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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 K’ channel inhibitors as EDHF responses. Both ACh and CNP-induced

relaxations were unaffected by the neuropeptide receptor (NPR) A and B antagonist



Abstract

HS-142-1, indicating that these responses were mediated through NPR-C. Inhibition
of G; 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 iINOS 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.

vi



PUBLICATIONS

Papers:

¢ An endothelium-derived hyperpolarizing factor-like factor moderates myogenic
constriction of mesenteric resistance arteries in the absence of endothelial nitric
oxide synthase-derived nitric oxide. R.S. Scotland, S.D. Chauhan, P.J. Vallance

& A. Ahluwalia. Hypertension 2001; 38:833-839.

K/

%

NO Contributes to EDHF-like Responses in Rat Small Arteries: a Role for NO
Stores. S.D. Chauhan, A. Rahman, H. Nilsson, L.H. Clapp, R.J. MacAllister and
A. Ahluwalia (submitted).

¢ Protection against lipolysaccharide-induced endothelial dysfunction in resistance
and conduit vasculature of iNOS knockout mice. S.D. Chauhan, G. Segarra, R.J.

MacAllister, A.J. Hobbs & A. Ahluwalia (submitted).

K)
o?

The vanilloid receptor (VR1) and myogenic tone: a new mechanism for

L)

Bayliss’s theory of myogenic autoregulation. A. Ahluwalia, S.D. Chauhan, C.

Davis, C. De Felipe, S. Hunt, J. Kabir, P. Kotsonis, & R.S. Scotland (submitted).

vii



¢ Release of C-Type natriuretic peptide accounts for the biological activity of
endothelium-derived hyperpolarizing factor. S.D. Chauhan, H.N. Nilsson, A.

Ahluwalia and A.J. Hobbs. (submitted).

Abstracts:

» Chauhan S.D, MacAllister RJ, Clapp LH, A.Ahluwalia. Evidence that NO
may contribute to "EDHF"-like" responses in rat mesenteric and hepatic small

arteries . Br.J. Pharmacol 2000; 129.

» Ahluwalia A., Chauhan S.D, Hunt S, Kabir J, Scotland R. The Vanilloid
Receptor And Myogenic Tone: A New Mechanism For  Mpyogenic

Autoregulation . Journal of Vascular Research 2001; 38:27.

» Chauhan S.D, Segarra G., MacAllister R.J.,, Hobbs A.J.,, Ahluwalia, A.
Obligatory Role For iNOS-Derived No In The Altered Vascular Reactivity Of
Resistance And Conduit Arteries During Endotoxaemia . Journal of Vascular

Research 2001; 38:37.

viti



» Chauhan S.D, MacAllister RJ, Hobbs AJ, Ahluwalia A. Mechanisms
underlying the vasorelaxant effect of C-type natiuretic peptide (CNP) in rat

mesenteric resistance arteries. FASEB J. 2002; 16:444.9.

ix



1.

TABLE OF CONTENTS

CHAPTER ONE: INTRODUCTION

INTRODUCTION 4
1.1  MORPHOLOGY OF ARTERIES .........c.cooiiiiiiiiiiiieccee e 5
12  DETERMINATION OF VASCULARTONE ..........cccccoiiiiiiiiiieciecee 6
1.3 THEENDOTHELIUM ........cooiiiiiiiiiiiiieee e 9

1.3.1  NITRIC OXIDE .....oottiiiiiiiiiiiiiiiiiiee e e eeeecet et e e e e e et e e e e e e e eeeeanas 12

1.3.2 PROSTACYCLIN ..ottt e e e, 13
1.4  ENDOTHELIUM-DERIVED HYPERPOLARISING FACTOR. .............. 14

1.4.1 DISCOVERYOFEDHEF ..........cccovviiiiiiiiiiieiiiieieieceeee 14

1.42 ROLEOFEDHF ...........oooiiiiiiiiiiiiiiie e, 16

1.43 STIMULIFOR THE RELEASEOFEDHF. ..., 18

1.44 MODEOFACTIONOFEDHF ... 19

1.4.4a Potassium channels in the Vasculature .....................c.ccoveeeeeuenneen... 20
1) KATP CRANIEL ... s e ee e eee e 21
1) Kea ChanmelS .......oooooniiiiee e et 21
1ii) Ky chanmels .........cocoiieiiiiiccctee et 22
IV) KR ChANNEIS. ......ooooniiiieeeeeee e e 23
1.4.4b Potassium Channels Involved in EDHF Activity ..............cccocuvencu... 23
1.45 IDENTITYOFEDHEF. ... 25
1.4.5.a Nitric Oxide Has EDHF-like ACHIViLy........ccuerervuereseueecrsrarsossssesens 26
1.4.5.b Epoxyeicosatrienoic acids Have EDHF-like Activity........................ 26
1.4.5.c Anandamide Has EDHF-like Activity..............ccccoovvevevuerevuencrueannnans 31
1.4.5.d Potassium Has EDHF-like ACtiVity.............ccccoovuevvevvvcinvvinneranne. 33



1.5 C-TYPE NATRIURETIC PEPTIDE HAS EDHF-LIKE ACTIVITY ....... 39
1.6  ENDOTHELIAL DYSFUNCTION:..........coooiiiiiiiiiieeeeeee e 43
1.6.1. ENDOTHELIAL DYSFUNCTION AND SEPTIC SHOCK ..........ccceeovuveieenreennnn. 44
1.6.2. MECHANISMS OF ENDOTHELIAL DYSFUNCTION IN SEPSIS ....................... 46
1.6.3. EDHF AND SEPTIC SHOCK: .......ccvieiuieeiieeiieieie e 47
1.7 AIMS AND OBJECTIVES: ... 48

CHAPTER TWO: GENERAL METHODS

GENERAL METHODS 51
2.1 VASCULAR REACTIVITY STUDIES: ... 51
2.1.1 TISSUE COLLECTION: ......ccciiiiiiiiiiiiiii it 51
2.1.1.a Rat Mesenteric and Hepatic Resistance Arteries.............................. 51
2.1.1.b Murine Aorta and Mesenteric Resistance Arteries ........................... 51
2.1.2 TENSIONMYOGRAPH ......cccoeoiiiiiiiiiiiiiiieceeeeeeeeee e 52
2.1.3 ORGANBATH.......oooiiiiiiiii e 55
2.1.4 PERFUSED MESENTERIC BED .............oooiiiiiiiiiiiiiiiiiiciccc e 56
22  MEMBRANE POTENTIAL MEASUREMENTS ..........ccccooiiiiiiiee. 57
2.3  RADIOIMMUNOASSAY ... 58
2.3.1 GENERATION OF SAMPLE .......ccocociiiiiiiiiiiitiaiiiinie st 58
2.3.2 EXTRACTION OF CNP FROMEFFLUENT .................ccccciiiiiiiiiiiiiiiiiieeiian, 59
2.3.3 RADIOIMMUNOASSAY FORCNP.... ..o 59
24  WESTERN BLOTTING ........coooiiiiiiiiiiieiiicce e 61
2.4.1 SAMPLE COLLECTION ........ccutiiiiiaiiiiiiiietieteeiiaie ettt 62
2.4.2 PREPARATION OF SAMPLE .........oooviiiiiiiieiiiiiiiiiiiieeeeeee e 62

xi



3

2.4.3 DETERMINATIONS OF PROTEIN CONCENTRATION ............ccccoovevieiinnnennnns 62
2.4.4 SoODIUM DODECYL SULPHATE POLYACRILAMIDE GEL

ELECTROPHORESIS ...ttt e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeees 63
2.4.4.a Preparation of Gels...............coceoveeroeieviiconiiiiecnceecneenereeneenn 64
2.4.4.b Runming the GelS ..........c...eeeeeevereeererereeeeieeeeeeeeeersreseiaeesieessennnns 66

2.4.5 TRANSFER OF PROTEINS .........coiiiiiiiiiiiiiiieeeeeeeeiiiiite e e 66

2.4.6 INCUBATION AND DETECTION............ccoiiiiiiiiiiiiiiiiiaiie e 67

25  DATA ANALYSIS .o 69
2.6 PREPARATION OF DRUGS ........ccooiiiiiiiiiieiiiet et 70
2.7  SOURCES OF DRUGS ..ottt 71

CHAPTER THREE: CONTRIBUTION OF NO TO EDHF

RESPONSES

CONTRIBUTION OF NO TO EDHF RESPONSES 75
3.1  INTRODUCTION: e, 75
3.2 ADMIS e 76
33  EXPERIMENTAL PROTOCOL: ..........cccoovoiiiiiiiiiiiiiitce e 78
3.3.1 FUNCTIONAL REACTIVITY STUDIES.........ccoioieiiiieieieniiaie e 78
3.3.L.a Determination of Optimal NO Blockade ...........................c.coucc...... 79

3.3.1.b Characterisation of Relaxation to ACh in the Presence of
Optimal NO Blockade ......................cococueenceeeoeiniiniiiiiinieiiceneeciesiseeicnaiens 80
3.3.2 PHOTORELAXATION STUDIES......cc0vtviiiiiiiiiiieeeeeeiireeeeeerireeeeeenineeeeeeeenenes 81
3.3.3 MEMBRANE POTENTIAL STUDIES..........ccooiiiiieeiiiiiie e 83
3.4  RESULT S e 83

3.4.1 EFFECT OF OXY-HAEMOGLOBIN, ODQ AND CARBOXY-PTIO ON
CLASSICAL EDHE RESPONSES ... ettt e 84

xii



3.4.2 EFFECT OF INHIBITION OF K* FLUX ON EDHF RESPONSES ....................
3.4.3 EFFECT OF OXYHB AND POTASSIUM CHANNEL INHIBITORS ON

CHAPTER 4: MECHANISMS OF CNP-INDUCED RELAXATION

4 MECHANISMS OF CNP-INDUCED RELAXATION

4.1 INTRODUCTION. .......oooiiiiiiiiiee e,
42 AIMS et
43 METHODS ..

4.3.1 FUNCTIONAL REACTIVITY STUDIES:.......0ooeieiiiiiiieeaainiieeeeeeinieeeenneeenns

4.3.1.a Effect of Potassium Channels Inhibitors .....................cc..cocueeunee....
4.3.1.b Effect of Modulators of CNP Pathway .................cc.ccccvecvueeeueennne.
4.3.1.c Effect of Modulators of EDHF Activity ..............cccoccuervvecvencnnnnnne.
4.3.1.d Effect of G-protein Inhibition.....................ccccccccveivcueineecncecnnanncn.
4.3.1.e Measurement of CNP-Induced Hyperpolarisation .........................

43.2 MEASUREMENT OF ACH-INDUCED CNP RELEASE IN PERFUSED

44  RESULT S . et
4.4.1 CHARACTERISATION OF RESPONSES TOCNP:..........cccooovviiiiiiiiie
4.42 CHARACTERISATION OF ACH-INDUCED RELAXATION..............cccva.enn.
443 CHARACTERISATION OF SPER-NO-INDUCED RELAXATION....................
4.4.4 EFFECTS OF INHIBITION OF G-PROTEIN ON RESPONSES TO
ACHAND CNP ..ot
4.4.5 EFFECTS OF CYP INHIBITION ON RESPONSES TO ACHAND CNP...........
4.4.6 MEASUREMENT OF CNP-INDUCED HYPERPOLARISATION .....................

Xiil



4.47 MEASUREMENT OF ACH-INDUCED CNP RELEASE IN PERFUSED
MESENTERIC BED ......oooiiiiiiiiiiiiii e 122
4.5 SUMMARY ...t 124

CHAPTER F1VE: ROLE OF INOS IN ENDOTOXAEMIA-INDUCED

ENDOTHELIAL DYSFUNCTION: IMPLICATIONS FOR EDHF

S. ROLE OF INOS IN ENDOTOXAEMIA-INDUCED
ENDOTHELIAL DYSFUNCTION: IMPLICATIONS FOR EDHF

RESPONSES 127
5.1 INTRODUCTION.......oooiiiiiiiiiiieiie e 127
5.2 A S e 129
53  METHODS ... .o 129

5.3.1 FUNCTIONAL REACTIVITY STUDIES:.......ccuvvttrieiieiieieereneeeeeeeenrerreeeeeeeeess 130
5.3.1.a Characterisation of LPS-Induced Vascular Dysfunction and
the 10le OF INOS .........uoooeeeiiiiiieieeeieeeeee ettt 130
5.3.1.b Investigation of EDHF in Endotoxaemia........................................ 131
5.3.2 WESTERN BLOTTING ......coiiiiiiiiiiiieeiiiiee et 132
54  RESULT S ..o 133
54.1 CHARACTERISATION OF LPS-INDUCED VASCULAR DYSFUNCTION AND THE
ROLE OF INOS . . et e e e aa e 133
5.4.1.a LPS Treatment for 4 h Alters Vascular Reactivity of Mesenteric
AFLOTIES. ...ttt 133
i.) Vasoconstrictor Responses of Mesenteric Resistance Arteries.................. 133
ii.) Vasodilator Responses of Mesenteric Resistance Arteries....................... 133

5.4.1.b LPS Treatment For 4 h Produces No Change In Vascular Reactivity

Of AOVHIC RINGS ...ttt 137
5.4.1.c LPS Treatment for 15 h Alters Resistance and Conduit Artery
Vascular ReACHVILY. ............oooeeeeeeeeeieriieeneieeiiiiiritcneeeeeieeeecetenee e 137

Xiv



i) Vasoconstrictor Responses of Mesenteric Resistance Arteries................... 137

ii) Vasodilator Responses of Mesenteric Resistance Arteries.............c.......... 138
iii) Vasoconstrictor Responses of Conduit Arteries..............cccueeererieeceneenne. 142
iv) Vasodilator Responses of Conduit Arteries.............ccccovoeeeieieneecceneeene. 148
v) Expression of iNOS is Absent In LPS-Treated KO Animals:................... 148
5.4.2 EFFECT OF ENDOTOXAEMIA ON EDHF RESPONSES............................... 150
5.4.2.a EDHF Responses in iNOS KO mice...................ccceuvevvmueevennnnne. 150
1) Characterisation of ACh-Induced Relaxation in Mesenteric Resistance Arteries
from INOS WT and KO MiCE ..........ccvovvievieieiiiieie et 150
ii) Characterisation of Bradykinin-Induced Relaxation in Mesenteric Resistance
Arteries from INOS WT and KO MiCe.........cccoverienenieniniineececcceeieecne 154
5.4.2.b EDHF responses in eNOS KO mice....................ccccocuvrcveevenunncn.. 160
5.5 SUMMARY e 163
CHAPTER SIX: DISCUSSION
6 DISCUSSION 166
6.1 EDHF ACTIVITY IN RAT RESISTANCE ARTERIES ...................... 167
6.1.1 CONTRIBUTION OF NO TO EDHF-RESPONSES:.........cccccovieieiiiiiiieennnn, 167
6.1.2 MECHANISMS OF CNP-INDUCED RELAXATIONINRMA ....................... 173
6.2 CONTRIBUTION OF INOS TO ENDOTOXAEMIA-INDUCED
ENDOTHELIAL DYSFUNCTION AND THE ROLE OF EDHEF....................... 181
6.2.1 ROLE OF INOS IN MEDIATING ENDOTHELIAL DYSFUNCTION. ............... 181
6.2.2 EFFECT OF ENDOTOXAEMIA ON EDHF RESPONSES: ............cccccoeiennnn... 188
6.3  CONCLUSIONS ... ..ottt 192

XV



CHAPTER SEVEN:

REFERENCES......ccetetetitieiecerintaraiecececcscesesscssscasesesscscecesenes 195

Xvi



INDEX OF FIGURES

FIGURE 1.1: STRUCTURE OF ARTERIES AND VEINS ...........cccoiiiiiiiiiiiiieeiiiieeeieeeeeea 6
FIGURE 1.2: MECHANISMS MEDIATING VASOCONSTRICTION OF VASCULAR SMOOTH
MUSCLE CELL........ciiiiiiiiiiiiee ittt e e et et e et e e et e e e e e e 8
FIGURE 1.3: FACTORS CONTRIBUTING TO VASODILATATION OF VASCULAR SMOOTH
MUSCLE CELL.......tititiieeiiiesiee ettt et e e e et e e et e et e st e e e ttaeeeeeeenneeas 9
FIGURE 1.4: RELEASE AND MECHANISMS OF ACTION OF ENDOTHELIUM DERIVED
VASODILATORS. ..ottt eeiteeeette et e ettt e e et e e et e e e 11
FIGURE 1.5: STRUCTURE OF (A) 11,12 EPOXYEICOSATRIENOIC ACID AND (B) 14,15
EPOXYEICOSATRIENOIC ACID ........ccuoiiiiiiieniieeeitee e e e e 27
FIGURE 1.6: ACTIONS OF ARACHIDONIC ACID METABOLITES, EPOXYEICOSATRIENOIC
ACID AND 20-HYDROXYEICOSTATETRAENOIC ACID ON K" CHANNELS. ............... 29
FIGURE 1.7: CHEMICAL STRUCTURE OF ANANDAMIDE ...........cc...ccoviiiiieeaieeeeinenne. 32
FIGURE 1.8: PROPOSED SCHEME FOR ENDOTHELIUM DERIVED HYPERPOLARIZING

FACTOR EDHF /K" -INDUCED HYPERPOLARISATION. ...........covovoeeeeeeeeeererereen, 35

FIGURE 1.10: MECHANISMS MEDIATING C-TYPE NATRIURETIC PEPTIDE INDUCED

RELAXATION OF VASCULAR SMOOTHMUSCLE CELL. ........ccooiiiiiiiiiiiiiiianieieinenns 42



FIGURE 2.1: SCHEMATIC DIAGRAM OF TENSION MYOGRAPH ...........cceeeveeiiiiiiniennnn. 54

FIGURE 2.2: SCHEMATIC DIAGRAM OF ORGAN BATH.......ceeeeieeeeeeee e 55
FIGURE 2.3: SCHEMATIC DIAGRAM OF PERFUSED MESENTERY ......ecovvuneiiiieineeein... 57
FIGURE 2.4: SCHEMATIC DIAGRAM OF ECL DETECTION SYSTEM ...coouuveiniineeaeann... 68
FIGURE 3.1: MODULATION OF THE NO-PATHWAY . ...oon et 77

FIGURE 3.2: EFFECT OF NO SCAVENGING OR INHIBITION OF SOLUBLE GUANYLATE
CYCLASE ACTIVITY ON ACETYLCHOLINE-INDUCED RELAXATION IN RAT
MESENTERIC ARTERIES ........ccooiiuiiiiiiiiiiaeiieeie e e e et eeee et eetae e enae e 85

FIGURE 3.3: EFFECTS OF MODULATORS OF K+ FLUX ON ACETYLCHOLINE-INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES. ..........ccooiutiieeiiieieeeiniieeeeeneneeeeeennns 88

FIGURE 3.4: EFFECT OF BARIUM AND OUABAIN ON ACETYLCHOLINE--INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES. .........cccveoiiiaiiiiaiieieieeieeeieeeiinennens 89

FIGURE 3.5: (A) EFFECT OF NO SCAVENGING AND A COMBINATION OF BARIUM AND
OUABAIN ON ACETYLCHOLINE-INDUCED RELAXATION OF RAT HEPATIC ARTERIES.
(B) EFFECT OF BARIUM AND OUABAIN ON SODIUM NITROPRUSSIDE INDUCED
RELAXATION OF RAT HEPATIC ARTERIES.. ........cc0ooiiiiiiiiiiiiieiiee e 90

FIGURE 3.6: EFFECT OF OXYHAEMOGLOBIN AND INHIBITORS OF POTASSIUM FLUX ON

PHOTORELAXATION RESPONSES OF RAT MESENTERIC ARTERIES. .........cccoveeiiiiiieannnnne. 91

FIGURE 3.7: EFFECT OF OXYHAEMOGLOBIN ON ACETYLCHOLINE--INDUCED

HYPERPOLARISATION OF RAT MESENTERIC ARTERIES. .........ccooiiiiiiiiiiiii, 93

Xviii



FIGURE 4.1: EFFECT OF POTASSIUM FLUX MODULATORS ON C-TYPE NATRIURETIC
PEPTIDE -INDUCED RELAXATION IN RAT MESENTERIC ARTERIES ........................ 106
FIGURE 4.2: EFFECT OF NO SCAVENGING ON C-TYPE NATRIURETIC PEPTIDE-INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES. ..........ccocveieiiiieiieeeeiieeeeinee e, 107
FIGURE 4.3: EFFECT OF MODULATORS OF C-TYPE NATRIURETIC PEPTIDE PATHWAY
AND GAP JUNCTION INHIBITION ON CNP-INDUCED RELAXATION IN RAT
MESENTERIC ARTERIES.. ........coiiiiiiiieitieetie et e et ettt ene e 108
FIGURE 4.4: EFFECT OF MODULATORS OF C-TYPE NATRIURETIC PEPTIDE PATHWAY
AND GAP JUNCTION INHIBITION ON ACETYLCHOLINE-INDUCED RELAXATION IN RAT
MESENTERIC ARTERIES. ..........ooiuiiiiiiiieiieeeeee e e et 110
FIGURE 4.5: EFFECT OF MODULATORS OF C-TYPE NATRIURETIC PEPTIDE PATHWAY
AND GAP JUNCTION INHIBITION ON SPERMINE-NO-INDUCED RELAXATION IN RAT
MESENTERIC ARTERIES. . .......cooiiiiiiiieiiieeeee e 112
FIGURE 4.6: EFFECT HS-142-1 ON ATRIAL NATRIURETIC PEPTIDE-INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES...........cccvviiiiiiieeiieeiee e 113
FIGURE 4.7: EFFECT OF G; INHIBITION ON C-TYPE NATRIURETIC PEPTIDE -INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES............cccoooiiiiiiiiiiieiieeeeeeeeeeaeee 115
FIGURE 4.8: EFFECT OF G; INHIBITION ON ACETYLCHOLINE-INDUCED RELAXATION IN
RAT MESENTERIC ARTERIES. ..........oooiiiuiiiiiiieeeiie e 116
FIGURE 4.9: EFFECT OF CYP INHIBITION ON ACETYLCHOLINE-INDUCED RELAXATION

IN RAT MESENTERIC ARTERIES.. ..ot 118

Xix



FIGURE 4.10: EFFECT OF CYP INHIBITION ON C-TYPE NATRIURETIC PEPTIDE -INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES..........cccociiiiiiiiiiiiiiiiieeeee 119
FIGURE 4.11: C-TYPE NATRIURETIC PEPTIDE INDUCED RELAXATION AND
HYPERPOLARISATION IN RAT MESENTERIC ARTERIES ...........ccoooiiiiiiiiiiiniinnnnee. 121
FIGURE 4.12: STANDARD CURVE FOR THE CALCULATION OF C-TYPE NATRIURETIC
PEPTIDE CONCENTRATION USING COUNTSPERMIN...........ocoviiniiiiiinniiiiiniennnen. 122
FIGURE 4.13: EFFECTS OF ENDOTHELIAL DENUDATION AND GAP JUNCTION INHIBITION
ON ACETYLCHOLINE —RELAXATION AND ASSOCIATED CNP RELEASE FROM

PERFUSED RAT MESENTERY ...t 123

FIGURE 5.1: EFFECT OF LPS ON CONSTRICTOR RESPONSES TO THE ADRENERGIC
RECEPTOR AGONIST PHENYLEPHRINE IN MURINE MESENTERIC RESISTANCE ARTERIES 135
FIGURE 5.2: EFFECT OF LPS ON CONSTRICTOR RESPONSES TO THE THROMBOXANE A;
AGONIST U46619 IN MURINE MESENTERIC RESISTANCE ARTERIES..................... 136
FIGURE 5.3: EFFECT OF LPS ON RELAXATION RESPONSES TO ACETYLCHOLINE IN
MURINE MESENTERIC RESISTANCE ARTERIES. ..........cccooiiiiiiiiiieaeieeeeeee e 139
FIGURE 5.4: EFFECT OF LPS ON RELAXATION RESPONSES TO THE NO DONOR
SPERMINE-NQO IN MURINE MESENTERIC RESISTANCE ARTERIES.. ..........c............ 140
FIGURE 5.5: EFFECT OF LPS ON CONSTRICTOR RESPONSES TO THE ADRENERGIC

RECEPTOR AGONIST PHENYLEPHRINE IN MURINE AORTICRINGS. ..........c.ccccneeene. 143

XX



FIGURE 5.6: EFFECT OF LPS ON CONSTRICTOR RESPONSES TO THE THROMBOXANE A,
AGONIST (U46619) IN MURINE AORTIC RINGS ........oovveveeniiiieeiiearieneeirenieeneenes 144
FIGURE 5.7: EFFECT OF LPS ON RELAXATION RESPONSES TO THE MUSCURININC
AGONIST ACETYLCHOLINE IN MURINE AORTIC RINGS. .........c.cccvvevienreenieniennnne. 145
FIGURE 5.8: EFFECT OF LPS ON RELAXATION RESPONSES TO THE NO DONOR
SPERMINE-NO IN MURINE AORTIC RINGS..........cccuteuiiiiieiiiiniieieaieeiesieeeiiaeaeennan 146
FIGURE 5.9: EFFECT OF LPS (15 H) ON EXPRESSION OF INDUCIBLE NITRIC OXIDE
SYNTHASE AND CYCLO-OXYGENASE-2 EXPRESSION............ccooveviiiraiienieeneeannan 149
FIGURE 5.10: EFFECT OF LPS (4 H) ON INDUCIBLE NITRIC OXIDE SYNTHASE AND
CYCLO-OXYGENASE=2 EXPRESSION. ........ccciiiiiiiieiiaieeieeiieeieeeeeeee s eeee e 149
FIGURE 5.11: EFFECT OF L-NAME AND INDOMETHACIN ON ACETYLCHOLINE -
INDUCED RELAXATION OF MURINE MESENTERIC RESITANCE ARTERIES FROM
SALINE TREATED INOS WILD TYPE MICE. .........ocoviiiiiieiiiaieeiiieeiee e 152
FIGURE S5.12: EFFECT OF L-NAME AND INDOMETHACIN ON ACH-INDUCED
RELAXATION OF MURINE MESENTERIC RESITANCE ARTERIES FROM SALINE
TREATED INOS KO MICE. ........ooiiiiiiiiieii et 153
FIGURE 5.13: EFFECT OF L-NAME AND INDOMETHACIN ON BRADYKININ-INDUCED
RELAXATION OF MURINE MESENTERIC RESITANCE ARTERIES FROM SALINE

TREATED INOS WILD TYPEMICE...........cooiiiiiiiieeiiiiieeeeiiiiee e 155

xx1



FIGURE 5.14: EFFECT OF L-NAME AND INDOMETHACIN ON BRADYKININ-INDUCED
RELAXATION OF MURINE MESENTERIC RESISTANCE ARTERIES FROM LPS-TREATED
(15H)INOS WILD TYPEMICE. ........ocoiiiiiiiiieeiiieeeiie e e 156

FIGURE 5.15: EFFECT OF L-NAME AND INDOMETHACIN ON BRADYKININ-INDUCED
RELAXATION OF MURINE MESENTERIC RESISTANCE ARTERIES FROM SALINE
TREATED INOS KO MICE. ......c.ooiiiiiiiiieiiciee e 158

FIGURE 5.16: EFFECT OF AND INDOMETHACIN AND MODULATORS OF POTASSIUM FLUX
ON BRADYKININ-INDUCED RELAXATION OF MURINE MESENTERIC RESISTANCE
ARTERIES FROM LPS-TREATED (15 H) INOS KOMICE............cooovvieiiiiiecen. 159

FIGURE 5.17: EFFECT OF LPS ON RELAXATION RESPONSES TO ACETYLCHOLINE ACH IN

MESENTERIC RESITANCE ARTERIES FROMENOSKOMICE.. .....ovvviioiiveiieea, 162

FIGURE 6.1: PUTATIVE MECHANISM FOR ACTION OF C-TYPE NATRIURETIC IN RAT

MESENTERIC ARTERY . ....oiiiiiiiiiiiiiiie et 180

xxii



INDEX OF TABLES

TABLE 1.1: INHIBITORS OF THE CALCIUM-DEPENDENT POTASSIUM CHANNELS ........... 22
TABLE 1.2: TISSUE AND SPECIES DIVERSITY OF POTASSIUM CHANNELS IMPLICATED IN
EDHF-MEDIATED HYPERPOLARISATION AND VASORELAXATION. ........c.ccovevenenn.. 25

TABLE 1.3: CLASSIFICATION OF NEUROPEPTIDE RECEPTORS ...........cuuuuuuuininnininnennnnnns 41

TABLE 3.1: THE EFFECT OF MODULATORS OF THE NO PATHWAY ON ACH-INDUCED
RELAXATION IN RAT MESENTERIC ARTERIES..........coiiiiiiiiiiiiiinneeeiceeea 86
TABLE 3.2: THE EFFECT OF TREATMENT WITH OXYHB AND BARIUM AND OUABAIN ON

ACETYLCHOLINE-INDUCED RESPONSES IN THE RAT HEPATIC ARTERY.................. 87

TABLE 4.1: EFFECT OF MODULATORS OF POTASSIUM FLUX AND C-TYPE NATRIURETIC
PEPTIDE PATHWAY ON CNP-INDUCED RELAXATIONS..........c.cccvveeieeeeeeeneerinnns 105
TABLE 4.2: EFFECT OF MODULATORS OF C-TYPE NATRIURETIC PEPTIDE PATHWAY AND
GAP JUNCTION INHIBITION ON ACETYLCHOLINE -INDUCED RELAXATION............ 109
TABLE 4.3: EFFECT OF MODULATORS OF C-TYPE NATRIURETIC PEPTIDE PATHWAY AND
GAP JUNCTION INHIBITION ON SPERMINE-NO-INDUCED RELAXATION. ............... 111
TABLE 4.4: EFFECT OF G; PROTEIN INHIBITION ON C-TYPE NATRIURETIC PEPTIDE AND

ACETYLCHOLINE-INDUCED RELAXATION IN RAT MESENTERIC ARTERIES............ 114



TABLE 4.5: EFFECT OF SULFAPHENAZOLE ON C-TYPE NATRIURETIC PEPTIDE AND
ACETYLCHOLINE -INDUCED RELAXATION IN RAT MESENTERIC ARTERIES............ 117
TABLE 4.6: EFFECT OF C-TYPE NATRIURETIC PEPTIDE ON MEMBRANE POTENTIAL OF

RAT MESENTERIC ARTERIES ... 120

TABLE 5.1: EFFECT OF LPS (15 H) ON RESPONSES TO THE VASOCONSTRICTORS
PHENYLEPHRINE, U-46619, AND VASODILATORS ACETYLCHOLINE AND SPERMINE-

NO IN MESENTERIC RESISTANCE ARTERIES TAKEN FROM WT AND INOS KO MICE.

TABLE 5.2: EFFECT OF LPS (15 H) ON RESPONSES TO THE VASOCONSTRICTORS
PHENYLEPHRINE, U-46619, AND VASODILATORS ACETYLCHOLINE AND SPERMINE-
NO IN AORTIC RINGS TAKEN FROM WT AND INOSKOMICE. ...........coovvvenenne 147
TABLE 5.3: EFFECT OF L-NAME AND INDOMETHACIN ON ACETYLCHOLINE-INDUCED
RELAXATION OF MESENTERIC RESISTANCE ARTERIES FROM INOS WILD TYPE AND
KO MICE. ...t 151
TABLE 5.4: CHARACTERISATION OF BRADYKININ-INDUCED RELAXATION IN
MESENTERIC RESISTANCE ARTERIES TAKEN FROM LPS- (15 H) AND SALINE-
TREATED WILD TYPE MICE.. ........c.oiiiiiiiiiiiiiieee e 157
TABLE 5.5: CHARACTERISATION OF BRADYKININ-INDUCED RELAXATION IN
MESENTERIC RESISTANCE ARTERIES TAKEN FROM LPS- (15 H) AND SALINE-

TREATED KO MICE.. ......cooiiiiiiiiiiit e 160

XX1V



TABLE 5.6: CHARACTERISATION OF ACETYLCHOLINE-INDUCED RELAXATION IN
MESENTERIC RESISTANCE ARTERIES TAKEN FROM LPS- (15 H) AND SALINE-

TREATED ENOS KO MICE..........ooiiiiiiiiiiiiiee e 161

XXV



Abbreviations

ABBREVIATIONS

17 ODYA 17-oxydecanoic acid

20-HETE 20-hydroxyeicostatetraenoic acid,

AA arachidonic acid

AC adenylate cyclase

ACh Acetylcholine

ANP atrial natriuretic peptide

ATP adenosine triphosphate

Ba*" barium

BK bradykinnin

BKca large conductance calcium-activated potassium channels
BNP brain natriuretic peptides

BSA bovine serum albumin

Ca” calcium

cAMP cyclic adenosine monophosphate,

Carboxy-PTIO 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
CB cannabinoid receptor

cGMP cyclic guanosine monophoshate

CGRP calcitonin-gene-related-peptide

XXVi




|

Abbreviations

CNP C-type natriuretic peptide

COX cyclo-oxygenase

CTX charybdotoxin

CYP cytochrome Pysg

DMSO dimethyl sulphoxide

EC endothelial cell

EDHF endothelium-derived hyperpolarising factor
EDTA ethylenediaminetetracetic acid

EET's epoxyeicosatrienoic acids

eNOS endothelial nitric oxide synthase

G G-protein,

GSH glutathione

GIRK G-protein coupled inward rectifying potassium channel
GTP guanosine triphosphate,

IKca intermediate conductance calcium-activated potassium channels
Indo indomethacin

iINOS inducible nitric oxide synthase

IP prostaglandin receptor

IP3 inositol (1,4,5) triphosphate

K* potassium

Katp ATP-dependent potassium channel

XXVii




Abbreviations

Kir inward rectifying potassium channel
KO knockout

Ky voltage activated potassium channel
L-NAME Ng-nitro-L-arginine methyl ester
L-NMMA L-nitro-mono-methyl-arginine
L-NOLA nitro-L-arginine

LPS lipopolysaccharide

LPSB LPS binding protein

max maximum relaxation (%)

MLCK myosin light chain kinase

NEP neutral endopeptidase

nNOS neuronal nitric oxide synthase

NO nitric oxide

NOS nitric oxide synthase

NPR neuropeptide receptors

NSB non-specific binding

oDQ 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
OxyHb oxyhaemoglobin

P450 (2C) cytochrome Pys9 2C

P450 (4A) cytochrome Pyso 4A

XXViil




Abbreviations

PBS phosphate buffered saline

PCA porcine coronary artery

PE phenylephrine

Pl phosphatidylinositol

PL phospholipid

PLC phospholipase C

PLipase phoshopholipase

PSS physiological salt solution

PTX pertussis toxin

RHA rat hepatic arteries

RIA radioimmunoassay

RMA rat mesenteric arteries

ROC receptor operated cation channel
SDS sodium dodecyl sulphate

SDS PAGE sodium dodecyl sulphate polyacrilamide gel electrophoresis
SEM standard error of the mean

sGC soluble guanylate cyclase

SKeca small conductance calcium-activated potassium channels
SNP sodium nitroprusside

Sper-NO spermine-nonoate

SR sarcoplasmic reticulum,

XXiX




Abbreviations

Sub P substance P

TB total binding

TC total counts

TEA tetraethylammonium

U-46619 11a, 9a-epoxymethano-pgh,
VOCC voltage operated cation-channel,
VR vanilloid receptor

VSMC vascular smooth muscle cells
WT wild type

XXX




CHAPTER ONE:
INTRODUCTION




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 (PGI;) 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 of 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

(n) and is inversely proportional to the tube diameter (r):

R= 8vy/nr’

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 um. 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 al,, 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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Chapter 1: Introduction

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 et al., 1984 for review) (Figure 1.2).

A number of autocoids, (from a variety of sources) can modulate the level of
contraction of 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
peptidé) (Pohl et al., 2000) by releasing a number of substances that can cause

constriction or dilation of the blood vessel.






























































































































































































































































































































































































































































































































































































































































































































