). On generation of a stable plateau, arteries were 

exposed to ultraviolet light (15 brief exposures at 366nM, over 20 seconds).

To elucidate the mechanisms by which NO from this source caused vasorelaxation, 

identical experiments were performed in arteries (treated with L-NMMA + Indo) in 

the absence or presence of either CTX+apamin, or Ba^^+ouabain (concentrations as 

above). Finally, to determine the location of these stores, experiments were also 

conducted in endothelium-denuded vessels. L-NAME was not used in this study since 

it contains a nitro group, which releases NO when exposed to ultraviolet light (Bauer 

& Fung, 1994).
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3.3.3 Membrane Potential Studies

To determine whether this NOS-insensitive NO mediates vasorelaxation via 

hyperpolarisation o f VSMC, electrophysiological measurements were performed. 

RMA were equilibrated as described above. Vessels were treated with either L-NAME 

(300 jiM, 30 min) + Indo (5 |iM, 30 min) in the absence or presence of OxyHb (20 

pM, 15 min). A dose of ACh (10 pM, in PSS) was infused into the bath and 

membrane potential measured using the technique described in Section 2.2.

3.4 Results

The normalised diameter of the vessels studied was (RMA = 285.3 ± 7.9 pm; RHA= 

221.9+ 9.1 pm). ACh caused concentration-dependent relaxation that was abolished in 

endothelium-denuded vessels (n=6; f>0.05). Basal tension was unaffected by drug 

treatments with the exception of OxyHb, which caused a transient contraction of 4.2 ± 

0.3% (of maximal contraction to 1 p,M U46619; and 1.3 ± 0.5 mN, n = 37) that 

returned to baseline levels after a few minutes, and CTX + apamin which caused a 

sustained raised contraction of 36.7 ± 12.2%, (8.1 ± 2.4 mN; n = 11).
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3.4.1 Effect of Oxy-Haemoglobin, ODQ and Carboxy-PTIO on Classical 

EDHF Responses

ACh caused concentration-dependent relaxation of RMA that was unaffected by pre

treatment with L-NAME + Indo. Addition of ODQ to this combination of inhibitors 

had no additional effect on ACh-induced relaxation response curves. In contrast, 

addition of OxyHb significantly depressed the maximal relaxation to ACh but had no 

significant effect on potency. Similarly, addition of Carboxy-PTIO also significantly 

(P<0.001) suppressed ACh induced relaxation (Figure 3.2, Table 3.1). The 

combination of L-NAME and OxyHb was necessary and sufficient for optimal NO 

blockade since OxyHb and Indo alone reduced maximum relaxation to only 78.5 ± 

12.4% of control (n=7), and addition of other NOS inhibitors; L-NOLA or L-NMMA 

to the L-NAME (30 pM) + Indo cocktail had no further inhibitory effect on ACh- 

induced relaxation (max relaxation 89.8 ± 2.1 % and 74.5 ± 7.8 % respectively; n=5; 

P>0.05).
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Figure 3.2: Effect of NO scavenging or inhibition of soluble guanylate cyclase activity on ACh- 
induced relaxation in rat mesenteric arteries. Concentration response curves to acetylcholine (ACh) in 
the presence and absence of L-NAME (300 pM) and indomethacin (Indo, 5 pM) combined with 
either ODQ (1 pM) or oxyhaemoglobin, (OxyHb, 20 pM) or carboxy-PTIO (300 pM). Values shown 
are mean ± SEM. Statistical analysis depicted as ***f<0.001 compared to the untreated vessels 
using 2-Way ANOVA (n = 11).
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Drug treatment Mean
pECso

Maximum 
relaxation (%)

N
value

Control 6.7 ±0.1 90.7 ±0.5 14

L-NAME (300pM) + Indo (5pM) 6.8 ±0.2 83.1 ±8.2 11

L-NAME+Indo+ODQ (IpM) 7.0 ±0.5 79.0 ±7.5 14

L-NAME+Indo+OxyHb (20 pM) 6.7 ±0.2 58.0 ± 15.0** 14

L-NAME+Indo+Carboxy-PTIO (300pM) 7.0 ±0.2 40.4 ± 19.4** 6

Table 3.1: The effect of modulators of the NO pathway on acetylcholine-induced relaxation in rat 
mesenteric arteries. Data are shown as mean + SEM. L-NAME = L-nitro-arginine methyl ester, Indo 
= indomethacin, OxyHb = oxyhaemoglobin. Statistical analysis depicted as **P<0.01 compared to 
the L-NAME+Indo treated vessels using 1-Way ANOVA

3.4.2 Effect of Inhibition of K* flux on EDHF Responses

In RMA, elevation of extracellular to 30 mM raised basal tension by 30.7 ± 4.4%; 

(of contraction to 1 )jM U46619); 7.52 ± 1.3 mN (n = 11). U-46619 (1-10 nM) was 

then titrated to produce a comparable level of precontraction to that used in the 

previous experiments i.e. 75-90% of maximum contraction to 1 pM U-46619. In the 

presence of L-NAME + Indo + OxyHb, elevation of abolished the remnant ACh- 

induced relaxation and exposed concentration-dependent contraction to ACh (pE C so =

7.0 ± 0.3, n = 11; Figure 3.3A). Similarly, CTX + apamin treatment abolished the 

remnant relaxation to ACh, and unmasked a contractile response (pECso = 6.8 ± 0.7, 

n = 11; Figure 3.3B). In the presence of L-NAME + Indo (pECso = 7.3 ± 0.1, max = 

89.7 ± 1.2%, n = 5), addition of either Ba^ + ouabain (pECso = 7.2 ± 0.3, max = 34.6
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± 4.7%, n=7) or OxyHb (pE C so = 6.6 ± 0.3, max = 51.9 ± 14.8%, n=5) significantly 

reduced the maximum response (Figure 3.3). Combination of OxyHb with Ba^+ 

ouabain caused a further reduction (pEC5o = 7.5 ± 0.8, max = 14.1 ± 8.3%, n = 7).

The RHA showed similar sensitivity to the drug cocktails as the mesenteric arteries. 

Pre-treatment of vessels with L-NAME + Indo + OxyHb suppressed ACh-induced 

relaxation (Figure 3.5 A). Treatment of hepatic arteries with L-NAME + Indo + Ba^+ 

ouabain also significantly suppressed ACh-induced relaxation (Figure 3.5A, Table 

3.1). However, addition of OxyHb to this cocktail, had no additional effect (Figure 

3.5 A, Table 3.2). SNP produced concentration dependent relaxation of RHA (pE C so = 

6.9 ± 0.14, max = 82.6 ± 4.31%, n = 4), which was significantly (P<0.001) attenuated 

in the presence of Ba^^+ ouabain (pE C so = 7.0 ± 0.3, max = 55.0 ± 14.5%, n = 4) 

(Figure 3.5B).

Drug treatment Mean pECso Maximum 
relaxation (%)

N
value

Control 6.940.5 90.7+0.5 16

L-NAME (300pM)+Indo (5pM) +OxyHb (20pM) 6.940.1 48.7+3.2* 6

L-NAME+Indo +Ba^^(30|jM) +Ouabain (ImM) 6.3+0.5* 18.7 + 7.4*** 8

L-NAME+Indo+OxyHb+ Ba^^+Ouabain 6.9+0.7 24.9+10.4** 11

Table 3.2: The effect of treatment with OxyHb and barium and ouabain on acetylcholine-induced 
responses in the rat hepatic artery. Data are shown as mean + SEM. L-NAME = L-nitro-arginine 
methyl ester, Indo = indomethacin, OxyHb = oxyhaemoglobin, Ba^^= barium. Statistical analysis 
depicted as *P<0.05, **?<0.01, ***f <0.001 compared to the control vessels using 1-Way ANOVA.
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Figure 3.3: Effects of modulators of flux on acetylcholine (ACh)-induced relaxation in rat mesenteric arteries. Concentration response curves to ACh, in the 
absence, and in the presence of L-NAME (300 pM), indomethacin (Indo, 5 pM) and oxy-haemoglobin (OxyHb, 20 pM) and (A) combined with raised 
extracellular potassium (KCl, 30 mM) or (B) combined with chaiybdotoxin (CTX, 100 nM) and apamin (100 nM). Values shown are mean ± SEM. Statistical 
analysis depicted as <0.001 compared to the untreated vessels using 2-Way ANOVA **f<0.01 compared to untreated vessels, and ##P<0.01 as compared to 
L-NAME+Indo+OxyHb using 2-Way ANOVA. (n = 11)
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Figure 3.4: Effect of barium and ouabain on acetylcholine (ACh)-induced relaxation in rat mesenteric 

arteries in the presence of optimal NO and prostacyclin inhibition. ACh responses in the presence of; 

L-NAME (300 pM) and indomethacin (Indo, 5 pM), combined with either barium (Ba2+, 30 pM) and 

ouabain (1 mM), or oxy-haemoglobin (OxyHb, 20 pM) or a combination of these. Values shown are 

meaniSEM. Statistical analysis depicted as ***f<0.001 compared to L-NAME+Indo and ### f <0.001 

compared to L-NAME+Indo+OxyHb treated vessels using 2-Way ANOVA (n>l 1).
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Figure 3.5: (A) Effect of NO scavenging (oxy-haemoglobin (OxyHb, 20 mM) and a combination of barium and ouabain on acetylcholine (ACh)-induced 
relaxation of rat hepatic arteries. Concentration response curves to ACh in the absence and in the presence of L-NAME (300 |iM), indomethacin (Indo, 5pM) 
combined with either OxyHb, (20 pM), or barium (Ba2+, 30 mM) and ouabain (1 mM) or a combination. (B) Effect of barium and ouabain on sodium 
nitroprusside (SNP) induced relaxation of rat hepatic arteries. Concentration response curves to SNP in the absence and the presence of barium (Ba% 30 mM) 
and ouabain (1 mM) (n = 4). Values shown are mean ± SEM. Statistical analysis depicted as ***f <0.001 compared untreated vessels, ### P<0.001 compared 
with L-NAME+Indo+OxyHb treated arteries using 2-Way ANOVA (n = 10).
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3.4.3 Effect of OxyHb and Potassium Channel inhibitors on 

Photorelaxation

Ultraviolet light caused a relaxation in RMA treated with L-NMMA + Indo (37.5 ± 

4.5%, n=10). However this relaxation was significantly reduced in arteries treated 

with OxyHb (11.9 ± 7.9%, n=6, f  <0.01) or Ba ouabain (6.39 ± 2.7%, n=4, 

f  <0.01) and also in arteries in which the endothelium was removed. (-11.5 ± 9.8%, 

n=7, f <0.001). Treatment with CTX+apamin had no effect on ultraviolet light 

induced relaxation in these arteries (37.8 ± 2.4%, n=4) (Figure 3.6).

60 
_  50 
^ 40 
c 30
S 20
X  10 
ô  0
^  -10 

-20 
-30̂

Control OxyHb CTX+apamin + ouabain Denunded

Figure 3.6: Effect of oxyhaemoglobin (OxyHb, 20 pM), and inhibitors of potassium flux on 

photorelaxation responses of rat mesenteric arteries. Mean photorelaxation responses in vessels treated 

with L-NAME (300 pM) +Indo (5 pM) (n = 10), L-NAME+lndo+OxyHb (n = 6), L- 

NAME+Indo+Charybdotoxin (CTX, lOOnM) +apamin (lOOnM) (n=4), L-NAME+Indo+ Ba  ̂ (30 pM) 

+ouabain (1 mM) (n=4) and in denuded vessels (n=7). Values shown are mean ± SEM. Statistical 

analysis using One-Way ANOVA shown as **P<0.01, ***P<0.001 when compared to control vessels.
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3.4.4 Effect of OxyHb on ACh-lnduced Hyperpolarisation

Basal membrane potential in untreated RMA was -51.3 ± 1.3 mV (n = 20). Treatment 

of vessels with L-NAME + Indo had no significant effect on resting membrane 

potential (-56.7 ± 2.7 mV). Under these conditions ACh (10 pM) caused a 16.3 ±2.1 

mV (n = 8) hyperpolarisation. Addition of OxyHb had no effect on resting membrane 

potential (-53.5 ± 3.0 mV, n=12) but significantly reduced (P<0.05) the 

hyperpolarisation response to ACh (10.2 ±1.6 mV) See Figure 3.7A and B for typical 

responses.
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Figure 3.7: Effect of oxyhaemoglobin (OxyHb, 20 pM) on acetylcholine (ACh)-induced 

hyperpolarisation of rat mesenteric arteries. Intracellular microelectrode recordings of vascular 

smooth muscle cells. (A) Representative trace of ACh (10 pM) induced membrane hyperpolarisation 

in vessels treated with L-NAME (300 pM) and indomethacin (Indo, 5 pM), (B) Representative trace 

of ACh (10 pM) induced membrane hyperpolarisation in vessels treated with L- 

NAME+Indo+OxyHb and (C) Mean ACh (10 pM) induced peak hyperpolarisation in vessels treated 

with L-NAME+lndo (n = 5) or L-NAME+lndo+OxyHb (n = 6). Values shown are mean ± SEM. 

Statistical analysis using unpaired t-test shown as *F<0.05
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3.5 Summary

1. EDHF responses are primarily investigated in the presence of NOS and COX 

inhibition, however recent studies have suggested that NOS inhibition may not 

adequately inhibit all NO-dependent responses. In addition, studies have also 

demonstrated that NO can cause hyperpolarisation of the VSMC. Therefore, 

this chapter investigated the contribution of NO to ACh-induced relaxation in 

the presence of NOS inhibition, and the likely source of such NO

2. ACh-dependent relaxation in the RMA is unaffected by pre-treatment with L- 

NAME + indomethacin (Indo) in the absence or presence ODQ, L-NOLA, L- 

NMMA. However the addition of a either OxyHb or Carboxy-PTIO produced 

a significant suppression of ACh-induced relaxations (« 40%).

3. This residual ACh-dependent relaxation is likely to be mediated by EDHF 

since, responses were abolished by raised extracellular K ,̂ or combinations of 

either CTX + apamin or Ba^^+ouabain.

4. Ultraviolet light induced a relaxation in all endothelium intact RMA treated 

with L-NMMA + Indo. This response was significantly reduced by the addition
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of either OxyHb or Ba^^+ouabain but not CTX + apamin. Ultraviolet light 

caused no relaxation in arteries in which the endothelium had been removed.

5. In L-NAME + Indo treated RMA, ACh (10 pM) caused a significant 

hyperpolarisation, which was significantly suppressed (P<0.05) with the 

addition of OxyHb. Consistent with this, responses to the NO donor SNP were 

attenuated by treatment with Ba^+ouabain.

6. These findings suggest that NO synthase inhibition alone is insufficient to 

inhibit NO mediated relaxation, and in the absence of a NO-scavenger, NO 

fi’om preformed stores, contributes significantly to the "EDHF-like" response 

seen in rat resistance arteries.
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Mechanisms of CNP-Induced Relaxation

4.1 Introduction

The identity of EDHF is yet to be confirmed with any certainty, and its activity and 

effects appear to vary between not only species, but also between artery types. 

Candidates for EDHF include EETs (Fisslthaler et al,  1999) and ions (Edwards et 

a l , 1998), as well as transmission of hyperpolarising current between cells through 

gap junctions (Dora & Garland, 2001). It is well known that the natriuretic peptides 

are vasodilators, in particular ANP and CNP. The former is likely to cause 

vasorelaxation via activation of the soluble or particulate GC pathways, however to 

date there is no evidence suggesting that ANP causes hyperpolarisation of the VSMC. 

In contrast, there is a significant body of evidence to suggest that CNP mediates 

vasorelaxation, in part by causing hyperpolarisation of VSMC. In addition, CNP is 

stored in the endothelial cell (Suga et a l,  1992b; Suga et a l,  1993) suggesting that 

CNP could play a role in paracrine regulation of blood pressure. These factors 

suggest that CNP could act as an EDHF, however, to date, this hypothesis has not be 

explored.

This study investigates whether CNP may act as an EDHF in RMA, - a vessel type 

previously shown to exhibit a significant EDHF response. The responses to CNP
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were tested against a variety of agents show to be effective at inhibiting EDHF 

responses in this artery (See Chapter 3). Secondly the mechanism by which CNP 

might induce this vasorelaxation were probed using pharmacological tools that effect 

the CNP pathway. Specifically, the effects of the NEP inhibitor thiorphan and the 

NRP- A and B antagonist, HS-142-1 were tested against both ACh and CNP-induced 

relaxations. Thiorphan has been shown to inhibit NEP activity (Olins et al., 1989) and 

potentiates the activity of both ANP and CNP (Honing et a l,  2000; Trapani et al,  

1989). HS-142-1 was the first non peptide inhibitor of the natriuretic pathway and has 

been shown to be a selective inhibitor of both the NPR-A and NRP-B receptor 

subtypes. It inhibits ANP-induced increases in cGMP in a variety of tissues including 

the rat glomeruli, neurons and also rabbit aorta (Imura et a l,  1992; Sano et a l,  1992a; 

Sano et a l,  1992b; Moro et a l,  1996).

Although much is known about the secondary messengers involved in mediating 

NPR-A and B receptor subtypes, less is known about the NPR-C subtype. It has been 

suggested that this receptor is coupled to the Gj protein and the final set of 

experiments address this possibility using the specific Gj protein inhibitor -  pertussis 

toxin (PTX).

Some studies have suggested that GYP and also gap junctions modulate the 

production or activity of EDHF (see section 1.4.5). Therefore, to test whether EETs 

were involved, studies were also conducted using the CYP inhibitor sulfaphenazole.
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Finally, experiments were also conducted in the presence 18a-glycyrrhetinic acid to 

investigate the role o f gap junctions in modulating CNP-induced relaxation.

4.2 Aims

1. To investigate whether CNP exhibits similar characteristics to an EDHF

2. To investigate whether CNP is released in response to ACh

4.3 Methods

4.3.1 Functional Reactivity Studies:

RMA were mounted and equilibrated in a tension myograph using standard 

procedures as described in section 2.1.2. Vessels were then equilibrated using 

U46619 (1 |iM) and the integrity of the endothelium determined using ACh (10 pM).

All vessels were incubated with L-NAME (300 pM, 30 min) + Indo (5 pM, 30 min) 

in the absence or presence of one of the below listed drug combinations. Vessels were 

then contracted with U46619 (1-100 nM) giving 75-90% of the response to 1 pM
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U46619. On generation of a stable plateau, concentration-response curves were 

constructed to either ACh (1-10,000 nM), CNP (1-1000 nM) or the NO donor 

spermine-NO (Sper-NO, 1-3000 nM).

In experiments where denuded tissues were required, the endothelium was removed 

by inserting a human hair into the lumen of the vessel (Kakuyama et al, 1998). After 

this procedure, the vessel was washed for 45 min and the contractile integrity o f the 

vessel tested using 1 pM U-46619, (vessels that did not contract within 20% of the 

previous contraction were excluded) the endothelial fiinction was also tested using 

lOpM ACh (vessels that relaxed <5% were deemed denuded).

4.3.1.a Effect of Potassium Channels Inhibitors

To determine whether CNP mediates relaxation in a manner similar to EDHF; 

concentration responses curves to CNP were constructed in the presence of inhibitors 

shown to modulate EDHF responses (Chapter 3):

i. L-NAME + Indo + KCl (30 mM, 15 min)

ii. L-NAME + Indo + CTX (100 nM, 15 min) + apamin (100 nM, 15 min)

iii. L-NAME + Indo + Ba^^ (30 pM, 15 min) + ouabain (1 mM, 15 min)
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4.3.1.b Effect of Modulators of CNP Pathway

To determine whether CNP mediates relaxation in an endothelium independent 

fashion, experiments were conducted in the absence of the endothelium. Responses to 

both ACh and CNP were also conducted in the absence and presence of the NEP 

inhibitor thiorphan and HS-142-1 at concentrations shown to be effective on these 

receptor subtypes (Wennberg et a i ,  1999):

i. L-NAME +Indo + thiorphan (1 pM, 30 min)

ii. L-NAME +Indo + HS-142-1(10 pM, 30 min)

Identical experiments were also performed using Sper-NO to identify whether the 

effects of these inhibitors were specific to the ACh and CNP pathways.

4.3.1.C Effect of Modulators of EDHF Activity

To investigate the effects of CYP and gap junctions on ACh and CNP-induced 

relaxations experiments were conducted in the presence and absence of sulfaphenzole 

(Fisslthaler et a i,  1999; White & Hiley, 1997) and 18a-glycyrrhetinic acid (Harris et 

a/., 2000); both of which are known modulators of EDHF pathways. In addition, the
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effect of OxyHb on CNP responses were assessed, since in the previous chapter it 

was evident that a significant proportion of classical EDHF response was due to NO

i. L-NAME + Indo + sulfaphenzole (10 pM, 30 min)

ii. L-NAME + Indo + 18a-glycyrrhetinic acid (100 pM, 30 min) 

iii L-NAME + Indo + OxyHb (20 pM, 30 min)

4.3.1.d Effect ofG-protein Inhibition

To determine whether responses to ACh and CNP were mediated via activation of the 

Gi protein, experiments were conducted in the absence and presence of PTX using 

concentrations previously shown to be effective in the same vessel (White & Hiley, 

1997).

i. L-NAME + Indo + PTX (400ng/ml, 15min)

4.3.1.e Measurement of CNP-induced Hyperpolarisation

RMA were mounted in a tension myograph, normalised and equilibrated using 

U46619 as described in section 2.1.2, before being incubated with L-NAME+Indo or 

L-NAME + Indo + Ba^ + ouabain (concentrations as described above). Arteries were
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then contracted with U-46619 (10-300 nM) to produce an EC50-75. Membrane 

potential and tension were measured simultaneously as described in Section 2.2. On 

attainment of a stable plateau, a bolus dose of CNP (1 pM) was added directly to the 

bath.

4.3.2 Measurement of Release of CNP by ACh

For these experiments, perfused rat mesenteries were used (see section 2.1.4). 

Following equilibration, preparations for which the endothelium denudation was 

required were infused with PSS containing 0.1% Triton X-100 for 30 s (Kamata et 

al,  1996). After a 30 min wash period, the integrity of the smooth muscle was 

assessed, using 1 pM U46619, and the endothelium-dependent responses tested using 

ACh (10 pM) infusion as before. Preparations that maintained a minimum of 80% 

contraction (compared to previous infusion), and relaxed no more than 5% were 

deemed denuded and suitable for inclusion. Preparations were allowed to recover for 

a fiirther 30 min before the experimental protocol was started. All preparations were 

then infused with L-NAME (300 pM) +Indo (5 pM) in the absence or presence of 

ISa-glycyrrhetinic acid (100 pM). After 30 min U-46619 (10-100 nM) was added to 

the PSS to precontract the preparation to an EC50. Once a stable plateau was obtained, 

an infusion o f ACh (10 pM) or CNP (10 pM) was commenced. The effluent was then 

collected and assayed for CNP using an RIA assay (section 2.3).
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4.4 Results

4.4.1 Characterisation of Responses to CNP

CNP caused concentration dependent relaxation that was unaffected by endothelium 

removal (Figure 4.3). This relaxation was inhibited by raised and Ba^^+ouabain 

(contraction, n=5, Figure 4.1; Table 4.1). However, these responses were unaffected 

by CTX+apamin (Figure 4.1; Table 4.1). Additionally, responses to CNP were also 

sensitive to the gap junction inhibitor 18a-glycyrrhetinic acid (Figure 4.3; Table 4.1). 

However neither HS-142-1 nor thiorphan (Figure 4.3; Table 4.1) had any significant 

effect. The addition of OxyHb had no effect on relaxations to CNP (control max =

72.1 ± 9.6%; pECso =8.0 ± 0.4, n=5; OxyHb, max = 73.4 ± 12.1%, pECso = 8.2 ± 0.6, 

n=5, P<0.05) (Figure 4.2).
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Control
Max (%) 52.6 ±  6.4

NS
pECso 7.5 ± 0.5, (n=20)

Denuded
Max (%) 40.1 ± 9 .4

NS

pECso 8.3 ± 0.9, (n=6)

CTX+apamin
Max (%) 58.5 ± 13.4

NS

pECso 6.7 ± 0.6, (n=6)

Bâ  ouabain
Max (%) Contraction

*

pECso (n=5)

KCl
Max (%) 10.8 ±6.4;

*

pECso (n=8)

18a-glycyrrhetinic acid
Max (%) 10.4 ± 11.9

*

pECso (n=7)

thiorphan
Max (%) 50.9 ±11.9

NS

pECso 7 .1± 0 .1 , (n=5)

HS-1-421
Max (%) 38.0 ± 9.2

NS
pECso 6.5 ± 0.5, (n=5)

Table 4.1: Effect of modulators of potassium flux and C-type natriuretic peptide (CNP) pathway on 
CNP-induced relaxations. All experiments in the presence of L-NAME (300 pM) + Indo (5 pM), 
Results = mean ± SEM., CTX = charybdotoxin, Ba^^= barium. Max = maximum relaxation. Values are 
expressed as mean ± SEM. Statistical analysis using Two Way ANOVA shown as *P<0.05 when 
compared to control, NS = not significant
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 ̂ 4.1: Effect of potassium flux modulators on C-type natriuretic peptide (CNP)-induced relaxation in rat 

iteric arteries. Concentration response curves to CNP in the presence of L-NAME (300 pM) and indomethacin 

5 pM) (control) combined with either raised extracellular potassium (30 mM), charybdotoxin (CTX, 100 nM) 

?amin (100 nM), or barium (Ba^\ 30 pM) and ouabain (1 mM). Values shown are mean ± SEM. Statistical 

iis depicted as *P<0.01 compared to the control vessels using 2-Way ANOVA, (n>5).
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Figure 4.2: Effect of NO scavenging on C-type natriuretic peptide (CNP)-induced relaxation in rat 

mesenteric arteries. Concentration response curves to CNP in the presence of L-NAME (300 |nM) and 

indomethacin (Indo, 5 pM) in the absence or presence oxyhaemoglobin (OxyHb, 20 pM). Values 

shown are mean ± SEM (n=5).
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Figure 4.3: Effect of modulators of C-type natriuretic peptide (CNP) pathway and gap junction 

inhibition on CNP-induced relaxation in rat mesenteric arteries. Concentration response curves to CNP 

in the presence of L-NAME (300 pM) and indomethacin (Indo, 5 pM) combined with either thiorphan 

(1 pM), 18a-glycyrrhetinic acid (100 pM) or HS-142-1 (10 pM) Values shown are mean ± SEM. 

Statistical analysis depicted as *P<0.05 compared to the untreated vessels using 2-Way ANOVA 

(n>5).
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4.4.2 Characterisation of ACh-induced Relaxation

Responses to ACh were unaffected by either HS-142-1 or thiorphan, but were 

suppressed by the gap junction inhibitor, 18a-glycyrrhetinic acid (Table 4.2; Figure 

4.4)

Control
Max (%) 80.8 ±5.6%

NS
pECso 6.4 ±0.13, (n=7)

18a-glycyrrhetinic acid
Max (%) 15.7 ±8.3

* * *

pECso 5.7 ± 1.7, (n=4)

Thiorphan
Max (%) 76.9 ± 10.9

NS
pECso 6.9±0.4,(n=5)

HS-1-421
Max (%) 75.6 ±9.4

NS
pECso 6.8 ±0.2, (n=5)

Table 4.2; Effect of modulators of C-type natriuretic peptide pathway and gap junction inhibition on 

acetylcholine (ACh)-induced relaxation. Max = maximum relaxation. Values are expressed as mean ± 

SEM. Statistical analysis using Two Way ANOVA shown as ***P<0.001 when compared to control, 

NS = not significant
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Figure 4.4: Effect of modulators of C-type natriuretic peptide (CNP) pathway and gap junction 

inhibition on ACh-induced relaxation in rat mesenteric arteries. Concentration response curves to ACh 

in the presence of L-NAME (300 pM) and indomethacin (Indo, 5 pM) combined with either thiorphan 

(1 pM), 18a-glycyrrhetinic acid (100 pM) or HS-142-1 (10 pM). Values shown are mean ± SEM. 

Statistical analysis depicted as *P<0.001 compared to the untreated vessels using 2-Way ANOVA, 

(n>5).
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4.4.3 Characterisation of Sper-NO-induced Relaxation

Sper-NO caused a concentration dependent relaxation of control vessels. Neither, HS- 

142-1, thiorphan nor 18a-glycyrrhetinic acid had any effect on relaxation responses 

to Sper-NO (Figure 4.5; Table 4.3). HS-142-1, at this dose, did significantly suppress 

responses to ANP responses (control, max = 83.4 ± 2.8%; HS-142-1, max = 47.5 ± 

8.7%, n=6, /*<0.01), confirming the activity of this compound (Figure 4.6).

Spcr-NO

Max (%) 92.2 ± 3 .0
NS

Control pECso 6.4 ± 0.1, (n=7)

HS-1-421
Max (%) 93.3 ± 2 .7

NS
pECso 6.2 ± 0.2, (n=7)

thiorphan
Max (%) 91.2 ±0.2

NS
pECso 6.6 ± 0.2, (n=6)

18a-glycyrrhetinic acid
Max (%) 99.7 ±0.3

NS
pECso 6.5 ± 0.2, (n=4)

Table 43: Effect of modulators of C-type natriuretic peptide pathway and gap junction inhibition on 

spermine-NO induced relaxation. Max = maximum relaxation. Values are expressed as mean ± SEM. 

NS = not significant.
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Figure 4.5: Effect of modulators of C-type natriuretic peptide (CNP) pathway and gap junction 

inhibition on spermine-NO (Sper-NO)-induced relaxation in rat mesenteric arteries. Concentration 

response curves to Sper-NO in the presence of L-NAME (300 pM) and indomethacin (Indo, 5 pM) 

combined with either thioiphan (1 pM), 18a-glycyrrhetinic acid (100 pM) or HS-142-1 (10 pM) 

Values shown are mean ± SEM, (n>4).
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Figure 4.6: Effect HS-142-1 on atrial natriuretic peptide (ANP)-induced relaxation in rat mesenteric 

arteries. Concentration response curves to ANP in the presence of L-NAME (300 pM) and 

indomethacin (Indo, 5 pM) in the absence or presence of HS-142-1 (10 pM). Values shown are mean 

± SEM. Statistical analysis depicted as **P<0.01 compared to the untreated vessels using 2-Way 

ANOVA, (n>6).
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4.4.4 Effects of Inhibition of GrProtein on Responses to ACh and CNP

Responses to CNP (Figure 4.7) and ACh (Figure 4.8) were both significantly 

suppressed by treatment with PTX (Table 4.4).

n n
Max (%) 57.5 ±8.4 3 4 .7 1 6 .3

CNP pECso 7.5 ± 0.4, 

(n=4)

6 .3 1 0 .9

(n=6)

**

Max (%) 86 .313 .3 56.0 1 16.7

ACh pECjo 6 .9 1 0 .0 4

(n=6)

6 .7 1 0 .4

(n=6)

*

Table 4.4: Effect of G, protein inhibition on C-type natriuretic peptide (CNP) and acetylcholine 

(ACh)-induced relaxation in rat mesenteric arteries. Max = maximum relaxation, PTX = pertussis 

toxin. Values are expressed as mean ± SEM. Statistical analysis using Two Way ANOVA shown as 

*P<0.05, **P<0.01.
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Figure 4.7: Effect of Gi inhibition on C-type natriuretic peptide (CNP)-induced relaxation in rat 

mesenteric arteries. Concentration response curves to CNP in the presence of L-NAME (300 pM) and 

indomethacin (Indo, 5 pM) in the absence or presence of PTX (400ng/ml). Values shown are mean ± 

SEM. Statistical analysis depicted as **P<0.01 compared to the untreated vessels using 2-Way 

ANOVA (n=6).
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Figure 4.8: Effect of Gi inhibition on acetylcholine (ACh)-induced relaxation in rat mesenteric 

arteries. Concentration response curves to ACh in the presence of L-NAME (300 pM) and 

indomethacin (Indo, 5 pM) in the absence or presence of PTX (400ng/ml). Values shown are mean ± 

SEM. Statistical analysis depicted as *P<0.05 compared to the untreated vessels using 2-Way ANOVA 

(n=6).

116



Chapter 4: Mechanisms of CNP-induced Relaxation

4.4.5 Effects of CYP Inhibition on Responses to ACh and CNP

Inhibition of CYP using sulfaphenazole significantly inhibited responses to ACh 

(Figure 4.9; Table 4.5), but had no effect on responses to CNP (F>0.05) (Figure 4.10; 

Table 4.5).

Max (%) 59.2± 11.1 43.81 13.5

CNP
pECso 7.210.3

(n=6)

8 .010.7

(n=6)

Max (%) 91.814.9 55.41 19.0

ACh
pECso 6.810.2

(n=5)

6.610.3

(n=5)

Table 4.5: Effect of sulfaphenazole on C-type natriuretic peptide (CNP) and acetylcholine (ACh)- 

induced relaxation in rat mesenteric arteries. Max = maximum relaxation. Values are expressed as 

mean ± SEM
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Figure 4.9: Effect of cytochrome P4 50 inhibition on acetylcholine (ACh)-induced relaxation in rat 

mesenteric arteries. Concentration response curves to ACh in the presence of L-NAME (300 pM) and 

indomethacin (Indo, 5 pM) in the absence or presence of sulfaphenazole (10 pM). Values shown are 

mean ± SEM. Statistical analysis depicted as **P<0.01 conq)ared to the untreated vessels using 2-Way 

ANOVA (n=6 ).
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Figure 4.10: Effect of cytochrome P450 inhibition on C-type natriuretic peptide (CNP)-induced 

relaxation in rat mesenteric arteries. Concentration response curves to CNP in the presence of L- 

NAME (300 pM) and indomethacin (Indo, 5 pM) in the absence or presence of sulfaphenazole (10 

pM) Values shown are mean ± SEM, (n=6).
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4.4.6 Measurement of CNP-induced Hyperpolarisation

CNP caused relaxation and simultaneous hyperpolarisation of all arteries studied 

Treatment with Ba^  ̂ plus ouabain, had no effect on resting membrane potential, but 

significantly attenuated the relaxation and hyperpolarisation elicited by CNP (Figure 

4.11, Table 4.6).

Resting -54.50 ± 1.2 -53.3+3.5

+ U46619 -35.50 ± 1.6 -43.33 +4.4

CNP(1 pM)
-15.75 ±3.3 4.5 ±2.6

(n=4) (n=4)***

Table 4.6: Effect of C-type natriuretic peptide on membrane potential of rat mesenteric arteries, in the 

presence of L-NAME (300 pM) + Indo (5 pM) or L-NAME+lndo+Ba^^( 30 pM) +ouabain (1 mM). 

Values are expressed as mean ± SEM. Statistical analysis using One Way ANOVA shown as 

***f<0.001 when compared to L-NAME+lndo treated vessels.
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Figure 4.11: C-type natriuretic peptide (CNP)-induced relaxation and hyperpolarisation in rat 

mesenteric arteries, in the presence of L-NAME (300 pM) + Indo (5 pM) (control) or L- 

NAME+Indo+Ba^^+ouabain. Values are expressed as mean ± SEM. Statistical analysis using One 

Way ANOVA shown as ***P<0.001 when compared to L-NAME+Indo treated vessels.
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4.4.7 Measurement of ACh-induced CNP Release in Perfused 

Mesenteric Bed

ACh-induced relaxation was associated with CNP release of all preparations in the 

presence of L-NAME+lndo. The concentrations of CNP released were calculated 

using a standard curve (Figure 4.12). Relaxation to ACh and CNP release was 

however, abolished in preparations treated with 18a-glycyrrhetinic acid and in 

endothelium-denuded preparations (Figure 4.13).
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Figure 4.12: Standard curve for the calculation of C-type natriuretic peptide (CNP) concentration 
using counts per min.
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Figure 4,13: Effects of endothelial denudation and gap junction inhibition on acetylcholine (ACh)- 

induced relaxation and associated C-type natriuretic peptide (CNP) release from rat perfused 

mesentery. Mean CNP release or relaxation in the presence of L-NAME (300 pM) and indomethacin 

(Indo, 5 pM) in the absence or presence of 18a-glycyrrhetinic acid (18a-GA, 100 pM) and in 

endothelium denuded preparations (denuded). Values shown are mean ± SEM. Statistical analysis 

depicted as ***f<0.001 compared to the untreated vessels using 1-Way ANÜV.A (n=4).
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4.5 Summary

1. CNP is a known vasodilator, stored by vascular endothelial cells, and has been 

shown to cause hyperpolarisation of certain vascular beds. This study 

investigated the possibility that CNP is EDHF.

2. CNP caused vasorelaxation of RMA in the presence of L-NAME+Indo in an 

endothelium-independent fashion. Responses to CNP were inhibited by 

Ba^^+ouabain, suggesting CNP causes hyperpolarisation of the VSMC 

through the Kir and Na/K ATPase. Indeed, CNP induced relaxation was 

associated with hyperpolarisation of RMA, and this response was suppressed 

by Ba^^+ouabain. In contrast, responses to CNP were unaffected by 

CTX+apamin.

3. Responses to both ACh and CNP were inhibited by the gap junction inhibitor 

18a-glycyrrhetinic acid, but unaffected by the NPR-A and B antagonist HS-1- 

421. Surprisingly, the NEP inhibitor thiorphan had no effect on either agent. 

However, as expected, the CYP inhibitor, sulfaphenazole, which is known to 

inhibit EDHF release, suppressed responses to ACh but not CNP. Responses 

to the NO donor Sper-NO were unaffected by either 18a-glycyrrhetinic acid 

affected, thiorphan, or HS-1-421.
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4. F IX  inhibited both ACh and CNP-induced relaxation, suggesting that the 

effects of both of these agents are mediated, at least in part through Gi 

proteins.

5. ACh induced the release of CNP in the perfused rat mesentery and this was 

significantly reduced by endothelial denudation, and treatment with either 

Ba^^+ ouabain and 18a-glycyrrhetinic acid.

6. These data demonstrate that in the RMA, CNP acts as an EDHF, mediating 

hyperpolarisation through Ba^^+ouabain sensitive pathways, possibly through 

activation of the NPR-C subtype coupled to a Gi secondary messenger system 

involving gap junctions.
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Chapter 5: Role of iNOS in Endotoxaemia Induced Endothelial Dysfunction:

Implications for EDHF

5. Role of INOS In Endotoxaemia Induced Endothelial 

Dysfunction: Implications for EDHF Responses

5.1 introduction

Endotoxaemia causes both endothelial and VSMC dysfunction, both of which have 

been implicated in the hypotension and multiorgan failure associated with sepsis. The 

latter has been extensively investigated, with studies clearly demonstrating a role for 

iNOS in mediating dysfunction of this kind. Endothelial dysfunction is distinct from 

endothelial stunning (Bhagat et a l, 1996), the latter causes transient blunting of 

endothelium-dependent dilatation in an iNOS independent manner. In contrast, 

endothelial dysfunction appears to be irreversible and involves morphological 

changes in the endothelium, as well as diminished dilator responses and increased 

thrombosis and vasospasm. However, despite this, the mechanisms mediating 

endothelial dysfunction have not been clearly dissected.

There is a considerable body o f evidence suggesting a role for iNOS in 

endotoxaemia-induced vascular dysfunction, (Biguad et al, 1990; Fleming et al, 

1991) however, the lack of selective inhibitors of iNOS has prevented the specific
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role of this isoform of NOS from being clearly determined. The availability of iNOS 

knockout (KO) mice presents an opportunity to investigate the role of this isoform in 

endotoxaemia with greater specificity. Indeed two recent studies have demonstrated 

that iNOS KO animals are protected against LPS-induced contractile hyporeactivity 

in conduit and resistance arteries, (Boyle, III et al, 2000, Hollenberg et al, 2000). 

Boyle et al investigated the impact of KO of iNOS on LPS-induced endothelium 

dysfunction. This study showed, surprisingly, that in contrast to other studies in 

various species (including mice), endothelial dysfunction did not occur in either WT 

or KO animals. Thus the authors concluded that iNOS had no role to play in this 

phenomenon. This discrepancy may be related to the fact that arteries in that study, 

were tested after a 4h treatment with EPS. Measurement of plasma NO levels in WT 

animals by (Rees; et a/., 1998) clearly show a maximum some 12-14h following 

intravenous EPS treatment. Thus it is possible that the former study may simply have 

used too early a time point to investigate endothelial dysfunction. Therefore, I 

investigated the effects of EPS administration on conduit and resistance arteries of 

WT and iNOS KO animals to clarify the role of iNOS-derived NO in mediating 

endothelial dysfunction in endotoxaemia.

Following characterisation of this model of endotoxaemia, this protocol was used to 

further investigate the effects of EPS on endothelium-dependent vasodilators, with 

particular reference to EDHF. EDHF responses have been shown to be upregulated in
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environments of depressed NO fimction (see section 1.6.3), such as hypertension and 

also in environments with no eNOS fimction (eNOS KO mice). Therefore, it might be 

expected that the combination of EPS treatment, (which depresses NO function) and 

absent eNOS might provide an environment of amplified EDHF fimction. Therefore 

the final studies investigate the effect of EPS on EDHF responses in eNOS KO mice.

5.2 Aims

1. To set up and characterise a model o f EPS-induced endothelial dysfunction in 

both conduit and resistance arteries

2. To investigate whether iNOS expression is involved in mediating endothelial 

dysfunction in endotoxaemia

3. To investigate the effect of endotoxaemia on EDHF responses

5.3 Methods

WT (WT, C57/black for iNOS or SV129 for eNOS KO) iNOS KO or eNOS KO mice 

were given intravenous injection o f either saline or EPS (12.5mg/kg for either 4 (EPS
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4) or 15 h ( EPS 15). After this time animals were killed by cervical dislocation and 

the aorta and mesentery removed and placed immediately into either PSS or 

(removing the intestine first) liquid nitrogen.

5.3.1 Functional Reactivity Studies

Mesenteric arteries and aortic rings were mounted in either a tension myograph 

(section 2.1.2), or 25ml organ bath (2.1.3) for isometric tension measurements

Following equilibration, vessels were then repeatedly subjected to either 125 mM 

KCl (mesenteric arteries) or 48 mM KCl (aorta) with a 45 min washout period in 

between, until reproducible contractions were obtained. The integrity of the 

endothelium was assessed using 10 pM ACh and vessels with a percentage reversal 

of greater than 50% were deemed intact. However, vessels from WT animals did not 

always obtain this level of reversal, and criteria for these vessels were based on the 

ability of simultaneously run control vessels to relax.
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5.3.1.a Characterisation of LPS-induced Vascuiar Dysfunction and the 

Roie of iNOS

Cumulative concentration-response curves were constructed to either the 

thromboxane A2 analogue U-46619 (0.001 - 3 pM) or phenylephrine (PE, 0.001 - 30 

|liM). Following a washout period (45 min), arteries were pre-contracted with PE 

(aorta, 10 -  100 nM) or U-46619 (mesenteric arteries; 10 -  100 nM) to produce 70- 

80% of the maximal response to KCl. Following attainment of a stable plateau 

cumulative concentration-response curves were constructed to either ACh (0.001 - 10 

|iM) or spermine-NONOate (Sper-NO, 0.001-3 pM).
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5.3.1.b Investigation of EDHF in Endotoxaemia

In arteries where EDHF responses were investigated, mesenteric arteries (from both 

eNOS and iNOS KO and WT) were pre-treated with L-NAME (300 pM) +Indo (5 

pM), before being pre-contracted with U-46619 (10 -  100 nM). On attainment of a 

stable baseline, concentration response curves were constructed to ACh (1-10,000 

nM) or bradykinin (O.I -  10,000 nM).

To further characterise these responses, arteries were incubated with drug 

combinations, previously shown to modulate EDHF responses:

i. L-NAME +Indo + (KCl 30 mM, 15 min).

ii. L-NAME +Indo + CTX (100 nM, 15 min) + apamin (100 nM, 15 min)

5.3.2 Western Blotting

Samples of mesentery and aortae were subjected to SDS-Page gel electrophoresis 

(10% as described in section 2.4). Typical protein concentrations per lane were: 25 

pg per well for mesenteric samples and 5pg per well for the aortae. Positive controls

(RAW 264.7 cells treated with LPS) were run with each gel.
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5.4 Results

5.4.1 Characterisation of LPS-induced Vascular Dysfunction and the 

Role of iNOS.

5.4.1.a LPS Treatment for 4 h Alters Vascular Reactivity of Mesenteric 

Arteries.

i. Vasoconstrictor Responses of Mesenteric Resistance Arteries 

KCl caused a similar magnitude of contraction of arteries from saline- or LPS-treated 

WT (8.7 ± 0.5mN vs 8.1 ± 0.5mN respectively; n=10-35; P>0.05) and KG animals 

(10.8 ± G.TmN vs 9.2 ± 0.6mN, n=7-31, P>0.05). PE caused concentration-dependent 

contraction of all arteries, however this response was suppressed in arteries taken 

from WT-LPS treated (Figure 5.1 A) animals compared to saline controls, with no 

change in responses in arteries taken from KO-LPS treated animals (Figure 5. IB).

//. Vasodilator Responses in Mesenteric Resistance Arteries 

ACh caused concentration-dependent relaxation of all arteries, however this response 

was suppressed in arteries taken from WT-LPS treated animals compared to saline
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controls (Figure 5.3A). There was no change in response to ACh in arteries taken 

from KG animals, either saline or LPS treated (Figure 5.3B).
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Figure 5.1: Effect of LPS on constrictor responses to the adrenergic receptor agonist phenylephrine (PE) in murine mesenteric resistance arteries. Concentration
response curves to PE in arteries taken from (A) wild type and (B) iNOS knockout (n=8-10) mice. Values shown are mean ± SEM. Statistical analysis using
Two-Way ANOVA shown as * * * f <0.001 when compared to control responses.
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Figure 5,2: Effect o f LPS on constrictor responses to the thromboxane A 2  agonist U46619 in murine mesenteric resistance arteries. Concentration response
curves to U46619 in arteries taken from (A) wild type and (B) iNOS knockout (n=7-9) mice. Values shown are mean ± SEM. Statistical analysis using Two-
Way ANOVA shown as ***P<0.001 when compared to control responses.
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5.4.1.b LPS Treatment For 4 h Produces No Change in Vascular 

Reactivity of Aortic Rings

Pre-treatment of WT animals with LPS for 4 h had no effect on contractile responses 

to KCl (saline-treated: max = 0.70 ± 0.07g, LPS-treated: 0.81 ± 0.2g, n = 18, E>0.05) 

or PE (Figure 5.5A). Similarly LPS-pre-treatment had no effect on ACh-induced 

relaxations (Figure 5.7A). In KO animals responses to KCl (max = 0.78 ± O.lg, max 

= 0.69 ± 0.07g, n = 12-19; f>0.05), PE (Figure 5.5B), and ACh (Figure 5.7B) were 

also unaltered by LPS pre-treatment.

5.4.1.c LPS Treatment for 15 h Alters Resistance and Conduit Artery 

Vascuiar Reactivity.

i. Vasoconstrictor Responses of Mesenteric Resistance Arteries 

KCl caused a similar magnitude of contraction of mesenteric arteries from saline- or 

LPS-treated WT (8.7 ± 0.5mN vs 8.6 ± 0.5mN respectively; n=32-34; P>0.05) and 

KO animals (10.8 ± 0.7mN vs 9.8 ± 0.4mN respectively; n=31-35; f>0.05).
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Both PE and U46619 produced concentration-dependent contraction of mesenteric 

arteries from saline-treated WT animals that was similar to the responses of arteries 

from KG animals. LPS treatment reduced the potency and maximum contraction to 

PE (Figure 5.1 A), but had no effect on the response to U-46619 (Table 5.1; Figure 

5.2A) in vessels from WT animals. In contrast LPS treatment did not alter the 

responses of vessels from KG animals to PE or U-46619 (Table 5.1; Figures 5. IB and 

5.2B).

ii. Vasodilator Responses of Mesenteric Resistance Arteries

Both ACh and Sper-NG produced concentration-dependent relaxation of arteries from 

saline-treated WT animals that was similar to the responses of arteries from KG 

animals. LPS treatment reduced the potency and maximum relaxation to ACh (Figure 

5.3 A) and reduced the potency of Sper-NG (Figure 5.4A) in vessels from WT animals 

(Table 5.1). In contrast LPS treatment did not alter the responses of vessels from KG 

animals to ACh or Sper-NG (Figure 5.3B and 5.4B; Table 5.1).
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Figure 5.3: Effect of LPS on relaxation responses to acetylcholine (ACh) in murine mesenteric resistance arteries. Concentration response curves to ACh in 
arteries taken from (A) wild type and (B) iNOS knockout (n=5-14) mice. Values shown are mean ± SEM. Statistical analysis using Two-Way ANOVA shown 
as ***P<0.001 when compared to control responses.
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Figure 5.4: Effect of LPS on relaxation responses to the NO donor spermine-NO (Sper-NO) in murine mesenteric resistance arteries. Concentration response
curves to Sper-NO in arteries taken from (A) wild type and (B) iNOS knockout (n=5-14) mice. Values shown are mean ± SEM.
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WILD TYPE iNOS knockout

PE U-46619 ACh SperNO PE U-46619 ACh SperNO

6.2+0.08 7.710.2 7.210.1 6.310.05 5.910.08 7.710.05 7.110.1 6.210.1
pECsp

1

n=10 n=7 n=14 n =11 n=9 n=9 n=5 n=8

< 8.5±0.5 11.111.7
MAX

mN mN
71.415.1% 90.612.3% 8.511.1mN 12.710.4mN 71.415.1% 89.615.7%

5.6+0.1 7.110.03 7.210.3 5.910.07 7.810.03 6.910.1 6.110.09
pECsc 6.010.1 n=9

JS
in n=8 *** n=8 n=9 n=7** n=9 n=6 n = ll

A , 7.410.3 10.110.92 41.7110.1%
MAX

mN mN * * *
88.212.7% 8.310.9mN 11.110.6mN 82.613.8% 89.812.7%

Table 5.1: Effect of LPS (15 h) on responses to the vasoconstrictors PE, U-46619, and vasodilators ACh and Sper-NO in mesenteric resistance arteries taken 
from WT and iNOS KO mice. Values expressed as mean ± SEM. Statistical analysis using One Way ANOVA shown as; *P<0.05 **P<0.01 and ***f<0.001, 
compared to corresponding saline value.
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Hi. Vasoconstrictor Responses of Conduit Arteries

KCl caused a similar magnitude of contraction of aortae taken from saline treated WT 

(max = 0.70 ± 0.07g, n = 18) and KG animals (max = 0.69 ± 0.07g, n = 11). 

However, unlike the resistance arteries, LPS treatment resulted in a small but 

significant (P<0.05) enhancement of the response in arteries of either species (WT 

max = 0.96 ± 0.08g, n=18, KG max = 0.86 ± 0.06g, n = 14).

Both PE and U-46619 produced similar concentration-dependent contraction of 

aortae from saline-treated WT and KG animals. LPS treatment, whilst having no 

effect on the potency of PE, significantly enhanced the maximum response in both 

WT and KG arteries (Figure 5.5A and B). LPS treatment had no effect on the 

responses to U-46619 (Table 5.2, Figure 5.6A and B).
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Figure 5.5: Effect o f LPS on constrictor responses to the adrenergic receptor agonist phenylephrine (PE) in murine aortic rings. Concentration response curves to
PE in arteries taken from (A) wild type and (B) iNOS knockout (n=6-9) mice. Values shown are mean ± SEM Statistical analysis using Two-Way ANOVA
shown as * < 0 . 0 1  *** f  <0.001 when compared to control responses.
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Figure 5.6: Effect of LPS on constrictor responses to the thromboxane A2  agonist (U46619) in murine aortic rings. Concentration response curves to U46619 in
arteries taken from (A) wild type and (B) iNOS knockout (n=6-l 1) mice. Values shown are mean ± SEM.
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Figure 5.7: Effect of LPS on relaxation responses to the muscurinic agonist acetylcholine (ACh) and in murine aortic rings. Concentration response curves to
ACh in arteries taken from (A) wild type and (B) iNOS knockout (n=6-17) mice. Values shown are mean ± SEM. Statistical analysis using Two-Way ANOVA
shown as **P<0.01 when compared to control responses.
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Figure 5.8: Effect of LPS on relaxation responses to the NO donor spermine-NO (Sper-NO) in murine aortic rings. Concentration response curves to Sper-NO in
arteries taken from (A) wild type and (B) iNOS knockout (n=8-14) mice. Values shown are mean ± SEM.
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WILD TYPE iNOS knockout

PE U-46619 ACh SperNO PE U-46619 ACh SperNO

ià

pECso
7.3±0.2

n=8

8.3+0.1 

n=6

7.4+0.1

n=10

6.4+0.05

n=14

7.3+0.01

n=15

8.4+0.6

n = ll

7.3+0.06

n=10

6.7+0.07

n=8

Z

<
MAX 0.44±0.08g 1.2+O.lg 84.3±5.6% 99.0+0.5% 0.56±0.0g 1.2+0.14g 80.1+6.0% 95.2+3.0%

S'
rr)

pECso
7.3±0.2

n=8

8.1+G.l

n=7

7.1+.0.01

n=17

6.9+0.06 n=8

A

7.3+0.3

n=T5

8.5+0.08

n=10

7.7+0.09

n=9

6.6+0.04

n=13

r/)
5 MAX

0.60±0.10g

*
l.l±0.9g

56.2±5.3%*

**
97.7+1.1% 0.7+0.08g* 1.4+0.08g 70.2+3.6% 97.0+2.5%

Table 5.2: Effect of LPS (15 h) on responses to the vasoconstrictors PE, U-46619, and vasodilators ACh and Sper-NO aortic rings taken from WT and iNOS KO
mice. Values expressed as mean ± SEM. Statistical analysis using One Way ANOVA shown as *P<0.05, **P<0.01, and ***P<0.001 compared to
corresponding control value.
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/V. Vasodilator Responses of Conduit Arteries

Both ACh and Sper-NO produced similar concentration-dependent relaxation of WT 

and KO arteries from saline-treated animals (Table 5.2). LPS treatment reduced the 

potency and maximum relaxation to ACh and reduced the potency of Sper-NO in 

vessels from WT animals (Figure 5.7A and 5.8A; Table 5.2). In contrast LPS 

treatment did not alter the responses of vessels from KO animals to ACh or Sper-NO 

(Figure 5.7B and 5.8B, Table 5.2).

V. Expression of iNOS is Absent In LPS-Treated KG Animals 

Western blotting confirmed the absence of iNOS in both mesenteries and aortae taken 

from saline-treated WT and KO animals. At 15 h, iNOS was detected in tissues from 

WT-LPS treated animals but not in tissues from KO-LPS. COX-2 expression was 

absent in saline-treated WT and KO tissues, but was equally observed in LPS-treated 

tissues from both WT and KO animals at 15 h LPS treatment (Figure 5.9).

After 4 h LPS treatment, expression of iNOS was demonstrated only in resistance 

arteries, and not aortae, taken from WT animals. COX-2 expression was absent in 

samples from both WT and KO animals treated with LPS at this time point (Figure 

5.10).

148



Chapter 5: Role of iNOS in Endotoxaemia Induced Endothelial Dysfunction:

Implications for EDHF

(A) iNOS 
I. aortae

(B) COX-2 
I. aortae

130
KDa

72KDa

+ve
WT
LPS

KG
LPS

KGWTWT WT
LPS

KG KG 
C LPS

ii. mesentery li. mesentery

130
KDa 72 KDa

WT KG KG 
C LPS

WT
LPS

WT WT
LPS

KG KG
LPS

Figure 5.9; Effect of LPS 15 h on expression of inducible nitric oxide synthase (iNOS) and cyclo- 
oxygenase-2 (COX-2) expression. Western blotting showing expression of (A) iNOS in i) aortic rings 
or ii) resistance mesenteric arteries, and (B) expression of COX-2 in i) aortic rings or ii) mesenteric 
resistance arteries from wild type (WT) and knockout (KO) mice.
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Figure 5.10: Effect of LPS (4 h) on inducible nitric oxide synthase (iNOS) and cyclo-oxygenase-2 
(COX-2) expression in mesenteric arteries taken from iNOS wild type (WT) and knockout (KO) mice.
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5.4.2 Effect of Endotoxaemia on EDHF Responses

5.4.2.a EDHF Responses in iNOS KG mice

/. Characterisation of ACh-lnduced Relaxation in Mesenteric 

Resistance Arteries from iNOS WT and KG mice

ACh caused concentration dependent relaxation of all vessels in arteries taken from 

WT and KG saline-treated mice, and exhibited similar characteristics with regards to 

sensitivity to NOS and COX inhibition. ACh-induced relaxations were unaffected by 

treatment with Indo, but completely abolished by either L-NAME or L-NAME+Indo 

in arteries from both WT and KO mice (Figure 5.11; Figure 5.12 and Table 5.3).
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Control
Max (%) 49.9 ± 14.9 60.2 ± 12.5

pECso 7.3 ±0.1, (n=5) 7.3 ±0.3, (n=9)

Indo
Max (%) 52.1 ± 7.8 59.6 ± 15.1

pECso 7.1 ±.0.03, (n=5) 7.3 ± 0.3, (n=9)

L-NAME
Max (%) 8.7 ±3.6*** 14.6 ± 10.9***

pECso 8.6 ±0.5, (n=5) 8.2 ± 0.01, (n=4)

L-NAME+Indo
Max (%) 18.9± 4.6** 10.9 ±5.5***

pECso 6.3 ± 0.6, (n=5) 6.9± 0.5, (n=7)

Table 5.3: Effect of L-NAME (300 pM) and indomethacin (Indo, 5 ^M) on acetylcholine-induced 

relaxation of mesenteric resistance arteries from iNOS wild type and KG mice, (max = maximum 

relaxation). Values quotes as mean ± SEM. Statistical analysis using ONE-Way ANOVA, **f<0.01, 

and ***f*<0.001 when compared to the corresponding control value.
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Figure 5.11: Effect of L-NAME (300 pM) and indomethacin (Indo, 5 pM) on acetylcholine (ACh)- 

induced relaxation of murine mesenteric resistance arteries from saline treated iNOS wild type mice. 

Values quotes as mean ± SEM Statistical analysis using TWO-Way ANOVA is depicted as 

***f <0.001 compared to control (n=5)

152



Chapter 5; Role of iNOS in Endotoxaemia Induced Endothelial Dysfunction:

Implications for EDHF

g
to

80*

70-

60-

50-

40-

30-

20-

1 0 -

0-

Control
Indo
L-NAME
L-NAME+lndo

-9

* * *

_L ’W  * * *

"I---------------1---------------1-----
-8 -7 -6

Log [ACh] M

- r
-5

-I
-4

Figure 5.12: Effect of L-NAME (300 pM) and indomethacin (Indo, 5 pM) on acetylcholine (ACh)- 

induced relaxation of murine mesenteric resistance arteries from saline treated iNOS KG mice. Values 

quotes as mean ± SEM. Statistical analysis using TWO-Way ANOVA is depicted as 

***f<0.001compared to control (n>4)
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ii. Characterisation of Bradykinin-lnduced Relaxation in Mesenteric 

Resistance Arteries form iNOS WT and KG Mice

Since responses to ACh did not appear to stimulate EDHF responses, responses to 

bradykinin were tested in these same tissues. Bradykinin caused concentration 

dependent relaxation of arteries taken from WT saline treated animals. This response 

was unaffected by Indo, however, like ACh, this response was also significantly 

suppressed by L-NAME and L-NAME+Indo (Figure 5.13; Table 5.4).

Treatment with LPS significantly suppressed responses to bradykinin in arteries taken 

from WT mice. However, unlike the saline treated animals, these responses were 

unaffected by Indo, L-NAME and the combination of L-NAME+Indo. The 

component insensitive to latter combination appears to have increased compared to 

the saline control, although this did not reach significance (Figure 5.14).
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Figure 5.13: Effect of L-NAME (300 }iM) and indomethacin (Indo, 5 jiM) on bmcfykmin-induc^ 

relaxation of murine mesenteric resistance arteries from saline treated iNOS wild type mice. Values 
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Figure 5.14: Effect L-NAME (300 pM) and indomethadn (Indo; 5 |iM) on biadykinin-induced 

relaxation of murine mesenteric resistance artaies from LPS-treated (15 h) iNOS wild type mice. 

Values quotes as mean + SEM. ( i ^ )
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Max (%) 37.7 ± 6.9 15.4 + 3.8 ^

Control
pECso 6.8 + 0.4, (n=15)

7.6 ± 0 .7 ,^  

(n=13)

Indo
Max (%) 20.2 + 5.7** 12.8 + 8.9

pECso 7.1 +0.3, (n=10) 7.0 ± 0.8, (n=5)

L-NAME
Max (%) 38.7 + 14.7 13.4 + 5.0 ^

pECso (n = ll) 6.4 ± 0.9, (n=7)

L-NAME+Indo
Max (%) 12.0 ± 10.6** 21.5 ± 11.7

pECso (n=8) 6.2 ± 0.3, (n=5)

Table 5.4: Characterisation of bradykinin-induced relaxation in mesenteric resistance arteries taken 
from LPS- (15 h) and saline-treated wild type mice. L-NAME (300 pM), indomethacin (Indo, 5 pM), 
max = maximum relaxation. Values quotes as mean ± SEM. Statistical analysis using ONE-WAY 
ANOVA , <0.01 when compared to the corresponding saline-treated value or ^P<0.001 when
compared to corresponding WT value.

Bradykinin induced concentration dependent relaxation of all arteries taken from 

iNOS KG mice. This response was unaffected by Indo, but significantly suppressed 

by L-NAME, and L-NAME+Indo, (Figure 5.15; Table 5.5)

Unlike WT arteries, LPS treatment had no effect on bradykinin-induced relaxations in

arteries taken from iNOS KO mice. This response was unaffected by L-NAME, Indo
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or a combination of the two. As with arteries taken from WT animals, the component 

insensitive to L-NAME+Indo increased compared to saline control. This response 

was completely abolished by the combination of CTX+apamin or KCl (Figure 5.16; 

Table 5.5).
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Figure 5.15: Effect of L-NAME (300 pM) and indomethacin (Indo, 5 pM) on bradykinin-induced 

relaxation of murine mesenteric resistance arteries from saline treated iNOS KG mice. Values quotes 

as mean ± SEM. Statistical analysis using TWO-Way ANOVA is depicted as **P<0.01 and 

***f<0.001 compared to control (n>6)
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Figure 5.16: EfiFect of L-NAME (300 pM) and indomethacin (Indo, 5 nM) and modulators of 

potassium flux (CTX = charybdotoxin, (100 nM), KCl (30 mM) on bradykinin-induced relaxation of 

murine mesenteric resistance arteries from LPS-treated (15 h) iNOS KG mice. Values quotes as mean 

± SEM. (n>9)
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Control
Max (%) 43.9 ± 13.9 30.1 ± 7.1

pECso 7.7 ± 0.5, (n=8) 8.3 ± 0.2 (n=15)

Indo
Max (%) 30.7 + 7.9 28.8 ± 4.0

pECso 7.9 ± 0.7, (n=6) 7.0 + 0.4, (n=8)

L-NAME
Max (%) 11.6 ± 6.7 19.7 ± 4.6

pECso (n=5) 7.7 ± 0.7, (n=6)

L-NAME+Indo
Max (%) 6.3 ± 2.9 29.1 ± 10.6^*

pECso (n=5) 7.7 ± 0.3, (n=10)

Table 5.5: Characterisation of bradykinin-induced relaxation in mesenteric resistance arteries taken 
from LPS- (15 h) and saline-treated KG mice. L-NAME (300 îM), indomethacin (Indo, 5 |iM), max = 
maximum relaxation. Values quotes as mean ± SEM. Statistical analysis using ONE-Way ANOVA, 
*f<0.05 when compared to the corresponding saline-treated value or ###f>0.001 compared to 
corresponding WT value.

5.4.2.b EDHF Responses in eNOS KO Mice

ACh caused concentration-dependent relaxation of all arteries taken from KO mice. 

Arteries taken from control animals, exhibited ACh-induced relaxation (max) that 

was significantly inhibited by Indo. Following LPS treatment, this response was, 

although significantly suppressed, unaffected by Indo (Figure 5.17; Table 5.6).
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Control
Max (%) 54.2 ± 9.1 38.0 ± 9.5

pECso 5.0 ± 0.42, (n=4) 6.4 ± 0.06, (n=7)

Indo
Max (%) 15.7 ± 6.9** 22.6 ±6.1**

pECso 7.1 ± 0.05,( n=4) 6.4 ± 0.2 (n=7)

Table 5.6: Characterisation of acetylcholine-induced relaxation in mesenteric resistance arteries taken 
from LPS- (15 h) and saline-treated eNOS KG mice. Indomethacin (Indo, 5 îM), max = maximum 
relaxation Values quotes as mean ± SEM. Statistical analysis using ONE-Way ANOVA, **P<0.001 
when compared to the corresponding control value.
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Figure 5.17; Effect of LPS on relaxation responses to acetylcholine (ACh) in mesenteric resistance arteries from eNOS KG mice. Concentration response curves 
to ACh in arteries taken from (A) saline treated and (B) LPS (15 h) treated animals. Values shown are mean ± SEM. Statistical analysis using Two-Way 
ANOVA shown as ***P<0.001 when compared to control responses.
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5.5 Summary

1. Endothelial dysfunction is a characteristic of inflammatory cardiovascular 

diseases, including sepsis and autoimmune conditions, and may be pathogenic 

in these diseases. The mechanism underlying inflammation-induced 

endothelial dysfunction may be related to the expression and activity of iNOS.

2. The role of iNOS-derived NO in endothelial dysfunction was investigated in 

isolated resistance (mesenteric) and conduit (aorta) arteries taken from 

lipopolysaccharide- (LPS; 12.5mg/kg i.v. - either 4 or 15 h treatment) or 

saline treated iNOS KO and WT mice.

3. LPS pre-treatment (for 15 h but not 4 h) profoundly suppressed responses to 

ACh and significantly reduced sensitivity to the NO-donor Sper-NO in both 

aorta and mesenteric arteries of WT mice. This effect was temporally 

associated with iNOS protein expression. In contrast arteries of iNOS KO 

animals did not exhibit any hyporeactivity to ACh or Sper-NO and did not 

express iNOS.
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4. These results clearly demonstrate that iNOS induction plays an integral role in 

mediation of the endothelial dysfunction associated with sepsis in both 

resistance and conduit arteries.

5. Responses to both ACh and bradykinin were blocked by L-NAME+Indo in 

arteries taken from iNOS WT mice, suggesting an absence of EDHF in these 

arteries. However, following LPS-treatment, relaxations to bradykinin, 

although suppressed were no longer sensitive to L-NAME+Indo.

6. LPS treatment had no effect on bradykinin-induced relaxation in arteries taken 

from iNOS KO. In addition, like arteries from WT, these responses were also 

no longer sensitive to L-NAME+Indo and were inhibited by KCl and a 

combination of CTX+apamin.

7. Similarly, arteries taken from eNOS KO mice, demonstrated an increase in 

EDHF responses following LPS treatment. In saline treated animals, ACh- 

induced relaxations were completely abolished Indo. However, following LPS 

treatment this response was, although suppressed, no longer sensitive to Indo, 

suggesting that EDHF may compensate for reduced prostacyclin responses 

during endotoxaemia in these vessels.
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Chapter 6: Discussion

Discussion

Since the discovery of EDHF, investigations into its identity and mechanism of action 

have been extensive, however as yet no clear resolution to either question has been 

reached. Studies of EDHF should be conducted in the presence of maximal NO and 

COX inhibition since both NO and prostacyclin have been shown to cause 

hyperpolarisation of VSMC and also modulate EDHF responses. This thesis 

investigates two different approaches to eliminate NO and characterise EDHF 

responses. In the first part, the impact of optimal NO blockade using an NO 

scavenger in combination with NOS inhibition was investigated in RMA. The second 

approach was using eNOS KO mice, thereby examining the effects of acute and 

chronic NO inhibition on EDHF responses. In addition, the effects of high levels of 

NO, to examine the effects of endothelial dysfunction on EDHF responses, were 

conducted using a model for endotoxaemia (developed in Chapter 5). Indeed, 

responses to EDHF were upregulated in endotoxaemia suggesting EDHF plays a 

compensatory role in this, and possibly other disease conditions where eNOS or 

constitutive NO function is impaired. Finally, after characterising EDHF responses in 

the RMA, the role of CNF; an endothelium derived hyperpolarising agent was 

compared to that of native EDHF in this vessel type.
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6.1 EDHF Activity in Rat Resistance Arteries

6.1.1 Contribution of NO to EDHF-responses:

It is generally accepted that EDHF is responsible for the hyperpolarising component 

o f endothelium-dependent relaxation in the presence o f NOS and COX inhibition. 

However, the results as described in chapter 3, demonstrate that despite the presence 

of NOS inhibitors, there is still a residual NO component. These studies demonstrate 

that complete elimination of NO responses is achieved only in the presence of an NO 

scavenger, which will provide an environment in which responses to EDHF can then 

be clearly dissected. In addition, this NOS inhibitor-resistant NO may be derived 

from endothelial NO stores and causes relaxation via the activation of channels.

The arteries used for this study were chosen based upon studies identifying a

significant role for EDHF in mediation of ACh-induced relaxation. In both RMA

(Shimokawa et a l, 1996) and RHA (Zygmunt et a l, 1998) EDHF is believed to

mediate as much as 95% of the ACh response. Consistent with these observations,

inhibition of NOS and COX, with concentrations of L-NAME and Indo thought to

maximally inhibit enzyme activity, had little effect on the responses to ACh in both

types of artery. Addition of the NO scavengers, OxyHb or Carboxy-PTIO profoundly

suppressed ACh-induced relaxation in both preparations. This finding is in contrast to
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that of Garland et a l (1992) where it was shown that OxyHb had no effect on ACh- 

induced relaxations in RMA. The reasons for this difference may relate to the 

concentration of OxyHb used; in the present study OxyHb was applied twice (10 pM 

given 15 minutes prior to precontraction and then a second 10 pM is applied just 

prior to application of ACh), however the studies by Garland et a l, were conducted 

using a single application of 1.5 pM with a 10 min pre-treatment. Although it was 

demonstrated that this low-dose of OxyHb was able to block the responses to 

exogenously applied NO, it is possible that endogenous NO (including NO in 

putative stores) may not have been scavenged. OxyHb also scavenges other oxygen 

species such as superoxides (Yokozawa, et al, 1999), which may also mediate 

vasorelaxation. This is unlikely however, since in this particular study, the 

structurally unrelated NO scavenger, Carboxy-PTIO, (which does not appear to 

scavenge superoxides) also attenuated ACh-induced relaxation to a similar extent. 

Results from this study suggest that L-NAME alone does not optimally inhibit NO- 

dependent responses in either RHA or RMA. These results are in agreement with 

other studies. For instance, in rabbit carotid arteries, L-NAME (30 pM) was 

inadequate at removing all NO released by the application of ACh (Cohen et al, 

1997). Also, in human coronary arteries, L-NA (100 pM) did not completely abolish 

NO-dependent responses, since these responses were further inhibited by the addition 

of OxyHb (Kemp & Cocks, 1997). Indeed, ACh-induced relaxation was still 

associated with a release of NO, as measured using an NO microsensor, in both rat 

superior mesenteric artery (Simonsen et a l, 1999) and porcine coronary artery, (Ge et
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al, 2000) despite the presence of NOS inhibition. Combining L-NAME with the 

other NOS inhibitors, as used in the study of Cohen et al, (1997) had no further 

effect on ACh-induced relaxation in RMA compared with L-NAME alone. This 

indicates that the concentration of NOS inhibitor used was adequate to produce the 

maximum achievable inhibition of NOS activity.

Therefore like other studies, these data show that NO mediates a major component of 

ACh-induced relaxation in both RMA and RHA. However, a significant relaxation 

persists in the presence of optimal NO and prostacyclin blockade. This response is 

most likely due to the activity of EDHF since it is abolished by raising extracellular 

or by treatment with combinations of CTX + apamin or Ba^^ + ouabain. Previous 

studies indicate that these modulators of flux antagonise EDHF-mediated 

relaxations, resulting in a reduced or absent vasorelaxation (Edwards et al, 1998a; 

Edwards et al, 2000). However, in contrast to previous studies, this study shows that 

in the presence of optimal NO, and prostacyclin inhibition, ACh produces a 

contraction. This difference may be explained by the fact that it is only in the absence 

of all endothelial derived relaxing factors, that ACh produces a contractile response, 

and is likely due to a direct effect on the VSMC.

Therefore it appears that despite maximal NOS inhibition a residual NO component 

remains that is sensitive to NO scavenging. This L-NAME-insensitive but OxyHb-
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sensitive component of ACh-induced relaxation, whilst being mediated by NO did 

not involve activation of sGC, since inhibition of enzyme activity, using ODQ, had 

no effect on ACh responses in the presence of L-NAME + Indo. This concentration 

of ODQ has been shown to produce maximal inhibition of GC activity (Fleming et 

a l, 2001). Moreover some evidence suggests that NO mediated relaxation can occur 

via sGC independent mechanisms, including direct hyperpolarisation of vascular 

smooth muscle (Tare et al, 1990; Bolotina et a l, 1994; Wise & Jones, 1996). 

Therefore it is likely that in this preparation, NO mediates its relaxation mainly 

through sGC-independent activation of potassium channels. In support of this, the 

electrophysiological studies show that in the presence of L-NAME + Indo, ACh- 

induced hyperpolarisation, was significantly reduced («40%) by OxyHb. This 

suggests that NO mediates a component of the ACh-induced hyperpolarisation of 

vascular smooth muscle, in the presence of L-NAME + Indo. Consistent with this, 

relaxations to the NO donor SNP are inhibited by Ba^ + ouabain in RHA suggesting 

that a component of the relaxation response to the NO donor involves the activation 

of Kir and the Na/K-ATPase. These data are consistent with other work 

demonstrating the hyperpolarising nature of authentic NO (Cohen et a l, 1997) and 

sensitivity of exogenously added NO donors to channel blockers and inhibitors of 

the Na/K ATPase (Onoue & Katusic, 1997; Plane et a l, 1998).
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The source of this NOS inhibitor-insensitive, but OxyHb sensitive component of 

ACh-induced relaxation may be NO release from a pre-formed store. A number of 

studies have demonstrated photorelaxation that is insensitive to sGC and NOS 

inhibition suggesting that NO release from these stores is independent of both sGC 

and eNOS activation. Previous studies, investigating the mechanisms mediating 

photorelaxation demonstrated that these responses were inhibited by ouabain, TEA 

and raised , (Chaudhry et a l, 1993) suggesting that NO released by ultraviolet 

light mediates relaxation via hyperpolarisation (Chaudhry et a l, 1993; Charpie et a l, 

1994). It has therefore been suggested that a photoactivatable NO store exists -  

indeed NO has been shown to form stable pools when bound with thiols, non-haem 

iron or even as a nitrite (Venturini et a l, 1993; Liu et al, 2000). Therefore in the final 

part of Chapter 3, the contribution of NO stores to ACh induced relaxation in the 

presence of NOS inhibition was investigated.

Results from the Chapter 3 demonstrated that ultraviolet light caused relaxation of 

endothelium intact RMA treated with L-NMMA+Indo. These responses were 

significantly inhibited by either OxyHb or Ba^^+ouabain, but insensitive to 

CTX+apamin. Consistent with this, other studies have also shown that NO released 

from such stores is OxyHb sensitive (Onoue & Katusic, 1997; Kakuyama et a l, 1998; 

Plane et a l, 1998; Taylor et a l, 2001) and mediates vasorelaxation by causing 

hyperpolarisation of VSMC (Charpie et a l, 1994; Lovren & Triggle, 1998; Yaktubay
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et al, 1999). The location of this store is likely to be within the endothelial cell, since 

removal of the endothelium abolished ultraviolet light-induced relaxation in these 

arteries. However, since the wavelength of light used to elicit NO release from these 

stores (366nm) is close to that at which OxyHb absorbs light (415nm) it is possible 

that OxyHb inhibited photorelaxation by reducing the amount of light reaching the 

vessel, rather than an effect of NO scavenging. This possibility could be could be 

addressed by conducting studies using the structurally unrelated NO scavenger 

Carboxy-PTIO or by changing the light stimulus to visible light as used by Megson et 

al, 1995.

Therefore, it appears that the NO component of ACh-induced relaxation in these 

arteries is mediated by two distinct NO sources; one is susceptible to NOS inhibitors 

and likely to be produced by de novo synthesis by eNOS, and the other is NOS- 

inhibitor insensitive, sensitive to NO scavengers and might be attributed to a pre

formed store. In addition, NO from these stores cause relaxation by directly 

hyperpolarising vascular smooth muscle. An alternative explanation for these 

findings is that NO-store derived NO, might operate by stimulating the release of 

EDHF. This is unlikely since several lines of evidence point to an inhibitory effect of 

NO on EDHF release (Cohen et al, 1997). However, further experiments 

investigating the hyperpolarising nature of NO in endothelium-denuded and intact 

preparations might address this issue.
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The clinical relevance of NO stores is unclear however it has been suggested that they 

play a compensatory role in diseases where constitutive NO production is impaired 

e.g. endotoxaemia or hypertension. Indeed, Kubaszewski et al, (1994) demonstrated 

that photorelaxation in hypertensive rats was enhanced compared to controls. In 

addition, these stores may have a role in conditions where eNOS is impaired e.g. 

following iNOS induction, thereby potentially providing a source of NO that may be 

released in response to endothelium-dependent stimuli. Therefore, although there is 

evidence that NO stores play an important role in the physiology of the endothelium, 

the mechanisms by which NO is released from these stores physiologically, is still 

unclear and further work is warranted.

In summary a significant component of the response to ACh that has previously been 

attributed to EDHF and mediated by Ba^  ̂and ouabain sensitive mechanisms is likely 

secondary to NO released from a store located in the endothelial cell. These findings 

highlight the importance of using NO scavengers in addition to NOS inhibitors to 

eliminate NO when attempting to study EDHF responses in the vasculature.

6.1.2 Mechanisms of CNP-lnduced Relaxation in RMA

CNF is a known vasodilator and several studies have suggested that it may cause 

vasorelaxation by hyperpolarisation of VSMC (Wei et al, 1993; Wennberg et al,
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1999). This, and the fact that CNP is synthesised and stored in the endothelium 

(Stingo et al, 1992; Chen & Burnett, Jr., 1998), might suggest that CNP acts as an 

EDHF.

To be eligible as a candidate for EDHF it is necessary to demonstrate that the factor is 

evoked following endothelial stimulation. This was demonstrated using the perfused 

rat mesenteric bed. Infusion of ACh into the bed resulted in vasorelaxation which was 

associated with CNP release, as measured using a RIA assay on effluent samples. 

This release of CNP was absent in endothelium denuded preparations, demonstrating 

that CNP release was endothelium dependent.

Another criteria for a candidate for EDHF is that exogenous application must produce

vasorelaxation in a manner similar to native EDHF, in an endothelium independent

fashion. Indeed, CNP application to isolated RMA caused a concentration dependent

relaxation that was endothelium independent, suggesting the effects of CNP are

directly on the VSMC. This is in contrast to some studies which suggest that the

effects of CNP are partly mediated through NPR-B activation on the endothelial cell,

resulting in eNOS activation (Brunner & Wolkart, 2001). Indeed, the results from

chapter 3 suggest that a significant proportion of ACh-induced relaxation in L-

NAME+Indo treated of RMA can be attributed to NO. The contribution of NO to

CNP-induced relaxation is unlikely, since L-NAME was present in all experiments.

In addition, the possibility that CNP might activate NO stores was excluded since
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OxyHb had no effect on CNP-induced relaxation, indicating that the NO and CNP

components of ACh-induced relaxation are distinct. These data are in agreement with

a large number of studies supporting the notion that CNP acts in an endothelium-

independent fashion (see Chen & Burnett, Jr., 1998 for review).

Curiously, both ACh and CNP-induced relaxations together with ACh-induced CNP

release were inhibited by the gap junction inhibitor ISa-glycyrrhetinic acid,

suggesting that both EDHF and CNP act, in part, through this pathway. A number of

studies have suggested that EDHF responses are mediated through gap junctions

either between the endothelium and VSMC or between VSMCs (Christ et al, 1996;

Chaytor et al, 1998; Kagota et al, 1999; Brandes et al, 2000; Sandow & Hill 2000;

Chaytor et al, 2001), and as expected ACh-induced relaxations were attenuated by

18a-glycyrrhetinic acid. However, it was surprising that CNP-induced relaxation was

also suppressed by this agent. This suggests that CNP requires intact myoendothelial

gap junctional communication to mediate a response. With the current evidence it is

unclear at what level the CNP response was inhibited by this agent, it is possible that

CNP passes through the gap junctions or that CNP activates myoendothelial gap

junctions to pass hyperpolarising current between cells, e.g. through ions. The

latter possibility seems more likely and it has been documented that gap junctions can

be regulated by secondary messengers such as IP3 and Ca^ ,̂ and it is quite possible

that CNP or [K^]i also regulate these channels (Christ et al, 1996). The role of

myoendothelial gap junctions to CNP-induced relaxation could be assessed using a

gap junction inhibitor in endothelium-denuded preparations. Physiologically these
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channels are believed to play a role in conducted responses and general homeostasis 

of the vessel wall, however as yet the mechanisms regulating their function are 

unknovm.

Responses to ACh, were, as expected, suppressed by the GYP inhibitor 

sulfaphenazole. A number of studies have suggested that EDHF responses are 

mediated by GYP metabolites -  EETs (see section 1.4.5b). Indeed, in the porcine 

coronary artery, this is most definitely the case. However, it has also been suggested 

that GYP metabolites are involved in the release, rather than the post junctional 

effects of EDHF on the VSMG. The data from this study support this idea since GYP 

inhibition suppresses AGh- but not GNP-induced relaxations. It could be postulated 

therefore, that GNP release from the endothelium involves GYP activation, but the 

effects of GNP are independent of this enzyme. Further work investigating the effect 

of sulfaphenazole on GNP-release would clarify whether GYP are involved in the 

release of GNP.

The effects of GNP are mediated through hyperpolarisation of VSMG. Indeed GNP- 

induced relaxation was associated with a hyperpolarisation that was sensitive to 

inhibition of Na/K-ATPase and Kir since responses were inhibited by the 

combination of Ba^^ and ouabain. AGh-induced relaxation in the presence of L-
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NAME+Indo+OxyHb are also blocked by this combination, and reports in the 

literature suggest that this combination inhibits EDHF activity.

In contrast, native EDHF responses (stimulated by ACh) in this tissue are inhibited by 

CTX+apamin, but this inhibitor combination had no effect on responses to CNP. 

These data suggest CNP activity is not mediated through BKca, IKca or SKca, and are 

in accordance with the hypothesis that the channels are involved in the release, but 

not the activity of EDHF. Thus, these results support the theory that an exogenous 

CNP acts directly on the VSMC, in a manner similar to EDHF.

Modulation of the CNP signalling pathways had similar effects on both ACh and 

CNP-induced relaxations. A number of studies have shown that CNP responses are 

enhanced by neuropeptidase (NEP) inhibition (Honing et al, 2001), however, 

surprisingly, in this study it had no effect on either ACh and CNP-induced relaxation, 

despite the fact that NEP is present in the rat vasculature, and is known to metabolise 

CNP (Tamburini et al, 1989). The concentration of thiorphan used here was known 

to be effective since it has been shown to suppress responses to ANP in other tissues 

(Llorens-Cortes et al, 1992). The apparent lack of effect of thiorphan may be related 

to the concentration of CNP used, possibly resulting in saturation of the pathway, 

such that NEP inhibition appears to have no further effect. ACh responses were also 

unaffected by thiorphan indicating that endogenously generated and exogenously 

generated CNP display similar properties.
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CNP- and ACh-induced relaxations were not blocked by HS-1-421 indicating that 

CNP does not mediate it effects through the NPR-A or B subtype. CNP can activate 

all three subtypes of the NPR family, these results suggest that CNP activates the C 

subtype, and this is in agreement with previous studies (Wright et al, 1996). The 

activity of HS-1-421 was confirmed against another NPR agonist, ANP, which is 

known to mediate it effects through these receptors. Responses to ANP were blocked 

by this antagonist, demonstrating the efficacy of this antagonist in this preparation.

NPR-C is coupled to multiple secondary messenger systems including activation of 

AC (Chen et al, 1998) and Gj-protein coupled pathways. At present, there are no 

specific NPR-C antagonists. However treatment with the Gj inhibitor - PTX, 

significantly reduced responses to CNP, and a previous study has shown that 

carbachol and A23187 responses are sensitive to PTX in this vessel (White et al, 

1997), supporting a role for NPR-C in mediating relaxation of RMA. The fact that 

ACh-and CNP induced relaxations were similarly attenuated by PTX further supports 

a role for ACh-induced CNP release. The effect of PTX on ACh responses is not 

likely to be due to an effect on the endothelial muscurinic (M3) receptor, since this 

receptor is coupled to Gq subtype. Therefore the effect of PTX must relate to 

antagonism of the response to a endothelial derived substance acting through the Gj 

protein receptor.
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Thus it appears that CNP acts through the NPR-C coupled to Gj to cause 

hyperpolarisation of the VSMC, the mechanisms underlying these are unclear, 

however there is evidence to suggest that the activity of some Kir subtypes can also 

be modulated by Gj (Leaney et al, 2001) and these channels are known as G-protein 

gated inwardly rectifying K^ channel (GIRK). These channels are found in neuronal 

tissue, however no investigation into their role in VSMC has been undertaken. The 

possibility that CNP activates a GIRK is indeed novel and warrants further 

investigation.

This study shows a novel mechanism of action of CNP through activation of NPR-C 

Gj protein to cause vasorelaxation. This is the first time that GIRKs have been located 

in the vasculature and provides a new model for the mechanism of CNP induced 

relaxation. These results also show that the characteristics of CNP and ACh-induced 

relaxation are similar, suggesting that CNP may be an EDHF in this tissue. This is 

confirmed by the fact that ACh stimulates the release of CNP, which appears to cause 

vasorelaxation through hyperpolarisation of the VSMC. Further experiments are 

required to determine the mechanisms by which CNP causes hyperpolarisation of the 

VSMC through this receptor.

In summary, these observations demonstrate that the vascular smooth muscle 

hyperpolarisation and vasorelaxation elicited by EDHF and CNP are
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indistinguishable and therefore assign a pivotal role to endothelial-derived CNP in the 

regulation of vascular tone and blood flow. The conclusion that CNP may account for 

the biological activity of EDHF in RHA, may represent a species-wide phenomenon, 

since CNP has been identified in the vascular endothelium, and has been shown to 

hyperpolarise vascular smooth muscle of several species including rat, bovine, 

porcine, canine and human (see Chen et al., 1998). Moreover, this study defines a 

series of compounds which antagonise the vasorelaxant actions of EDHF/CNP that 

should prove invaluable tools in dissecting further the biological roles of this factor.

S=3P5SE'

Gap junctions

;  Hyperpolansation

Gap junctions

VSM C

Figure 6.1: Putative mechanism for action of C-type natriuretic (CNP) in rat mesenteric artery. ACh = 

acetylcholine, Kir= inwardly rectifying potassium channel, NPR-C = neutropeptide receptor C, VSMC 

= vascular smooth muscle cell.
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6.2 Contribution of iNOS to Endotoxaemia-induced 

Endothelial Dysfunction and the Role of EDHF.

6.2.1 Role of iNOS in Mediating Endothelial Dysfunction.

Endothelial dysfunction has been implicated in a variety of cardiovascular diseases 

and may contribute to the clinical manifestation of these conditions. In sepsis, it is 

thought to contribute to hypotension and multi-organ failure. The cause and the effect 

of this phenomena has not been well characterised to date, and although suppressed 

responses to endothelium-dependent dilators have been observed in sepsis, the 

mechanisms mediating endothelial dysfunction have not been investigated, especially 

with respect to EDHF.

Sepsis is a condition caused by gram negative bacteria, it is associated with elevated 

levels of cytokines, prostaglandins as well as iNOS. Elevated iNOS levels are 

implicated in a variety of inflammatory conditions, including sepsis, where 

endothelial-dysfunction has been reported. Therefore, it has been suggested that 

iNOS-derived NO mediates endothelial dysfunction, indeed many studies have shown 

elevated NO levels during sepsis, and these contribute to suppressed vasoconstrictor 

responses characteristic of this condition. Using iNOS KO mice, the results from
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Chapter 5 demonstrates for the first time that iNOS mediates endothelial dysfunction 

in both conduit and resistance arteries.

At 15 h, but not 4 h, LPS treatment of WT animals suppressed ACh-induced 

endothelium-dependent relaxation in both aortae and mesenteric arteries: an effect 

that was temporally associated with iNOS expression in arteries of WT animals. LPS- 

induced suppression of ACh responses and iNOS expression were absent in arteries 

of iNOS KO animals implicating this enzyme in the vascular dysfunction apparent in 

arteries of WT animals. At 15 h in vivo LPS treatment of WT mice was associated 

with iNOS protein expression in both aorta and mesenteric arteries, whilst at the 4 h 

time point iNOS was expressed only in resistance arteries. In contrast iNOS 

expression was not evident at any time point in arteries of LPS-treated iNOS KO 

mice. This lack of iNOS expression was specific since the expression of another 

inducible inflammatory protein, COX-2, was no different in arteries of WT and iNOS 

KO animals at the 15 h time point. These results indicate that an appropriate time 

point for assessment of the role of iNOS in the changes in vascular reactivity 

associated with murine sepsis, is at 15 h following treatment with LPS. This 

conclusion is supported by the finding that the highest levels of plasma NOx occurs 

12-15 h post-treatment of these animals with 12.5 mg/kg LPS (Rees et al, 1998).
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LPS (15 h) pre-treatment of WT animals caused a profound suppression of ACh- 

induced endothelium-dependent relaxation in both resistance and conduit arteries. 

The absence of endothelial dysfunction and iNOS expression in arteries of iNOS KO 

mice support a role for this isoform in mediating the vascular changes associated with 

endotoxaemia. However, these observations are in direct contrast to previous studies 

(Gunnett et al, 1998; Boyle, III et al, 2000; Hollenberg et al, 2000) which reported 

no change in responses to ACh. The reasons for this may be related to the time course 

of LPS treatment in these animals. A pre-treatment period (15 h) was based upon 

reports that maximal iNOS expression and activity occur at this time (Rees et al, 

1998).Indeed western blotting confirmed this as iNOS expression was present in both 

arteries in 15 h LPS-treated WT animals. In other published studies much shorter 

time points (e.g. 4 h post LPS treatment) were used (Hollenberg et al, 2000) and it is 

unclear whether iNOS was present in the vessels studied. This study shows that 

following a 4 h LPS pre-treatment, iNOS expression was apparent only in resistance 

arteries and not aortae, and this is supported by the fact that vascular reactivity was 

altered in the former, but not the later (at this time point). In addition, COX-2 was not 

expressed in either vessel type at this time point, but was present at 15 h. The 

implication of these findings is two-fold: firstly these results suggest that at 4h the 

inflammatory response to endotoxin in these mice is only in the early stages and this 

may explain the lack of iNOS and endothelial dysfunction. Also the results suggest 

that the mechanisms involved in suppression of PE-induced contraction and ACh- 

induced relaxation in resistance arteries are distinct and that the former is sensitive to
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lower concentrations of NO or possibly that it is the length of the time of exposure. In 

addition these results show that the resistance vasculature appears more sensitive to 

the effects of LPS than the conduit vasculature.

The exact mechanism by which iNOS-derived NO mediates this endothelial 

dysfunction is unclear but may be a consequence of impaired expression/activity of 

any one of the endothelium-dependent vasodilators. Indeed iNOS has been shown to 

reduce eNOS function either directly (Parker & Adams, 1993; Liu et al, 1996; Zhou 

et al, 1997; Yamashita et al, 2000) or as a consequence of iNOS-dependent 

elevation of superoxide production (Brandes et al, 1999). ACh-induced relaxation, in 

the aorta at least, is due to the activity of NO released following activation of eNOS 

and subsequent activation of GC, to increase smooth muscle cell cGMP levels and 

cause relaxation (Moncada et al, 1991). These observations suggest that at least two 

distinct mechanisms underlie the suppression of ACh-induced relaxation following 

LPS exposure. The sensitivity of VSMC to NO is depressed as indicated by a 

decrease in potency of Sper-NO. This change is consistent with a down-regulation of 

sGC activity in the VSMC (Hussain et al, 1999) in response to iNOS-derived NO. 

However since suppression of Sper-NO responses was minor, it is unlikely that the 

alteration in smooth muscle sensitivity to NO accounts primarily for the profound 

depression of ACh responses. An alternative explanation is that ‘high output’ iNOS- 

derived NO exerts an inhibitory effect on eNOS, thereby inhibiting ACh-induced 

relaxation. Studies performed using isolated eNOS have shown that high

184



Chapter 6: Discussion

concentrations of NO, analogous to iNOS induction, inhibits activity (Buga et al, 

1993). Whether negative feedback inhibition of eNOS is responsible for the effects 

seen in the current study is unclear but warrants further investigation. Alternatively 

loss of ACh-mediated responses may relate to generation of superoxide by iNOS, 

rather than NO itself. Superoxide will react rapidly with NO to produce peroxynitrite 

(Huie & Padmaja, 1993) and it is thought that this may be a mechanism for NO 

removal (Beckman & Koppenol, 1996; Hussain et al, 1997) as well as increasing 

iNOS activity (Cooke & Davidge, 2002). Indeed loss of endothelium-dependent 

vasodilatation, as a consequence of cardiovascular disease, has been attributed to 

quenching, by iNOS-derived superoxide, of basal NO (Grunfeld et al, 1995; 

Hamilton et al, 1997; Cooke & Davidge, 2002). The effects of iNOS on eNOS have 

been documented, and western blotting for this protein may provide a mechanistic 

explanation for the suppressed endothelial-dependent responses in LPS-treated WT 

animals.

Although it is clear that iNOS plays a role in mediating suppressed vasodilator 

responses, this study shows that the conduit and resistance vasculature respond 

differently in endotoxaemia to vasoconstrictors. High output NO production by iNOS 

has been implicated in the suppressed PE responses of the resistance vasculature and 

hypotension during endotoxaemia (Beasley et al, 1991; Fleming et al, 1991; Hom et 

al, 1995). This study demonstrated suppressed PE reactivity of resistance arteries 

following LPS treatment that was absent in iNOS KO animals. However in contrast
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PE reactivity in the aorta was enhanced in response to LPS. This effect was 

independent of iNOS since the enhancement was evident in both WT and KG mice. 

There are several reports suggesting that LPS can directly modulate the activity of 

potassium channels (Hoang & Mathers, 1998) and suppressed activity of these 

channels could result in enhanced responses to PE. Some studies suggest that iNOS 

may mediate hyperreactivity to PE through production of superoxide which mops up 

NO; however this effect appeared to be dependent on iNOS (Miller et al, 2000).

Reactivity of the vasculature to the thromboxane A] agonist, U-46619, was 

unchanged following LPS treatment in either WT or KO arteries. This suggests that 

thromboxane-dependent constriction may remain unaltered in sepsis. In other species, 

U-46619-induced contraction has also been shown to be more resistant to the effects 

of LPS treatment than norepinephrine (Perez-Vizcaino et al, 1996, O’Brien et al, 

2001). Whilst the mechanism for this is unclear, I observed that U-46619 responses 

were similar in iNOS WT and KO; suggesting that thromboxane-induced contraction 

of these vessels is resistant to the relaxant effects of NO. Given that thromboxane 

production increases in sepsis, it is possible that thromboxane could contribute to 

regional vasoconstriction in sepsis, such as occurs in the pulmonary and mesenteric 

vasculature (Whitworth et al, 1989; O’Brien et al, 2001).

In conclusion, these results are the first direct evidence for a role of iNOS in 

mediating endotoxaemia induced endothelial dysfunction in both conduit and
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resistance arteries. LPS may produce some alteration in the sGC pathway, since 

responses to the NO donor were moderately impaired in both artery types in 

endotoxaemia. However the contribution of this to altered ACh-responses is likely to 

be small. The effect of iNOS on eNOS activity is unclear, and warrants further 

investigation, and may explain the cause of the suppressed endothelium-dependent 

responses.
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6.2.2 Effect of Endotoxaemia on EDHF Responses:

It is clear from the above study that iNOS mediates endothelial dysfunction in this 

model of sepsis, and this may be due, in part, to downregulation of the expression or 

activity of eNOS. However, although eNOS derived NO responses are the major 

mechanism for mediating endothelium-dependent relaxation in the conduit 

vasculature, in the resistance vasculature it is EDHF responses that predominate. 

Therefore an investigation into the mechanisms and the effects of iNOS on EDHF 

responses are important when investigating the causes and potential therapeutic 

targets for endothelial dysfunction.

Results from this thesis and the literature suggest that EDHF plays an important role 

in the resistance vasculature (Shimokawa et al, 1996). However, despite this, it 

appears that EDHF responses are small and ACh induced relaxation (although 

unaffected by treatment with Indo), was completely abolished by the combination of 

L-NAME+Indo, in resistance arteries from both WT and iNOS KO control mice. 

Bradykinin also induced relaxation in arteries from both WT and KO control animals. 

This response, like that of ACh, was also unaffected by Indo but inhibited by a 

combination of L-NAME+Indo. These data are in agreement with certain studies, 

which suggest that EDHF responses are absent or very small in mouse mesenteric 

arteries (Waldron et al, 1999), and suggests that EDHF has no role, under control 

conditions in the regulation of vascular tone of these arteries.
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However, a number of studies have suggested that EDHF can play a compensatory 

role in pathophysiological conditions where NO responses are depressed. Indeed this 

is clearly demonstrated in this model of endotoxaemia, where mesenteric resistance 

arteries taken from LPS-treated WT animals displayed suppressed bradykinin- 

induced relaxations, which were no longer sensitive to the combination of L- 

NAME+Indo. These responses in the presence of L-NAME+Indo are most likely due 

to EDHF. In arteries from KG animals a similar pattern was observed; responses to 

bradykinin were not suppressed, however, they were no longer sensitive to L- 

NAME+Indo. This residual response, like that in the RMA was abolished by raised 

and CTX+apamin to produce a contraction. Although responses in the mouse 

mesenteric vessels were conducted in the absence of OxyHb, there is no evidence for 

NO stores in mouse tissue. In addition, responses to bradykinin did produce a 

contraction in the presence of potassium channel inhibitors, suggesting that all 

endothelial dependent responses have been abolished, however control experiments 

comparing the effects of L-NAME+Indo in the absence and presence of OxyHb 

would provide direct evidence for this.

Therefore enhanced EDHF responses were found in arteries from both LPS treated 

WT and KO mice, suggesting that EDHF plays a compensatory role in LPS-treated 

animals, independently of iNOS induction. The mechanisms for this are unclear and 

might reflect LPS-induced changes in the vascular endothelium promoting EDHF 

production or activity. Indeed, some studies show that LPS produces activation of
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potassium channels (Chen et al, 1999) and may provide an explanation for the 

mechanism by which EDHF responses are upregulated.

Thus, whilst EDHF in murine mesenteric resistance arteries play little role in 

endothelium-dependent relaxation in control conditions, EDHF responses are 

enhanced, (despite there being overall suppression of relaxation in arteries taken from 

LPS treated WT) in LPS-treated animals. These results suggest that EDHF may play 

a compensatory role in endotoxaemia. In addition, this effect appears to be 

independent of eNOS, as well as iNOS, since it was apparent in LPS-treated iNOS 

KO, where presumably eNOS function is intact.

The role of eNOS on the activity of EDHF is unclear. It has been suggested that 

eNOS inhibits the production or activity of EDHF, indeed a number of studies have 

demonstrated that EDHF responses are upregulated in arteries from eNOS KO mice 

(Brandes et al, 2000; Huang et al, 2000). However results from the above study 

suggest that elevated EDHF responses occur in both iNOS KO and WT mice treated 

with LPS, suggesting that another factor that is responsible for the elevated EDHF 

responses. To investigate this further, eNOS KO mice were used to provide an 

environment in which there is no NO responses, - since previous work in this thesis 

suggests that despite the presence of NOS inhibition, NO responses are still apparent.
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In contrast to previous reports (Brandes et al, 2000) EDHF responses were not 

enhanced in arteries taken from eNOS KG mice. ACh-induced relaxation was 

abolished by Indo in these vessels, suggesting that these responses are mediated by a 

COX product, most likely prostacyclin, and this is in agreement with a previous study 

{Sunetal,  1999).

However, despite the absence of EDHF response in control conditions (and similarly 

arteries from iNOS KO mice) treatment, with LPS, produced an increase in the Indo 

insensitive component. This response is most likely attributable to EDHF, since these 

mice have no eNOS-derived NO. This is different from a previous study which show 

a suppression of EDHF responses (Kessler et al, 1999) in endotoxaemia. However 

this study was conducted in part in the porcine coronary artery, and whilst it is known 

that EETs are suppressed in sepsis, the effects of endotoxaemia on other EDHF’s is 

unknown. These data suggest that EDHF plays an integral role in the response of the 

vasculature to endotoxaemia, and is upregulated independently of iNOS and eNOS 

production, since the absence of eNOS did not result in quantitative increase in 

EDHF responses.
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6.3 Conclusions

EDHF plays an integral role in the resistance vasculature in both physiological and 

pathophysiological conditions. The activity of EDHF has been demonstrated in two 

different vascular beds, and these data demonstrate that EDHF responses are affected 

by the presence of NO in different ways. In the first instance, the role of EDHF must 

be examined in the absence of NO and prostacyclin. This is best achieved using a 

combination of NOS inhibitors as well as NO scavengers. This is vital to the study of 

EDHF since NO, chiefly from endothelium-dependent stores appears to act through 

sGC-independent pathways to also mediate hyperpolarisation of the VSMC. The 

existence of these stores in the resistance vasculature is a novel finding and may 

suggest a reason for the apparent heterogeneity of EDHF responses between different 

vascular beds. In particular, reports in the literature suggest that in the RMA and 

RHA, only the latter is sensitive to Ba^^+ouabain, however when examined in the 

presence of OxyHb, EDHF responses in both these arteries are sensitive to this 

combination (Edwards et al, 1998).

In addition, it appears that in this tissue, CNP may be an EDHF. This factor is 

released in response to endothelial stimuli with ACh and causes endothelium- 

independent relaxation in a fashion identical to EDHF. This relaxation is mediated 

through a novel pathway through the NPR-C, possibly through activation of GIRKs,
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suggesting both a novel mechanism for CNP/EDHF in this tissue. The identity of 

CNP as an EDHF is interesting because elevated levels of CNP have been observed 

in human subjects during sepsis, and it may explain the mechanisms by which 

enhanced EDHF responses observed in mouse mesenteric arteries in endotoxaemia.

Elevated EDHF responses, in contrast to the endothelial dysfunction observed in 

mouse mesenteric arteries, appears to be independent of both eNOS and iNOS. This 

finding was confirmed using eNOS KO mice, where EDHF responses, although 

absent in control conditions, were again upregulated in sepsis.

Therefore it appears that EDHF plays a pivotal role in the physiological regulation of 

vascular tone in the RMA and RHA, and this is likely to be mediated (at least in part) 

through the release of CNP. In mouse mesenteric arteries, the contribution of EDHF 

appears to be minimal in control conditions, however in endotoxaemia, these 

responses are elevated, suggesting that EDHF plays an important role in the response 

of the resistance vasculature to sepsis. The effect of sepsis on CNP-induced relaxation 

warrants investigation, and may provide an insight into the role of EDHF in this 

disease condition. The data from this thesis confirm, not only the vital role for EDHF 

in a variety of vascular beds, in both physiological and pathophysiological conditions, 

but also introduce a range of pharmacological tools that may be used to examine this 

elusive, yet vital autacoid with greater specificity.
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