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Summary

SUMMARY
The studies presented in this thesis outline the synthesis and characterisation of a
number of novel imidazoline compounds, some of which have potent actions at vascular
KATP channels.

Their potency as KATP channel antagonists was determined by their ability to
antagonise levcromakalim-induced relaxation in pig isolated coronary arteries. It was
observed that many of the compounds were as potent as the sulphonylurea compound,
glibenclamide. In addition, they did not affect relaxation to sodium nitroprusside,
indicating the inhibition was specific for KATP channels. IMID-4F, was also found to
inhibit levcromakalim-induced hyperpolarisation and vasorelaxation in rat isolated
mesenteric arteries. These findings suggested that the antagonism of vascular KATP
channels was not tissue or species specific.
Many of the IMID compounds caused bradycardia in the rat isolated
spontaneously beating right atria, however, the bradycardic actions of these compounds
were some 300 fold less potent than their antagonism of vascular KATP channels.
It was found that several of IMID compounds induced vasorelaxation in both pig
isolated coronary arteries and rat mesenteric arteries precontracted with U46619,
acetylcholine, phenylephrine or K+. The KATP channel antagonist, TPP, the soluble
guanylate cyclase inhibitor, ODQ or the P-adrenoceptor antagonist, propranolol did not
affect the vasorelaxation to IMID-35MO/O. However, in radioligand binding studies
only the six imidazoline analogues that caused vasorelaxation significantly inhibited
binding of [3H]-PN200-l 10, an L-type calcium channel antagonist to rat cerebral cortex
membranes. These results indicated the vasorelaxation was probably due to antagonism
of L-type calcium channels in the vasculature.
Additional radioligand binding studies were performed to assess the ability of
the IMID compounds to displace binding of the cci-and ct2-adrenoceptor antagonists,
[3H]-prazosin and [3H]-rauwolscine, and the muscarinic antagonist, [3H]-QNB, to rat
cerebral cortex membranes. A small number of the imidazoline analogues were found
to have activity at muscarinic receptors, while the majority were found to have activity
at ai- and a2-adrenoceptors. However, as with their calcium channel antagonism, the
concentration range in which they were active was 100 fold higher than their KATP
channel antagonism.

XI

Summary

In studies carried out to investigate the site of action of the imidazolines it was
found that the majority of the imidazoline compounds did not displace binding of [3H]P1075 or [3H]-glibenclamide to the opener or blocker sites of the

KATP

channel,

respectively. This indicated they may, in fact, be causing their antagonism at the pore
of the KATP channel,

KIR6.X.

Assessment of the effects of the imidazoline analogues on cardiovascular
parameters including mean arterial pressure (MAP) and heart rate was performed in the
anaesthetised rat. Many of the IMID compounds caused a reduction in both MAP and
heart rate but only at the higher concentrations tested (3-10 umol/kg).
The effects of the imidazoline analogues at pancreatic

KATP

channels was

examined by determining their effects on blood glucose and insulin levels. Several of
the IMID compounds actually increased blood glucose and decreased insulin levels.
However, this effect is most likely due to their actions at a.2-adrenoceptors, as the 0:2adrenoceptor antagonist, rauwolscine, attenuated these responses.
In the presence of rauwolscine, IMID-4F induced a reduction in blood glucose
and an increase in insulin levels similar to that of glibenclamide, indicating that IMID4F may antagonise pancreatic KATP channels.
In conclusion, the assessment of novel imidazolines in this thesis, resulted in the
identification of several potent

KATP

channel antagonists. These compounds appear to

inhibit KATP channels via the channel pore, the K]R subunit and the majority appear to be
vascular selective. Although these compounds possessed actions at other receptor sites
they were approximately 100 fold more potent at KATP channels.

i i

XII

Abbreviations

ABBREVIATIONS
Abbreviations commonly used in this thesis:
ACh

Acetylcholine

ADP

Adenosine diphosphate

ANOVA

Analysis of Variance

AR

Activity Ratio; = antilog(pKB - pD2)

ATP

Adenosine triphosphate

[ATP]j

Intracellular ATP

Bmax

Density of the binding sites

bpm

Beats per minute

cAMP

cyclic adenosine monophosphate

CR

the concentration ratio of the concentration of an agonist that produces a
specified response in the presence and absence of antagonist

DNA

Deoxyribonucleic acid

dpm

Disintergrations per minute

EC50

Molar concentration of an agonist that causes 50 % of the maximal
response of that agonist

EtOH

Ethanol

ESI

Electrospray mass spectroscopy

IC50

Molar concentration of an antagonist that reduces specified responses to
50 % of its former value

IPC

Ischaemic preconditioning

I-

Imidazoline receptor

i.p.

Intraperitoneal injection

i.v.

Intravenous injection

KATP

ATP sensitive potassium channel
Dissociation constant; molar concentration of an agent (agonist or
antagonist) that occupies 50 % of a receptor populatic.i

KIR

Inwardly rectifying potassium channel

KPSS

Potassium depolarising solution

LKM

Levcromakalim
X1I1

Abbreviations

I
1

MAP
MeOH

Mean arterial pressure

IS
I

NDP

Nucleotide diphosphate

1

NMR

Nuclear Magnetic Resonance

la
:

I1
I

PKA

PKC

Methanol

Protein Kinase A
Protein Kinase C
= -log(EC50)
= -log([antagonist concentration (M)] / [Concentration ratio -1]
= -log(KD)

;

-

1

I

SNP

Sodium nitroprusside

SUF

Sulphonylurea receptor
Thin layer chromatography

XIV

Publications

PUBLICATIONS
The work in thesis has resulted in the following publications:
Refereedjournal articles:
Bell, K.L., Papanastasiou, M., Campi, E., Jackson, R. & McPherson, G.A. (2001) The
KATP channel and calcium channel antagonism of a novel series of mono- and bissubstituted imidazolines. Naunyn-Schmeideberg's Archives of Pharmacology, (in
press).
Bell K.L., Favaloro, J.L., Khalil, V., Iskander, M.M. & McPherson, G.A. (2000). The
identification of a potent imdazoline based KATP channel antagonist. NaunynSchmeideberg's Archives of Pharmacology, 362,145-151.
McPherson, G.A., Bell, K.L., Favaloro, J.L., Kubo, M. & Standen, N.B. (1999).
Functional and electrophysiological effects of a novel imidazolidine-based KATP channel
blocker, IMID-4F. British Journal of Pharmacology, 128, 1636-1642.
Communications:
Andrews, K.L. & McPherson G.A. (2001). Pharmacological actions of novel disubstituted imidazolines. Proceedings of the Western Society of Pharmacology (In
press).
Bell, K.L. & McPherson G.A. (2000). Pharmacological actions of novel di-substituted
imidazolines. Proceedings of the Australasian Society of Clinical and Experimental
Pharmacology and Toxicology, 8, pg 93.
Bell, K.L. & McPherson G.A. (1999). A novel series of imidazolines with calcium
channel blocking actions. Proceedings of the Australasian Society of Clinical and
Experimental Pharmacology and Toxicology, 6, pg 74.
Bell, K.L. & McPherson, G.A. (1998) The effects of a novel imidazolidine on heart
rate, blood pressure and blood glucose in the anaesthetised rat. Naunyn-Schmeideberg's
Archives of Pharmacology. 358 Suppl 2 pg R634.
Bell, K.L., Favaloro, J.L., Mclean, E. & McPherson, G.A. (1998). Assessment of the
imidazolidine-derivative IMID-35MO at vascular KATP channels. Proceedings of the
Australasian Society of Clinical and Experimental Pharmacology and Toxicology, 5, pg
22.

xv

Publications

Favaloro, J.L., Bell, K.L., Mclean, E. & McPherson, G.A. (1998). Effect of the
imidazolidine-denvative IMID-4F on KATP activity. Proceedings of the Australasian
Society of Clinical and Experimental Pharmacology and Toxicology, 5, pg 22.
Bell, K.L. & McPherson, G.A. (1997). The effects of novel imidazolidines on heart
rate, blood pressure and blood glucose in the anaesthetised rat Proceedings of the
Australasian Society of Clinical and Experimental Pharmacology and Toxicology, 4, pg
55.
Other publications by the author:
Bell, K.L., Sutherland, S.K. & Hodgson, W.C. (1998). A pharmacological examination
of venom from the inland taipan {Oxyuranus microlepidotus). Toxicon, 36, 63-74.
Bell, K.L., Kemp, B.K., McPherson, G.A. & Hodgson, W.C. (1999). The smooth
muscle relaxant effects of the venom from the inland taipan (Oxyuranus
microlepidotus). Toxicon, 37,229-231.

XVI

CHAPTER ONE

GENERAL INTRODUCTION

Chapter One General Introduction

1.1 Potassium (K*) Channels
Potassium channels are the largest and most diverse family of ion channels and
are involved, in some way or another, in the cellular function of most organisms.
Indeed, K+ channels of similar structure have been identified, not only in animals
ranging from jellyfish to humans, but also in plants, yeast and bacteria (Jan & Jan,
1997). Within any one organism, the same K+ channels can often have very diverse
functions depending on the cell type. In addition, it is not uncommon to find several
types of K+ channels in any given cell performing completely different roles (Salkoff et
al, 1992).
Due to the widespread utilisation of K+ channels in the regulation of ,ev'ular
function, a great deal of research has focussed on both the functional properties .TV1 an
endogenous and exogenous regulators of K+ channels.

Moreover, the possible

therapeutic role of targeting K+ channels, and their endogenous modulators, has resulted
in the development of many compounds that can selectively regulate their actions
(Grissmer, 1997). Over the last ten years, this research has also been supported by the
development of new electrophysiological and molecular biology techniques and
consequently, a much better understanding of the structure, function and classification
of K+ channels has been obtained.
The extensive investigations of K+ channels have relied upon the development
of tissue selective, high affinity modulators of K+ channels, that are important, not only
in determining the functional role of the channel, but also its regulation. This thesis
involves the design, synthesis and investigation of a number of novel imidazoline
compounds which have potent antagonist actions at a specific K+ channel, the ATPsensitive K+ (KATP) channel. To this end, the following discussion will focus upon the
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molecular structure and functional properties of K+ channels followed by a more in
depth discussion of KATP channels and their regulators.

1.1.1 Classification of K* channels
Until recently, K+ channels were sub-classified based upon their physiochemical
properties (eg. conductance) and the factors that regulate their activity. For example,
the voltage-sensitive K+ channels are regulated, as their name suggests, by changes in
the membrane potential, Ca2+-sensitive K+ (Kca) channels are sensitive to intracellular
calcium levels, while the ATP-sensitive K+ (KATP) channels are sensitive to intracellular
adenosine triphosphate (ATP) levels. The sub-classification of potassium channels
based upon their functional properties is shown in Table 1.1 (Watson & Girdlestone,
1999). As is apparent from Table 1.1, the sub-classification of K+ channels based on
their physiochemical properties has resulted in ths identification of at least 14 separate
subtypes and there are many sub-classifications within these major divisions.
Recent advances in molecular biology have resulted in the cloning and protein
sequencing of K+ channels.

These techniques have provided a breakthrough in

classification, as it appears that all K+ channels fundamentally belong to one of two
major superfamilies; superfamily one and superfamily two. Superfamily one constitutes
the group of K+ channels which are voltage-sensitive, while superfamily two contains
the group which display inwardly rectifying properties (for reviews see Edwards &
Weston, 1995; Jan & Jan, 1997).
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Channel Type

Nomenclature

Regulation

Conductance
(PS)

Voltage sensitive
A-channel

KA

Rapid activation and inactivation

<l-20

Delayed rectifier

Kv

Delayed activation, slow inactivation

<l-20

Rapid delayed rectifier

KVR

Rapid activation

<l-20

Slow delayed rectifier

K.v(S)

Very slow activation and inactivation

?

Sarcoplasmic reticulum channel

KSR

Strong voltage-sensitivity, low
K+/Na+ selectivity

180

Voltage-sensitive

100-250

Intermediate conductance Ca2+activated K+ channel

Little or no voltage-sensitivity

18-50

Smali conductance Ca2+activated K+ channel

Little or no voltage-sensitivity

6-14

KM

Time-dependent & voltage-sensitive,
slow activation, non-inactivating

5-18

K-ACh

Voltage-sensitive and inwardly
rectifying

7-50

Mg2+ and intracellular polyamines

5-30

Increased cell volume

16-40

Ca2+-sensitive
High conductance Ca2+activated K+ channel

Receptor-coupled
M-current
Atrial muscarinic-activated

Miscellaneous
Inward rectifier
Cell volume-sensitive
Na+-activated

K--Na

Voltage-insensitive

220

ATP-sensitive

K ATP

ATP-inhibited, nucleoside
diphosphate-facilitated, inward
rectifying, pH-sensitive.

5-90

Table 1.1 A summary of the K+ channels classified using their electrophysiological
properties, their standard nomenclature, the way in which the channel is regulated and
conductance (Watson & Girdlestone, 1999).
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It has been proposed that, some 700 million years ago, potassium channels
belonged to the one family, which was voltage sensitive. These channels consisted of
six membrane spanning a-subunits and a pore forming 'P' region that is similar to the
voltage-sensitive K+ channels (superfamily one) observed today (Figure 1.1; Christie,
1995). The fourth membrane spanning subunit was thought to be the voltage sensor for
the channel. The inwardly rectifying superfamily (superfamily two) resulted from the
deletion of four of the membrane spanning segments including the voltage sensor (see
Figure 1.1). This altered the gating of the channel from outward to inwardly rectifying
(Christie, 1995). Other ion channels, such as cyclic nucleotide-gated (CNG), Na+ and
Ca2+ channels, and receptors such as the purinergic receptor, are also thought to have
arisen from the ancestral potassium channel. This information lead to the new method
of classification that will now be briefly discussed with particular focus on superfamily
two as it contains the KATP channel.

1.1.1.1 Superfamily One: Voltage Sensitive Potassium Channels
The differing functions of superfamily one, the voltage sensitive K+ channels,
are thought to be the result of events that culminated in different arrangements of
subunits and associations with various intracellular P-subunits that conferred novel
properties to each channel (Christie, 1995). The K+ channels in this family include the
'A'-channel (KA), the large conductance Ca2+-sensitive (BKca) channel and the delayed
rectifier (Kv) channel. The basic structure of this family is shown in Figure 1.2a. The
cc-subunit is thought to consist of six transmembrane-spanning segments (S1-S6), of

Superfamily One

K,B

Superfamily Two
K•ATP

•2X

Figure 1.1 An evolutionary schema of K+ channels and the predicted membrane topology including the voltage sensor and pore forming region
(adapted from Christie, 1995).
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Figure 1.2 Schematic representation of the voltage sensitive potassium channel family
illustrating a) the proposed transmembrane topology and b) the proposed stoichiometry
(adapted fromGarciae/ al., 1997; Jan& Jan, 1997).
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which S4 has been postulated to act as a voltage sensor (Pongs, 1992; Salkoff et al,
1992), a likely pore forming hairpin loop (H5) and a cytoplasmic N- and C- terminus.
Structurally K+ channels consist of 4 a- subunits at their core position, which make up
the channel. Figure 1.2b illustrates the proposed membrane stoichiometry of four a
subunits arranged together to form a pore.

1.1.1.2 Superfamily Two: Inwardly Rectifying Potassium Channels
Superfamily two comprises the KIR channels and includes the KATP channel.
Figure 1.3a illustrates the basic structure of the inwardly rectifying potassium channels.
Like the voltage sensitive potassium channels, they also contain 4 a-subunits, the same
likely pore forming hairpin loop (H5) and cytoplasmic N- and C- terminal domains.
However, they have only two membrane-spMining segments, Ml & M2 (Jan & Jan,
1994). The K+ sensor for these channels may involve the H5 segment since a mutation
of the conserved glycine in this segment eliminates the selectivity (Slesinger et al,
1996). The M2 segment is also thought to have a very important role in the K+ channel
conductance as well as regulating the effects of magnesium and polyamines (Stanfield
et al, 1994; Wible et al, 1994).
The channels in this family have cDNAs, which are approximately 370-500
amino acids in length with the central 350 amino acids being highly conserved. The
amino acids of the carboxy and amino termini are thought to be located on the
intracellular side of the membrane where the four subunits converge to form an
operating channel (Figure 1.3b). These termini are also highly variable and it is this
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Figure 1.3 Schematic representation of the inward rectifier potassium channel family
illustrating a) the proposed transmembrane topology and b) the proposed stoichiometry
(adaptedfromGarcia et al, 1997; Jan & Jan, 1997).
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variability which allows the classification of the KIR family into six subfamilies, KIRI.O
to KIR6.0 (Chandy & Gutman, 1993). Within each subfamily of KIR, there are further
subtypes. For example, the KIR2.0 subfamily contains subtypes KIR2.1, KIR2.2 and
KIR2.3

(Doupnik et al, 1995). Each of the six subfamilies has greater than 70 %

sequence homology within them. Between them there is approximately 40 % sequence
homology. Although all are inward rectifiers, the degree of inward rectification differs.
When the membrane potential is more positive (depolarised), the channel conducts K+.
Strong inward rectifiers conduct less K+ and therefore, less outward current than weak
inward rectifiers. KiR2.0, 3.0 and 4.0 are strong inward rectifiers, and KIRI.O, 5.0 and
6.0 exhibit only weak inward rectification (for review see Doupnik et al, 1995). The
KATP

channel is formed by the association of a KIR6.X channel with a p-subunit, the

sulphonylurea receptor (SUR) (Inagaki et al, 1995a). As already mentioned, it is the
KATP

channel that is at the centre of the work presented in this thesis and will be

discussed in greater detail.

1.2 ATP-Sensitive Jt Channels
In 1983, Noma identified, in cardiac c~lls, specific K+ channels that were
inhibited by intracellular ATP at levels greater than 1 mM. Since then, KATP channels
have been identified in a wide variety of tissues throughout the human body, including
the pancreatic (3-cell (Ashcroft et al, 1984; Cook & Hales, 1984; Rorsman & Trube,
1985), skeletal muscle (Spruce et al, 1985; 1986), the CNS (Ashford et al, 1988), the
kidney (Gogelein & Greger, 1987; Parent et al, 1988) and in vascular smooth muscle
(Quast & Cook, 1988). In the last 10 years, these channels have also been found in
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follicular cells (Honore & Lazdunski, 1991), the mitochondrial inner membrane of rat
liver (Inoue et al, 1991) and cardiomyocytes (Paucek et al, 1992).
The functions of KATP channels are very diverse. For example, in the pancreas,
where their role is best understood, KATP channels regulate insulin secretion (Dunne et
al, 1994; see Section 1.3.1). In smooth and cardiac muscle, they may contribute to the
resting membrane potential and more importantly, regulate cell function under
conditions of metabolic stress (see Section 1.3.3). They are also the target of a number
of endogenous regulators (see Section 1.3). Because KATP channels can be modulated
by both endogenous regulators and metabolic stimuli, they have the potential to be
important therapeutic targets in a number of pathophysiological conditions in man
including hypertension, arrhythmia and diabetes mellitus (for review see Quayle et al,
1997).

1.2.1 Molecular Structure
KATP

channels are characterised by a unique pharmacology, eiectrophysiology

and molecular structure. The KATP channel is an octomeric (4:4) complex constructed
from two distinct subunits (Figure 1.4a). The pore, or channel, is formed from a subunit
belonging to the inwardly rectifying K+ channel family, KJR6.X. TO form a functional
channel, it requires association with a second subunit, the sulphonylurea receptor
(SUR), which regulates the channel through an interaction with nucleotides and drugs
(Figure 1.4b; Clement etal, 1997; see Section 1.2.1.2).
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Figure 1.4 Schematic representation of a) the membrane structure of SURl and KK6.2
which collectively form a KATP channel. SURl is thought to have 3 transmembrane
spanning domains, TMDO, TMDl and TMD2. Walker A & B motifs are indicated by the
boxes (|); COOH and NH3 indicate the C and N terminals, respectively. The KA1P channel
has several potential protein kinase A- (o) and protein kinase C- (o) dependent
phosphory lation sites and 2 proposed N-linked glycosy lation sites (©) (adapted from Seino,
1999). b) The stoichiometry of the KATP channel with 4 subunits of KIR6.2 surrounded by 4
subunitsof SURl (adaptedfrom Jan&Jan, 1997).
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1.2.1.1 KIR6.x
Two KIR genes have been identified which form KATP channels with SURs. The
first of the two KIR genes to be identified thus far was cloned by Inagaki and coworkers
(1995a) from a rat cDNA library and named KiR6.1 or uKATP-1. It showed 43-46 %
homology with the KIRI.0-5.0 subfamilies and was broadly distributed, although
surprisingly it was not found in the pancreas. KIR6.1 is a 424 amino acid protein with a
KIR structure of 2 putative transmembrane regions (Ml & M2) and a highly conserved
H5 region. KJR6.1 were thought to function as KATP channels in their own right since
they were inhibited by ATP and activated by diazoxide but not sulphonylureas (Inagaki
et al, 1995a). However, in more recent studies using HEK293 (Ammala et al, 1996b)
and Xenopus oocytes (Gribble et al, 1997b), it was shown that both the KIR6.1 and the
sulphonylurea receptor (see Section 1.2.1.2) were obligatory to express functional KATP
channels.
Homology screening with KIR6.1 resulted in the cloning of an isoform with 71%
sequence homology named, KJR6.2 or BIR (Inagaki et al, 1995b). KIR6.2 is strongly
expressed in pancreatic P-cells, heart, skeletal muscle and the CNS. It is a 390 amino
acid protein with a KIR structure of two putative transmembrane regions (Ml & M2)
and a highly conserved H5 region.
Both KIR6.1 and KIR6.2 have an asparagine in the M2 position 172, which is an
indication of their weak rectification, two possible locations for phosphorylation by
adenosine 3',5'-cyclic monophosphate (cAMP)- dependent protein kinase and several
possible locations for phosphorylation by protein kinase C (PKC) and protein kinase A
(PKA) (Figure 1.4a). It was first thought that they didn't show an apparent sequence for
ATP binding (Inagaki et al, 1995a,b; Sakura et al, 1995), yet, new evidence suggests
this is not the case and this will be discussed shortly in Section 1.2.2.1.
13
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1.2.1.2 Sulphonylurea receptors (SUR)
The cloning of the p-cell SUR in the pancreas in 1995 by Aguilar-Bryan and
coworkers was a significant finding as it demonstrated that SUR (later renamed SUR1)
was an integral part of the KATP channel. It was first thought that the SUR1 would be a
typical ion channel protein, however, it has since been shown to be a member of the
ATP-binding cassette (ABC) protein superfamily (Aguilar-Bryan et al, 1995). This
superfamily of proteins is found in organisms ranging from bacteria through to humans.
In man, mutations in this superfamily have resulted in a number of disorders including
cystic fibrosis, adrenoleukodystrophy and familial hyperinsulinism (Dean & Allikmets,
1995).
Even though SUR1 itself produced high affinity sulphonylurea binding it did not
show channel activity on its own. Therefore, it has been postulated that it requires
another subunit to allow ion flow to occur (Aguilar-Bryan et al, 1995). When KJR6.2
and SUR1 were co-expressed in mammalian cells (Inagaki et al, 1995b; Sakura et al,
1995) or in Xenopus oocytes x\jribble et al, 1997b), functional KATP channel currents
resulted.

In addition, the finding that the tissue distribution, single channel

conductance, kinetics, rectification properties, K+ selectivity, inhibition by ATP and the
pharmacological properties of the KIR6.2/SUR1 complex were identical to those of
native KATP channels, confirmed that the complex was indeed the KATP channel (Sakura
etal, 1995).
SUR1, which has affinity for sulphonylureas in the nanomolar range (Kaubisch
et al, 1982), was first thought to consist of 13 transmembrane segments in two groups
of nine and four. However, it has recently been proposed by Tusnady and coworkers
(1997) that it has 17 transmembrane segments (Figure 1.4a). This model suggests two
transmembrane domains (TMD1 & TMD2) with six segments and another domain
14
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(TMDO) with 5 segments ending in the N-terminal. Again, two nucleotide binding
domains are proposed (NBF1 & NBF2) of which NBF1 is found between TMD1 and
TMD2 and NBF2, in the C terminus. Each NBF has a Walker A and B motif which are
believed to be the site of nucleotide regulation (see Section 1.2.2; Seino, 1999). In
addition to two possible N-linked glycosylation locations and three-four PKAdependent phosphorylation sites, there are numerous possible PKC-dependent
phosphorylation sites, depending on the animal species (Tusnady et al, 1997).
Another sulphonylurea receptor, SUR2, has also been identified. Two forms
have been discovered, SUR2A and SUR2B, which are splice variants of a single gene
differing only in their C terminal, the last 42 to 45 amino acids (Chutkow et al, 1996;
Inagaki et al, 1996; Isomoto et al, 1996). However, the splice variant, SUR2A, cloned
by Chutkow (1996) is different from the SUR2A reported by Inagaki (1996) as it is
missing an exon (14). Therefore, two different names have been proposed for the
SUR2A cloned by Chutkow (1996), SUR2C by Ashcroft & Gribble (1998) or the more
accurate SUR2AA14 by Babenko and colleagues (1998). SUR2A has an estimated
affinity for sulphonylureas approximately 500 times lower than SUR1 and hence, it is
known as the low affinity SUR. The molecular structure of SUR2A is very similar to
SUR1, however it has three possible N-linked glycosylation locations and two PKAdependent phosphorylation sites (Tusnady et al, 1997).

1.2.1.3 KIR/SUR Association
As mentioned briefly in Section 1.2.1, for a KATP channel to function, a KIR
channel and a SUR must combine with one another in a hetero-octameric complex (4:4).
Generally speaking, the KIR6.X subunit gives the KATP channel its potassium selectivity,
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inward rectification and unitary conductance and the SUR controls the pharmacology
and the channel's receptiveness to nucleotides (see Section 1.2.2). Table 1.2 contains
the subunit association proposed thus far. It must be noted that it is not known if all the
isoforms of each subunit have been identified yet and that the classifications listed in
the table are based only on the pharmacology of the channels.

1.2.1.3.1 SURx/Km6.1
Reconstitution studies have shown that KIR6.1 can form a functional channel
with SURl and SUR2A, but not SUR2B (Ammala et al, 1996a; Aguilar-Bryan et al,
1998). Although a native channel for SUR1/KIR6.1 is yet to be identified, reconstitution
of SURl with KIR6.1 results in channels which are activated by metabolic inhibition and
by diazoxide. However, the channel rundown is very fast and therefore recordings of
channel currents have been difficult to achieve.
The combination of SUR2A/KIR6.1 has not been shown to produce K+ currents
that are regulated metabolically, nor has it been found to be expressed natively (AguilarBryan et al, 1998).
The pairing of SUR2B/KIR6.1 forms a channel with similar pharmacology to
cloned KATP channels but with notable differences. For example, they are activated
rather than inhibited by internal ATP and show no spontaneous channel openings
(Yamada et al, 1997). SUR2B/KiR6.1 is believed to be the nucleotide diphosphatedependent K+ (KNDP) channel first described by Beech and colleagues (1993b) and later
by Zhang & Bolton (1995; 1996).

16

Chapter One General Introduction

Tissue Type
Pancreatic P-cell

KIR subunit

SUR subunit

K,R6.2

SUR1

Reference
Inagakie/a/.,1995b;

Sakuraeftf/.,1995
Neuronal

KIR6.2

SUR1

Gopalakrishnan et
a/.,1991;1992

Cardiac

K,R6.2

SUR2A

Inagakie/a/.,1996

Skeletal

KIR6.2

SUR2A

Inagakie/fl/.,1996

Smooth muscle

KIR6.2

SUR2B

Isomotoe/a/.,1996

K,R6.1

SUR1

Theoretical: not yet
identified or
reconstituted to date

K1R6.1

SUR2B

Yamadaefa/,,1997

KIR6.1

SUR2A

Aguilar —Bryan et
al, 1998;
reconstituted only,
not functional

5
"i

Vascular smootli muscle (KNDP)

\

Table 1.2 The proposed subunit association of SURX/KIR6.X and the tissues in which
they are found.
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1,2.1.3.2 SURx/Km6.2
The subunits of the pancreatic P-cell KATP channel have been identified as SUR1
and KJR6.2 (Inagaki et al, 1995b). This complex is sensitive to sulphonylureas at
nanomolar concentrations (IC50 approximately 1 nM for glibenclamide) and activated
by both diazoxide and metabolic inhibition.

This channel subtype has also been

identified in neuronal tissues (Kaubisch et al, 1982; Gopalakrishnan et al, 1991; 1992).
It was first thought that the combination of SIJR2A/KIR6.2 would be found in the
pancreatic p-cell since the currents and single channel conductance were the same
(Inagaki et al, 1996). However, the burst duration and the length of time between
bursts were different (Alekseev et al, 1997). In fact, when expressed together, KIR6.2
and SUR2A display all the properties of KATP channels described in cardiac and skeletal
muscle. They are less sensitive to ATP and glibenclamide than the p-cell KATP channel
and they are sensitive to the cardiac KATP channel openers cromakalim and pinacidil but
not diazoxide (Inagaki et al, 1996; Okuyama et al, 1998).
The expression of SUR2B/KIR6.2 together exhibit pharmacology that is similar
to KATP channels found in smooth muscle. Channels with this combination of subunits
are activated by diazoxide and inhibited by glibenclamide and tolbutamide, although at
significantly lower concentrations than SUR2A/KiR6.2 (Isomoto et al, 1996). Although
this evidence is convincing, the tissue distribution of SUR2B and KIR6.2 are not
identical. Therefore, it must be questioned whether this combination of subunits is
actually the smooth muscle KATP channel.
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1.2.2 Regulation of KATP channels by ATP and ADP
KATP

channel activity is characterised by bursts of activity in which the channel

flickers between open and closed states. The open probability is dependent upon many
factors including the binding of Mg2+ or polyamines to sites inside the channel (for
review see Aguilar-Bryan & Bryan, 1999). ATP inhibits the channel by lengthening the
time between opening and also decreasing the length of the burst, whilst magnesium
adenosine diphosphate (MgADP) is thought to prolong the open state of the channel.
How and where these nucleotides regulate the channel is still the subject of much
debate. In the following sections the recent advances in this field will be briefly
discussed.
KATP

channels are unique as the majority of ion channels rely on intracellular

ATP to sustain their activity since ATP is used as a substrate in phosphorylation of the
channel. However, the KATP channel is distinct from these because non-hydrolysable
analogues of ATP are also as effective as ATP (Babenko et al, 1998). ATP and ADP
have three major effects in the regulation of KATP channels; inhibition, stimulation and
refreshment.

Inhibition
Intracellular ATP ([ATP]0, with or without Mg2+, is believed to be a major
regulator of KATP channels. There are still conflicting theories, however, as to whether
it is the sole regulator. The estimated ICso value of ATP for reconstituted SUR1/KIR6.2
channels and pancreatic p-cell KATP channels is 10 uM (Inagaki et al, 1995b). Given
that the cytosolic [ATP]j level is thought to be around 1 mM (Schwenke et al, 1981),
this amount of ATP would be sufficient to fully inhibit pancreatic P-cell KATP channels.
Pancreatic KATP channels, however, can spontaneously open, thus ATP does not appear
19
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to be the sole regulator (Cook & Hales, 1984). One of several possible explanations is
that only unbound ATP4" can cause inhibition, as the concentration of ATP4" is more
near the IC50 (Ashcroft & Kakei, 1989).

Stimulation
Generally, ADP and other nucleotide diphosphates (NDPs) stimulate KATP
channels, but unlike the channel inhibition by ATP, Mg2+ is essential for this
stimulation. When Mg2+ is not present, ADP inhibits the channel (Davies et al, 1991;
Nichols & Lederer, 1991). However, NDPs have different effects in different tissues.
In smooth muscle cells they activate KATP channels, while in cardiac cells they can
antagonise ATP as well as activate the channel (Quayle et al, 1997).

Refreshment
Refreshment is the transformation of the channel from an inactive state, to an
active one. When cells are bathed in an ATP-free solution, KATP channels show a loss
of activity. This demonstrates that KATP channels require a small amount of ATP to be
present constantly to prevent a loss of channel activity. Interestingly, the reintroduction
of MgATP at millimolar concentrations or hydrolysable analogues of ATP without
Mg2+ or Mn2+ will restore channel activity, whereas non-hydrolysable analogues alone
have no effect (Takano & Noma, 1993).

1.2.2.1 Site of ATP regulation
The identity of the site at which ATP acts to inhibit the KATP channel is now
clearer. Originally it was thought that the site for ATP binding was at the level of
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SUR1 given SUR1 has two nucleotide binding domains and KIR6.2 none (AguilarBryan et al, 1995; Inagaki et al, 1995b). Indeed, high- and low-affinity ATP binding
sites were identified on NBF1 and NBF2 respectively, via the finding that MgADP
reduced the photolabelling of ATP (Ueda et al, 1997). However, recent work by
Tucker and colleagues (1997) has shown that when a truncated form of KiR6.2,
KJR6.2AC,

is expressed without SUR1 the channel currents are still blocked by ATP,

although with somewhat reduced potency (Ki = 100 uM). Also, several different
mutations in KiR6.2AC produced a large decrease in ATP sensitivity (Ki = ~ 4 mM)
while leaving its ability to couple to SUR and other channel kinetics unaltered (Tucker
et al, 1997). Conversely, mutations in SUR1 did not significantly alter the ability of
ATP to inhibit KiR6.2/SURl channel currents leading to the proposal that SUR1 acts to
sensitise KIR6.2 to inhibition by ATP (Shyng & Nichols, 1998). Another theory is that
SUR and KIR6.2 assemble a shared ATP binding site (Babenko et al, 1999). Therefore,
it appears that the site for ATP regulation is most probably located on the KIR subunit.

1.2.2.2 ATP/ADP ratio
The ATP/ADP ratio is thought to be important in the control of KATP channel
activity. Several experiments have shown that in the absence of Mg2+, ADP and other
nucleotide diphosphates actually inhibited KATP channel currents. Furthermore, in
channels that were inhibited by ATP, MgADP reactivated the channel current (Dunne &
Peterson, 1986; Misler et al, 1986). Many studies in pancreatic p-cells also strengthen
the theory that ATP and ADP are closely linked (Ghosh et al, 1991; Detimary et al,
1996; Olson et al, 1996). However, as mentioned previously, the study by Gribble and
colleagues (1997a) demonstrated that mutations in the Walker A motif produced a KATP
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channel that was still inhibited by ATP but not stimulated by MgADP. This indicated
that the two may not be intimately linked, at least at the molecular level. Therefore, the
evidence so far suggests that ATP maintains the channel in an operational state and
oscillations in ADP are involved in regulation of the channel (Babenko et al, 1998).

13 Endogenous regulators ofKATP channels and their physiological
function
There are a number of endogenous regulators of KATP channels within the body.
As they vary between tissues the following discussion will focus upon these
endogenous regulators in relation to the tissues in which they are active.

13.1 Pancreatic p-cell
The KATP channel is particularly important in the pancreatic P-cell where it
regulates insulin secretion (Figure 1.5). In the resting state, the pancreatic P-cell is
hyperpolarised, through the opening of KATP channels, below the threshold for insulin
release. When glucose levels within the cell rise, oxidative phosphorylation within the
mitochondria increases, leading to an increase in the synthesis of ATP. This elevation
in ATP results in KATP channel inhibition.

Subsequently, the cell membrane is

depolarised and in turn, calcium channels opened. The resultant influx of Ca2+ ions
triggers insulin secretion through exocytosis of insulin vesicles (Dunne et al., 1994).
The glucose transporter (GLUT2), present in the P-cell membrane provides
enough glucose for it to be used as the predominant fuel for ATP synthesis. Therefore
this system provides a very accurate and sensitive regulator of blood sugar levels.
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Figure 1.5 Schematic representation of the pancreatic p-cell illustrating the role of the
in the regulation of insulin release. An increase in glucose metabolism
leads to an increase in oxidative phosphorylation and therefore ATP. The change in the
ATP/ADP ratio causes the closure of KATP channels which in turn depolarises the
membrane and opens Ca2f channels. The increase in calcium within the cell induces the
release of insulin (adapted from Horie et ai, 1997).
KATP channel
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Clearly, the KATP channel presents itself as the primary target for the control of
blood sugar when it is impaired by conditions such as diabetes mellitus (Type II). In
fact, shortly after the KATP channel was first identified, work by Sturgess and coworkers
(1985) and Trube and coworkers (1986) found that sulphonylureas antagonised
pancreatic P-cell KATP channels. Presently, the principal drug used in the treatment of
diabetes mellitus (Type II) is the sulphonylurea, glibenclamide. However, p-cell KATP
channels have now been shown to be sensitive to a wide variety of other agents such as
imidazolines (Schulz & Hasselblatt, 1988) and potassium channel openers (Trube et al,
1986; Ziinkler et al, 1988) indicating that there may be other treatment options
available.

1.3.2 Heart
As mentioned previously, specific K+ channels that are depressed by
intracellular ATP at levels greater than 1 raM, were first identified in cardiac cells by
Noma in 1983. In the heart, KATP channels open when the [ATP]j falls resulting in
hyperpolarisation of the membrane and closure of voltage sensitive calcium channels.
This cascade results in attenuation of cardiac myocyte activity (Cason et al, 1995).
Nevertheless, this only seems to occur in periods of stress such as hypoxia or ischaemia
(Nichols & Lederer, 1991).
Over the last decade there has been much debate on the role KATP channels in
the heart in ischaemic preconditioning (IPC) and, even now, the mechanism is still not
fully understood. IPC is a naturally occurring protective mechanism in the heart, which
is triggered by a number of brief ischaemic incidents before a more prolonged
ischaemic period. Mimicking this protective mechanism would be a great advantage to
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patients suffering an infarct (Light, 1999). Several endogenous agents have been shown
to induce IPC, namely adenosine, noradrenaline, angiotensin II and endothelin. What
actually leads to preconditioning is thought to be the result of signal transduction
downstream of adenosine receptor activation where the resultant PKC facilitates
opening of KATP channels (Light et al, 1996; Liu et al, 1996).
The first hypothesis that KATP channels were involved in IPC came from Gross
& Auschampach in 1992, when glibenclamide was found to eliminate preconditioning,
and the preconditioning effect was mimicked by a potassium channel opener, aprikalim.
Originally it was believed that the opening of surface KATP channels shortened the
action potential duration, thereby reducing calcium influx and conserving energy
(Schulz et al, 1994; Terzic et al, 1995). However, subsequent findings have shown
that the shortening of the action potential is not actually involved in IPC (Yao & Gross,
1994; Grover et al, 1996). These findings put into question the role of KATP channels
in the sarcolemma and focused investigations onto the mitochondrial KATP channels. In
fact, recent studies have shown that diazoxide, a potassium channel opener, targets
mitochondrial but not sarcolemmal KATP channels and therefore, mitochondrial KATP
channels may be the mediator in IPC (Garlid et al, 1997; Liu et al, 1999). Moreover,
Sato and colleagues (1998) found that opening of mitochondrial KATP channels was
hastened by a PKC activator. Therefore, KATP channels in the mitochondria of cardiac
cells are now implicated as a target in myocardial ischaemia and possibly other
pathophysiological conditions.
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1.33 Vasculature
In the vasculature, KATP channels have a number of different roles depending on
the vascular bed. These include metabolic regulation of blood flow, regulation during
an ischaemic event such as hypoxia, and in some vascular beds, regulation of membrane
potential under normal conditions (for review see Quayle et al, 1997). Apart from their
inactivation and activation by ATP and ADP respectively, they are also the target of a
number of endogenous vasoactive substances.
In studies using cultured smooth muscle cells many endogenous vasoactive
substances have been shown to inhibit KATP channels in cells, where the KATP channels
currents have been activated by tine KATP channel opener, pinacidil. These include
neuropeptide Y (NPY), endothelin, angiotensin II, vasopressin, 5-HT, phenylephrine
and histamine (Miyoshi & Nakaya, 1991; Miyoshi et al, 1992; Wakatsuki et al, 1992).
In more detailed patch clamping studies using rabbit mesenteric artery it was shown that
vasoconstrictors activate phospholipase C, which results in the production of
diacylglycerol and the activation of PKC and inhibition of KATP channel currents
(Bonev & Nelson, 1996). It must be noted however, that there have been limited
studies in intact vessels to support these findings.
Substances that, at least in part, open KATP channels and cause membrane
hyperpolarisation include calcitonin gene-related peptide (CGRP), adenosine and
prostacyclin (Figure 1.6). They achieve this via the G protein, Gs, which causes an
increase in cAMP and activation of PKA. The phosphorylation of PKA leads to the
opening of KATP channels. It has been known for some time that when a tissue, such as
the coronary artery, is exposed to harmful stimuli, adenosine activates KATP channels to
increase blood flow and possibly decrease the damage to the tissue (Berne, 1980; Daut
et al, 1990). Activation of p-adrenoceptors (Randall & McCulloch, 1995) and CGRP
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I
K
hyperpolarisation

agonist

Figure 1.6 Schematic representation of a vascular smooth mucsle cell illustrating the
proposed role of the KATP channel in the regulation of vascular tone by phosphorylation.
An agonist (eg. adenosine) stimulates its receptor which activates adenylate cyclase (AC)
activity in a G-protein (G) coupled pathway. There is an increase in cAMP and therefore
protein kinase A (PKA) phosphorylation which results in the opening of KA7P channel,
hyperpolarisation and the inhibition of Ca2+ channels and finally, vasodilatation.
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(Quayle & Standen, 1994) released from nerve terminals is also known to act in the
same way. Endothelial-derived relaxing factors such as NO, EDHF and prostaglandins
have all been shown to activate KATP channels under certain conditions (Garland &
McPherson, 1992; Plane & Garland, 1993; Bouchard et al, 1994). However, the
hyperpolarisation caused by these factors in different vascular beds is not always
glibenclamide sensitive, indicating that they do not activate KATP channels in all tissues.
There has been much debate on the role of KATP channels in the control of
membrane potential and basal tone. Originally, studies such as that by Quast & Cook
(1989) showed that inhibition of KATP channels by the antagonist, glibenclamide had
little effect on resting blood pressure. However, in vivo studies assessing the effect of
glibenclamide on vascular resistance and arterial diameter, and in vitro studies looking
at its effects on membrane potential and vascular tone have indicated that this is not the
case (Garland & McPherson, 1992; Imamura et al., 1992; Samaha et al, 1992). In fact,
there have now been numerous studies in the coronary circulation showing that
glibenclamide depolarises the smooth muscle, generally depolarising small arteries
more than large arteries (Eckman et al, 1992; Klieber & Daut, 1994).
Hypercapnia, or the increase in arterial carbon dioxide, is known to cause
extracellular acidification and subsequently, a change in extracellular pH and vascular
dilatation (Wray, 1988).

The dilatation has been shown to be the result of

hyperpolarisation of the membrane and increased permeability to K+ (Harder &
Madden, 1984). There is now evidence that this involves KATP channels, as several
studies have shown this hypercapnia mediated dilatation to be sensitive to
glibenclamide (Faraci et al, 1994; Ishizaka & Kuo, 1996; Kontos & Wei, 1996). In a
recent study, both pertussis toxin, an inhibitor of G proteins, and glibenclamide were
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found to attenuate acidosis-induced dilatation in pig coronary arteries suggesting an
opening of KATP channels through the activation of G proteins (Ishiiaka et al, 1999).
Vascular hypoxia is the fall in oxygen tension in a given blood vessel, resulting
in dilatation and increased blood flow. Therefore, a mechanism linking blood flow and
metabolic requirement must be present. Daut and coworkers (1990) first suggested that
KATP

channels were involved in this process when they showed that the vascular

hypoxia response was sensitive to glibenclamide in guinea pig hearts. Adenosine,
released in response to hypoxia, has been shown to have a predominant role in the
vasodilatation, by acting through KATP channels (Clayton et al, 1992; Merkel et al,
1992; Marshall et al, 1993). However, adenosine antagonists only partially block, or
are ineffective in blocking, the response to adenosine in some tissues (Von Beckerath et
al, 1991; Nakhostine & Lamontagne, 1993).

One possible explanation is the

involvement of the endothelium, which releases other factors such as prostacylin that
have been shown to act on KATP channels during hypoxia (Nakhostine & Lamontagne,
1994). Another is a possible direct action on KATP channels by metabolic inhibition
(Von Beckerath et al, 1991). Hypercapnia, as mentioned above, also plays a role
during hypoxia and acts through KATP channels (Faraci et al, 1994).

1.3.4 Other tissues
Although the role of KATP channels in the pancreas, heart and vasculature is
reasonably well defined, their role in the CNS and skeletal muscle is less well
characterised, and it seems that they only come into play under extreme conditions such
as hypoxia (Pan et al, 1988; Moser et al, 1995; Reshef et al, 1998).
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1.4 Exogenous regulators ofKATP channels
Given the number of endogenous factors that regulate KATP channel function it is
not surprising to find an increasing number of synthetic agents that both open and
antagonise, not only KATP channels, but K+ channels in general.

The subsequent

discussion focuses on compounds that do just that in relation to KATP channels.

1.4.1 KATP channel openers
KATP

channel openers are an extremely large and chemically diverse group of

agents, which were initially characterised by their ability to open smooth muscle K+
channels and cause relaxation in vitro. There is no common structure for KATP channel
openers and therefore classification is difficult. However, five main classes have been
identified including the benzopyrans (eg levcromakalim), the thioformamides (eg
aprikalim), the pyrimidines (eg minoxidil sulphate), the benzothiadiazines (eg
diazoxide) and the cyanoguanidines (eg pinacidil) (Edwards & Weston, 1995). The
structures of these compounds are illustrated in Figure 1.7.
The first synthetic compound found to cause relaxation of vascular tissue by
increasing K+ conductance and hyperpolarising the membrane was nicorandil (Figure
1.7). It was found, however, that the relaxation to nicorandil was not entirely abolished
by high K+ (Furukawa et al, 1981; Itoh et al, 1981). It is now known that nicorandil
can open both K+ channels and act as a nitrovasodilator due to the presence of a nitrate
group in its structure. The real interest in K+ channel openers was initiated by the work
of Hamilton and colleagues (1985; 1986) when they characterised the activity of the
compound, cromakalim, which was found to selectively open KATP channels. It was
found that the actions of cromakalim, and many other K+ channel openers
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ONCX,

Levcromakalim

0
NH,

H2N

Aprikalim

Minoxidil sulphate

NH

CH,

XH,

CH,
CH3
CH,

Pinacidil

Diazoxide

Figure 1.7 Chemical structures of some K+ channel openers.
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subsequently synthesised, could be inhibited by the sulphonylurea, glibenclamide, and
other selective KATP channel antagonists (Buckingham et al, 1989; Quast & Cook,
1989; Winquist et al, 1989). Several additional criterion were also used to establish
whether or not these compounds acted through KATP channels including 86Rb+ and 42K+
studies showing K+ efflux from cells (Edwards et al, 1991; Longmore et al, 1991) and
patch clamping experiments, using single smooth muscle cells, showing activation of
KATP channel

currents (Noack et al, 1992).

The actions of KATP channel openers are not limited to vascular KATP channels.
They also have an effect in other tissues containing KATP channels such as the
pancreatic P-cell, cardiac muscle, skeletal muscle and neurones (Escande et al, 1988;
Ziinkler et al, 1988; Weik & Nemucke, 1990). However, they are generally less potent
in activating KATP channels in these tissues than in vascular smooth muscle. One
exception to this is diazoxide, which activates pancreatic KATP channels with equal
potency (Schwanstecher et al, 1992; Quayle et al, 1995).
In vascular smooth muscle, the ability of KATP channel openers to cause
relaxation also differs between animal species and vascular beds. For instance, the EC50
for levcromakalim (the negative isomer of cromakalim) varies from 12 nM in the guinea
pig portal vein (Quast, 1987) to 440 nM in the rat basilar artery (Ksoll et al, 1991).
Moreover, in the cerebral circulation of the rat, levcromakalim has differing actions
since it hyperpolarises the basilar artery, but not the anterior cerebellar or middle
cerebral arteries (McPherson & Stork, 1992). This is also similar in small and large
peripheral arteries in the rat, where levcromakalim is more potent in the former than the
latter (Nagao et al, 1992). There are several possible explanations for all these
differences, including changes in the tissue distribution of KATP channels or differences
in subtypes of KATP channels present (Quayle el al, 1997).
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1.4.1.1 Site of action
The recent cloning of the sulphonylurea receptors, SUR1, SUR2A and SUR2B
by Inagaki and coworkers (1995b; 1996) identified the SURs as an integral part of the
KATP channel.

In addition, it was found that they appear to have a site for the regulation

of the KATP channel openers. Evidence for this includes the discovery that the KATP
channel currents expressed by SUR1/KIR6.2 are activated by diazoxide, SUR2A/KIR6.2
by cromakalim and pinacidil but not diazoxide, and SUR2B/KIR6.2 by diazoxide and
pinacidil (Inagaki et al, 1995b; Inagaki et al, 1996; Isomoto et al, 1996).
Radioligand binding studies using the pinacidil analogue [3H]-P1075 have also
been carried out to look at the relationship between KATP channel blockers such as
glibenclamide and KATP channel openers (Bray & Quast, 1992; Quast, 1993). They
found that, in rat aorta, [3H]-P1075 met all the requirements of a K+ channel opener as it
caused glibenclamide-sensitive relaxation and

86

Rb+ efflux and hence, the labelled

receptor was of functional relevance. Nevertheless, binding of openers took place at a
concentration that was much lower than was needed for channel opening and
sulphonylurea binding took place at a much higher concentration than was needed to
block the channel. This lead Quast and coworkers (1993) to postulate that there is a
complex model involved, perhaps involving 2 binding sites which are coupled by
negative cooperativity. Subsequent studies used [ H]-glibenclamide labelled high and
low affinity binding sites. The high affinity site was identified as the sulphonylurea
receptor since it was inhibited by KATP channel openers and abolished by prolonged
hypoxia and metabolic inhibition (Ldffler & Quast, 1997). This study provided further
evidence that the site at which KATP channel openers and inhibitors bind is found on the
SUR and that they are negatively allosterically coupled. In fact, in a recent study by
Schwanstecher and coworkers (1998), utilising molecular pharmacology techniques, it
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was found that mutations in the NBFs of the SUR receptors resulted in abolished or
weakened binding of [3H]-P1075.

This indicates that opener binding requires a

conformational change induced by ATP hydrolysis in both NBFs.

1.4.1.2 How do openers regulate KATP channels?
The mechanism by which the KATP channel openers actually activate KATP
channels is not yet fully understood. However, there are several theories based on
different experimental evidence. The predominant theory is that openers decrease the
sensitivity of the channel to ATP. For instance, diazoxide can activate channels which
have been inhibited by ATP, yet, when no [ATP]; is present they are ineffective (Trube
et al., 1986; Sturgess et al., 1988). Openers also cause a shift to the right in the
concentration-response curve for ATP inhibition with no effect on the slope or
maximum, indicating that openers and ATP are antagonists of each other (Thuringer &
Escande, 1989). However, when there are high levels of ATP present, openers cannot
reverse the inhibition, which suggests two separate sites for openers and ATP binding,
with the ATP affinity regulated by the opener binding site (Fan et ah, 1990).
Although this theory seems to be possible for many tissues, in studies using the
rabbit portal vein, increasing [ATPjj did not antagonise the effects of levcromakalim
indicating that in some tissues other factors may be important (Zhang & Bolton, 1996).
It has been proposed that MgNDPs may be required for KATP channels to continue to be
operational in some tissues (Clapp, 1995). In cardiac tissue, nicorandil did not activate
KATP channels

in the presence of MgATP but did so in the presence of MgNDPs (Shen

et al, 1991). Similar findings were made for diazoxide in pancreatic p-cells in which
activation of KATP channels was independent of MgATP (Larrson et al, 1993). From
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this work it was hypothesised that MgADP binds to a stimulatory site which neither
nonhydrolysable ADP, or ADP without Mg can bind and that MgADP is required for
diazoxide to act
In summary, the current theory is that openers decrease the sensitivity of the
KATP

channel for ATP and that MgNDPs may be required in some tissues to enhance

the activation by openers.

1.4.2 KATP channel antagonists
KATP

channel antagonists are agents that restrict the movement of K+ ions

through KATP channels or inhibit channel opening. They have been very important in
studying and identifying KATP channels in many different tissues.

As discussed

previously, the most well known inhibitor of KATP channels is the sulphonylurea,
glibenclamide. However, there are additional compounds that can antagonise KATP
channels. These include other sulphonylureas such as tolbutamide, imidazolines such as
phentolamine and alinidine, quaternary ions such as tetraphenylphosphonium (TPP) and
the structurally unrelated compounds, 5-hydroxydecanoic acid and U-37883. Table 1.3
provides a brief summary of these inhibitors and the concentrations at which they are
active and Figure 1.8 shows some of their structures. Appendix A contains a brief
discussion on receptor antagonism, which may aid in the ensuing discussion of KATP
channel antagonists.

1.4.2.1 Sulphonylureas
Initially, it was through studies with sulphonylureas that SUR was first thought
to be part of the KATP channel. Tolbutamide, a first generation sulphonylurea, was
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Compound

Cone.

Tissue

References

20-200 nM

vsm

(Challinor & McPherson, 1993;
Beech etal, 1993a; 1993b)

0.3-10 nM

p-cells

(Schmid-Antomarchi etal, 1987;
Sturgess et al, 1988; Panten et al,
1989)

20-100 nM

cardiac

(Fosset et al, 1988; Findlay, 1992)

3-7uM

p-cells

(Trube et al, 1986; Jonas et al,
1992)

1-20 \M

vsm

(McHherson & Angus., 1989)

1-20 uM

P-cells

(Plant & Henquin, 1990; Dunne,
1991;Jonase/a/., 1992)

1-20 uM

cardiac

(Wilde et al, 1994; Lee et al, 1995)

Alinidine

10 \$i

vsm

(Challinor & McPherson, 1993)

Clonidine

10 uM

cardiac

(Lee et al, 1995)

11 jiM

p-cells

(Jonas et al, 1992)

1-5 uM

p-cells

(Jonas etal, 1992; Ishida-Takahashi
etal, 1996)

0.1-0.3 uM

vsm

(McPherson & Piekarska, 1994)

U-37883

l^M

vsm

(Ohrnberger et al., 1993)

5-hydroxydecanoic acid

23 uM

P-cells

(Hayashie/a/., 1993)

0.2 uM

cardiac

(Notsu etal, 1992)

Sulphonylureas:
Glibenclamide

Tolbutamide
Imidazol(id)ines:
Fhentolamine

Cibenzoline
Quaternary ions:

TPP
Miscellaneous:

Table 1.3 A brief summary of KATP channel antagonists, the concentration range over
which they are active as KATP channel antagonists and the tissues (vsm = vascular
smooth muscle, P-cells = pancreas, cardiac = heart) in which the studies were carried
out.
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5-Hydroxydeconoate

Figure 1.8 Chemical structures of molecules able to either inhibit channel opening or the
fJow of K+ ions through KATP channels.
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found to inhibit single channel KATP currents from pancreatic P-cells. hi whole cell
recordings, KATP channel currents were blocked by tolbutamide with a Kj of 7 uM and a
Hill coefficient near 1. This indicated that 1 molecule per receptor is required for
inhibition (Trube et ah, 1986). However, tolbutamide was more than 1000 fold less
potent than glibenclamide, a second generation sulphonylurea, that has an estimated Kj
for inhibition of KATP channel currents of 4 nM (Sturgess et ah, 1985; Zunkler et ah,
1988). Furthermore, in binding studies, a specific SUR was found by the identification
of a high affinity binding site that displayed binding that was reversible, could be
saturated and was displaced by other sulphonylureas (Geisen et ah, 1985; SchmidAntomarchi et ah, 1987; Gaines et ah, 1988; Niki et ah, 1989). It was also found that
the binding affinity was similar to the Ki in vivo. This evidence implied that binding 10
this receptor resulted in a functional effect and this effect was mediated through KATP
channels. Ultimately it was confirmed that SUR was, in fact, an integral part of the
KATP channel

(Inagaki et ah, 1995a).

Sulphonylureas have been shown to inhibit KATP channels not only in the
pancreas but also in smooth and cardiac muscle, albeit at higher concentrations
(Ashcroft & Ashcroft, 1992). For example, in vascular smooth muscle, glibenclamide
inhibits whole cell currents with estimated Kj values of 20 nM to 3 uM (Noack et ah,
1992; Beech et ah, 1993a; 1993b; Quayle et ah, 1995). Furthermore, in smooth muscle,
glibenclamide has been shown to inhibit whole cell currents which have been activated
by a number of mechanisms including KATP channel openers (Ibbotson et ah, 1993;
Beech et ah, 1993b; Criddle et ah, 1994), vasodilators such as adenosine (Dart &
Standen, 1993), ATP depletion (Silberberg & van Breeman, 1992) and hypoxia
(Clayton et ah, 1992).
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In the heart,. certain sulphonylureas are more potent than they are in smooth
muscle. For instance, glibenclamide inhibits cardiac KATP currents with a Kj of 7 nM
(Findlay, 1992). In contrast, tolbutamide inhibits both cardiac and smooth muscle KATP
channel currents at a similar potency of around 350 ^M (Belles et al, 1987).

L4.2.1.1 Characteristics of sulphonylurea binding
Considering the role of sulphonylureas in tissues other than the pancreas, it is
not surprising that it has now been shown that the use of sulphonylureas in the treatment
of diabetes may lead to increased cardiovascular mortality in some instances (Leibowitz
& Cerasi, 1996). Indeed, specific binding sites for sulphonylureas have been identified
not only in the pancreas (Kaubisch et al, 1982), but in the cerebral cortex (Kaubisch et
al, 1982; Lupo & Bataille, 1987), the heart (Fosset et al, 1988; French et al, 1990),
smooth muscle (Gopalakrishnan et al, 1991; Zini et al, 1991), adipocytes (Marts et al,
1989) and in the liver (Inoue et al, 1995). Also, high and low affinity binding sites for
sulphonylureas have been identified in most of these tissues (Geisen et al, 1985; Niki et
al, 1989; Gopalakrishnan et al, 1991; Zini et al, 1991; Nelson et al, 1992; Hicks et
al, 1994).
In the pancreas, the KD for glibenclamide binding to the high affinity site is
similar to the EC50 for functional glibenclamide inhibition in the pancreas, both being in
the nanomolar range (Ashcroft & Ashcroft, 1990). However, in certain tissues, for
example smooth muscle, the KD for the high affinity binding site for glibenclamide (0.4
nM), determined through radioligand binding studies, is much less than the
concentration required to see a functional effect (7 jaM; Challirior-Rogers et al, 1994).
This concentration is more like the KD for the low affinity binding site (83 nM; Zini et
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al, 1991).

On the other hand, in studies conducted in our laboratory, using

sulphonylurea analogues, it was found that there was no significant correlation between
KATP

channel antagonism in the vasculature and binding to the low affinity site

(Challinor-Rogers et al, 1995). As a result, the role of the low affinity binding site is
yet to be determined, but it does seem to be more important in some tissues such as
smooth muscle (Quayle et al, 1997).

1.4.2.1.2 Functional properties of sulphonylurea activity
Many studies have found that sulphonylureas show all the characteristics of
competitive antagonism in vascular smooth muscle in inhibiting cromakalim-induced
relaxation, exhibiting a pA2 of around 7 (Eltze, 1989; Edwards et al, 1991; Challinor &
Iv£cPherson, 1993). This was determined by the finding that sulphonylureas shift the
concentration-effect curve to the right without affecting the maximum or slope of the
response to cromakalim (see Appendix A). This would also indicate, when following a
traditional pharmacological approach, that the site of action would be the same for
glibenclamide and cromakalim (Challinor & McPherson, 1993). However, as already
discussed in Section 1.4.1.1, a study by Bray & Quast (1992) found that the interaction
between glibenclamide and PI075 was allosteric, suggesting that the two act at different
sites on the SUR, which are negatively coupled.

1.4.2.1.3 Selectivity of sulphonylureas for KATP channels
A widespread practice in assessing the possibility of a novel drug acting as an
agonist at KATP channels is the use of channel specific antagonists in isolated tissue
experiments.

To obtain an accurate result, the KATP channel antagonist, usually
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glibenclamide, needs to be selective for K^-? channels. Recently, there has been
evidence that this is not the case as it has been found that SURs can couple to other K+
channels, such as Km 1.0, and that this coupling results in sensitivity to sulphonylureas
(Ammala et al, 1996a). Other K+ channels have also been shown to be inhibited by
sulphonylureas, including the calcium-activated K+ channel (Gelband et al, 1993), the
voltage-activated K+ channel (Crepel et al, 1993) and the sodium-activated K+ channel
(Seutin et al, 1996). Moreover, glibenclamide has been found to antagonise the
thrornboxane A2 mimetic, U46619 in both dog and pig coronary artery (Cocks et al,
1990; McPherson et al, 1997). It is yet to be determined if these additional actions of
sulphonylureas result from interactions with other classes of SURs or are mediated via
different mechanisms.
In summary, sulphonylureas are important tools for investigating KATP channels.
However, their lack of selectivity highlights the need to investigate the actions of other
KATP

channel antagonists such as the quaternary ions, 5-hydroxydecanoic acid, U-

37883, imidazolines and imidazolidines.

L4.2.2 Other KATP channel antagonists
Historically, quaternary ions have been used predominantly to measure the
polarity of membrane potential. This is because their lipophilic nature allows a passive
equilibrium with the electrical potential across the cell membrane (Haydon & Hladky,
1972). However, studies performed over the last decade have found that quaternary
ions are also potent inhibitors of KATP channels. Davies and colleagues (1989) and
Quast and Webster (1989) both used

86

Rb+ efflux

techniques to identify

tetraethylammonium (TEA) as an inhibiter of KATP channels from both inside and
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outside the cell membrane albeit at a high concentration of 3 mM. These findings were
the foundation of many studies which followed including experiments by our
laboratory, which identified two quaternary ions, tetraphenylphosphonium and
tetraphenylarsonium, as potent antagonists of levcromakalim-induced relaxation of pig
isolated coronary artery with a potency similar to glibenclamide (McPherson &
Piekarska, 1994).

Interestingly, it was found that another quaternary ion,

tetraphenylboron could reverse this blockade. It has been postulated that this is a result
of the negative charge of tetraphenylboron, which allows it to combine with other
positively charged quaternary ions to form a chemically inactive compound. The same
study by McPherson & Piekarska (1994) also found that the antagonism displayed by
the quaternary ions was non-competitive.
The site of action of quaternary ions is still under debate. However, work with
TEA, for example, has led to the hypothesis that they "plug" the ion pore to prevent
movement through the channel (Heginbotham & McKinnon, 1992). Although potent
KATP

channel inhibitors, quaternary ions have also been shown to alter ATP synthesis

and cellular growth by concentrating in the mitochondria (Saito et al, 1992) and
affecting the Na+/K+-ATPase (Klodos & Plesner, 1992).
Other inhibitors include compounds such as U-37883 and 5-hydroxydecanoic
acid. U-37883 is a synthetic agent that was found to block vascular KATP channels with
an estimated Kj of 1 uM. It also seems to be vascular selective as it does not stimulate
insulin secretion or inhibit KATP currents in the pancreas (Ohrnberger et al, 1993). 5hydroxydecanoic acid is believed to inhibit ventricular arrhythmias in guinea-pig
ventricular myocytes also by inhibiting KATP channels (Kj 0.2 \xM; Notsu et al, 1992).
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Unfortunately, like sulphonylureas the majority of these blockers are relatively
non-selective. Therefore, in pursuit of a more selective KATP channel antagonist, studies
in our laboratory have focused upon imidazol(id)ines.

1.4.2.3 Imidazolines and Imidazolidines
Imidazolines, such as phentolamine, and imidazolidines, such as alinidine and
o*y?i structurally related compounds, have been known for some time to antagonise
KATP channels.

1.4.2.3.1 Actions on smooth muscle
3

Our laboratory was the first to demonstrate that imidazol(id)ines inhibit KATP
channels in vascular smooth muscle. Phentolamine, alinidine, and structurally related
analogues,

all

at

30

uM, blocked

cromakalim

in both

functional

and

electrophysiological studies (McPherson & Angus, 1989). Phentolamine, a well known
a-adrenoceptor antagonist, was selective for cromakalim since other a-adrenoceptor
antagonists, prazosin, rauwolscine and phenoxybenzamine, at sufficient concentrations,
failed to antagonise cromakalim. In addition, this study also showed that clonidine, the
compound from which the imidazoline compounds studied in this thesis are derived, is
ineffective in blocking cromakalim. In a subsequent study, phentolamine and alinidine
were used as valuable tools, along with glibenclamide, in characterising KATP channels
in vascular smooth muscle, non-vascular smooth muscle and cardiac muscle
(McPherson & Angus, 1990).
In another study, phentolamine and alinidine (1-30 |iM) were shown to cause
concentration-dependent depolarisation in endothelium-denuded rat small mesenteric
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arteries (McPherson & Angus, 1991).

Subsequent experiments by Okumura and

coworkers (1992) showed that imidazolines such as phentolamine and antolazine
attenuated the relaxation to the KATP channel opener, nicorandil, in vascular smooth
muscle.
Imidazolines have also been shown to antagonise KATP channels present in nonvascular smooth muscle after studies found that phentolamine and glibenclamide
inhibited cromakalim induced relaxation and pinacidil-induced relaxation in guinea-pig
isolated trachealis muscle (Murray et al, 1989; Bang & Nielson-Kudsk, 1992).

1.4.2.3.2 Actions on the pancreas
In the pancreatic P-cell it is well known that phentolamine reverses the
inhibition of insulin release caused by diazoxide (Burr et al., 1971), whereas other aadrenoceptor antagonists, such as yohimbine, do not (Henequin et al, 1982).
Moreover, a study by Schultz & Hasselblatt (1989) demonstrated that other imidazoline
compounds related to phentolamine, such as tolazoline and antazoline, also acted in the
same way as phentolamine. Using diazoxide, an agent recently found to open KATP
channels (Trube et al., 1986; Dunne et al., 1987), Plant and Henquin (1990)
investigated the possibility that phentolamine was acting through KATP channels. Using
patch clamping techniques, they showed that phentolamine (20 uM), inhibited 86Rb+
efflux caused by diazoxide (100 \xM) in pancreatic islet cells in the presence of 6 mM
glucose.

'vlso, single KATP channel currents were inhibited in a concentration-

dependent manner by phentolamine (20-100 uM). They concluded that phentolamine
inhibited KATP channels in pancreatic P-cells in a manner similar to glibenclamide. This
study was followed by many others showing that imidazolines blocked KATP channels in
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pancreatic 0-cells (Chan et al, 1991; Dunne, 1991; Jonas et al, 1992). Therefore, from
these studies and those described in smooth muscle, it is now known that imidazolines
are another chemical group of antagonists, in addition to sulphonylureas, that inhibit
KATP channels.

Given all this evidence, it was surprising that following a study by Chan and
colleagues (1993) where the imidazoline, efaroxan, was shown to be stereoselective and
down-regulated in the presence of agonists, it was hypothesised that an 'imidazoline
receptor', and not KATP channels, may be responsible for its effects in the pancreas.
This may have been possible, as binding sites for imidazolines had been identified in the
pancreas (Michel & Insel, 1989; Michel &, Emsberger, 1992). Imidazoline receptors are
divided into two subtypes, Ii- and ^-receptors (Ernsberger et al, 1992b). ^-receptors
had already been described in the pancreas (Lancombe et al, 1993) and in insulinoma
cells (Remaury & Paris, 1992). Nevertheless, the pharmacology of the Ii- and k-sites
was not consistent with the pharmacology of the imidazoline responses so it was
proposed that they might be acting through a third, yet unidentified, I-receptor site. A
study utilising [3H]-RX812002, an imidazoline that can also stimulate insulin release,
identified both high and low affinity binding sites. Efaroxan displaced the [3H]RX812002 binding to the low affinity site in concentration-dependent manner,
indicating that the low affinity site may, in fact, represent a new receptor (Chan et al,
1994).
However, this evidence was controversial and inconclusive. Indeed, a study by
Olmos and colleagues (1994) using rat insulinoma cells confirmed that imidazolines
were not acting at Ii- or h-receptors. Ii-receptors were shown not to be present and the
imidazolines cirazoline and idazoxan (100 uM), both known to have potent actions at
I2- receptors, caused the release of insulin, yet were not blocked by the I2 antagonist,
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clorgyline (10 uM). They did however, reverse the inhibition of insulin release by
diazoxide (250 uM), indicating that they were acting at a novel binding site related to
the KATP channel and not at an imidazoline receptor.

In support of this theory,

imidazolines showed stereoselectivity in blocking a2-adreonceptors but not KATP
channels, in contrast to findings with respect to efaroxan (Chan et al, 1993). This also
suggested that imidazoline receptors were not involved.

1.4.2.3.3 Actions on the heart
Phentolamine has been used extensively to characterise the role of aadrenoceptors in the heart under both normal and pathophysiological conditions such as
ischaemia. It has been shown to be a potent anti-arrhythmic in in vivo cat studies
(Sheridan et al, 1980), as well as in in vitro studies using guinea-pig hearts (Penny,
1984; Penny et al, 1985; Gwilt et al, 1992) and rat hearts (Thandoroyen et al, 1983).
It has been shown to inhibit the shortening of the cardiac action potential under both
ischaemic (Penny et al, 1985) and hypoxic conditions (Tweedie et al, 1992). These
effects were always thought to be a result of blockade of a-adrenoceptors. However,
with the findings that phentolamine blocked KATP channels in the pancreas and vascular
and non-vascular smooth muscle, as already discussed in Sections 1.4.2.3.1 & 2, it was
proposed that the anti-arrhylhmic effects of phentolamine may be mediated by cardiac
KATP channels.

In a study by Wilde and co workers (1994) using rabbit ventricular cells,

phentolamine (5 fiM) applied to the intracellular side of the membrane reduced KATP
channel activity almost completely as the open probability decreased by 94%. Shortly
afterwards, Lee and co workers (1995), using guinea-pig ventricular cells, found that this
effect was not seen with other a-adrenoceptors antagonists, but was apparent for other
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imidazoline analogues such as idazoxan. However, it remains to be determined if
antagonism of cardiac KATP channels accounts for the anti-arrhythmic effects of
phentolamine.
Alinidine, as already mentioned previously, has been shown to block KATP
channels in vascular and non-vascular smooth muscle. In addition, it has been shown
first in vitro (Kobinger et al, 1979; Lillie & Kobinger, 1983a) and then in vivo (Siegl et
al, 1984; Hageman et al, 1985) to slow heart rate. Studies in our laboratory compared
the cromakalim antagonism and bradycardic actions of a number of novel series of
alinidine analogues to determine if the bradycardia of alinidine was related to an affect
at KATP channels (Challinor-Rogers et al, 1994). It was found that there was no
statistically significant correlation between the two and hence, alinidine did not cause
i

bradycardia through an action at cardiac KATP channels. In fact, the mechanism of
action of alinidine in regards to its bradycardic effects is yet to be determined.
Moreover, alinidine has been shown to possess anti-ischaemic (Kobinger et al, 1979)
and antiarrhythmic (Harron et al, 1985; Reichhalter et al, 1988) actions which were
originally attributed to the bradycardic effects. However, in later studies this antiischaemic protective effect was still observed using paced hearts (Hanet et al, 1989;
Streller & Walland, 1990). hi a study examining the antiarrhythmic and anti-ischaemic
activities of novel alinidine analogues it was concluded that the antiarrhythmic effects
were solely due to either the bradycardia or blockade of KATP channels since an
equipotent concentration of glibenclamide was less effective as an antiarrhythmic agent
(Challinor-Rogers et al, 1997). Also, it is unlikely that KATP channel blockade is
involved in the anti-ischaemic actions, which is in accordance with other studies that
found that glibenclamide either worsens ischaemia (Kamigaki et al, 1994) or has no
effect (Iwamoto et al, 1993; Warltier et al, 1993).
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1.4.23.4 Mechanism of antagonism of KATP channels
It is well recognised that imidazolines antagonise KATP channels, yet the
mechanism via which they do so appears to differ from that of glibenclamide. Thus, a
study by Brown and coworkers (1993) found that imidazolines were unable to displace
[3H]-glibenclamide binding to P-cell membranes implying that they were acting at a site
other than the one for glibenclamide. Furthermore, a study by Challinor & McPherson
(1993) also suggested that alinidine and phentolamine did not act at the same site as
glibenclamide.

Imidazol(id)ines exhibit the characteristics of a non-competitive

antagonist in vascular smooth muscle when antagonising KATP channel openers This
can be seen as a slight rightward shift of the concentration-effect curve to cromakalim, a
flattening of the slope, and on occasion, a reduced maximum response. As this is
clearly different from the competitive antagonism displayed by the sulphonylureas, it
was thought that the mechanism by which the imidazol(id)ines antagonised the KATP
channel openers differed. To clarify these findings the concentration-ratio method for
combined antagonists described by Paton & Rang (1965) was used. The Paton and
Rang concentration-ratio method postulates that if two antagonists are acting at the
same site, the concentration-ratio will be equal to each antagonist's concentration ratio
added together.

Conversely, if two antagonists are acting at different sites the

concentration ratio will be equal to each antagonists concentration ratio multiplied. The
concentration-ratios for glibenclamide and phentolamine were multiplicative, indicating
that they act at different sites to antagonise cromakalim.

Conversely, the two

sulphonylureas, glibenclamide and glipi;nde and the two imidazol(id)ines, phentolamine
and alinidine, both had concentration-ratios which were additive, thus indicating that
they act at the same site (Challinor & McPherson, 1993).
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More conclusive evidence of the site of action of imidazolines came from a
recent study by Proks and Ashcroft (1997) utilising Xenopus oocytes that provided a Cterminally truncated form of KiR6.2 which had either the last 26 (KIR6.2AC.-6) or last 36
(KIR6.2A36)

amino acids deleted. The 2 truncated forms of KJR6.2 have previously

been shown to possess KATP currents in the absence of SUR1 (Gribble et al, 1997a).
They found that phentolamine (100 uM), when applied to the intracellular solution,
inhibited KATP currents by 97 % in a voltage independent manner and furthermore,
similar results were obtained for both KIR6.2AC26 and KIR6.2AC36 currents. This
suggested that the site where phentolamine inhibits the KATP channel resides on KIR6.2.
These results were also duplica.jd in HEK293 cells transfected with cDNA encoding to
KIR6.2AC36,

indicating that it is indeed KJR6.2 that phentolamine is inhibiting and not

an endogenous protein in Xenopus oocytes (Tucker et al., 1997). The actual site on
KIR6.2

where phentolamine acts also seems to differ from the site where ATP binds

because the mutation in the latter has been shown to decrease ATP sensitivity without
affecting phentolamine sensitivity. These findings may also explain the similar potency
of phentolamine for pancreatic and cardiac KATP channels.
In support of this finding, work by Mukai and coworkers (1998) discovered that
the antiarrhythmic, cibenzoline, inhibited KATP channels by binding to KIR6.2. Using
COS7 cells expressing the C-terminal truncated KiR6.2AC26 with and without SUR1,
they found that glibenclamide inhibited KiR6.2AC26 together with SUR1 but not
KIR6.2AC26

alone, whereas cibenzoline inhibited both.

Figure 1.9 illustrates the

proposed site of action of imidazolines on the KATP channel, the KIR subunit and not
SUR. Considering this evidence, it is not surprising that imidazol(id)ines display noncompetitive antagonism (sec Appendix A). This can be seen in our studies, where
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Imidazolines

K+
Sulphonylureas

Figure 1.9 Proposed site of action of imidazolines and sulphonlureas at the KATP channel in
the pancreatic P-cell. Imidazolines act by blocking the KATP channel pore, the KIR6.2
subunit (Proks & Ashcroft, 1997) while the sulphonylureas act at the sulphonylurea
receptor (SUR) to close KIR6.2 (Aguilar-Bryan et al.,1995).
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phentolamine caused a suppression of the maximum and no significant shift of the
concentration-response curve for cromakalim in many different vascular beds
(McPherson & Angus, 1989). The same can be seen for alinidine and many other
imidazolines (Challinor-Rogers et ah, 1994).

1.4.2.3.5 Structure-activity relationships
With many different imidazolines and imidazolidines of different potencies, the
question that must be answered is, what structure makes an imidazoline or
imidazolidine a good KATP channel antagonist? Figure 1.10 illustrates the different
structures of a number of common imidazoline and imidazolidines. There have been
limited studies investigating structure-activity in relation to KATP channels. However, a
study by our laboratory has looked to answer this question (Challinor-Rogers et ah,
1994).
The study assessed the cromakalim antagonism in rat isolated aorta and the
bradycardic activity in rat isolated atria of a number of alinidine analogues. It was the
first study to investigate structure activity relationships for imidazolidines at KATP
channels. The alinidine analogues, named the TH series, were found to be the most
potent imidazolidine based KATP channel antagonists to date. The TH series assessed
modifications on the carbon side chain attached to the central nitrogen of alinidine. The
structures of some of the derivatives used in the study can be seen in Figure 1.11. The
most potent compounds, TH91:22 and TH91:21, both of which had pKs values of
around 6.2, had increased carbon side chain lengths. Those with similar carbon chain
lengths to alinidine, such as TH92:4, did not posses improved KATP channel antagonism
having a pKB of around 5.5, which was not significantly different to alinidine (5.5).
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Figure 1.10 Chemical structure of the imidazolidines, clonidine and alinidine
and the imidazolines, phentolamine and cibenzoline.
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Figure 1.11 Structure of some of the TH series of compounds. Alinidine is included
as a comparison.
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Furthermore, the derivative with a hydroxy group attached to the carbon side chain,
TH:92:17, actually displayed significantly decreased KATP channel potency with a pKe
of around 4.4.
Also, a study by Sakuta & Okamoto (1994), utilised Xenopus oocytes to assess
the KATP channel antagonism of a number of imidazoline and imidazolidine derivatives.
Their findings suggested that at least one aromatic ring is essential to block KATP
channels and the blocking ability of these compounds is associated with alkylation of
the benzene ring and the presence of a tertiary amine structure.
From our study and the study by Sakuta & Okamoto (1994) it was apparent that
the structural differences of imidazol(id)ines could alter the potency of KATP channel
antagonism. To date, however, the structural alterations made to imidazol(M)ines still
rendered the compounds 10-30 times less potent than glibenclamide. Therefore, in this
thesis we wished to expand our previous work examining the importance of side chain
substitutions and incorporate the finding that aromatic rings increased KATP channel
antagonism (Sakuta & Okamoto, 1994), with the aim of generating more potent
imidazolines. To this end, this thesis involved the design, synthesis and investigation of
a novel series of imidazoline analogues with various aromatic ring side chain
substitutions.

1.5 Statement of Aims
Widespread research on the functional properties of K+ channels and their
endogenous and exogenous regulators has taken place over the last twenty years. It has
become apparent that K+ channels play an important role in the regulation of numerous
cellular functions, many of which can be regulated by selective modulators.
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Therefore, the development of these modulators can be very important in the treatment
of many different disease states.
Agonists and antagonists of the KATP channel are useful in the treatment of
conditions such as hypertension, diabetes mellitus (Type II) and cardiac dysfunction.
The sulphonylureas and anti-arrhytlimic drugs are the predominpnt classes of KATP
channel antagonists used in the treatment of these states. However, they are not as
selective as first thought. Imidazol(id)ines have also been shown to be potent KATP
channel antagonists, yet, they too have also been shown to have non-specific effects.
Nevertheless, differences in structure of imidazolidines have been shown, by previous
work in our laboratory, to be capable of altering the potency of KATP channel
antagonism.
Therefore, the aim of the work described in this thesis was to design, synthesise
and characterise the functional and eiectrophysiological properties of a novel series of
imidazolines and to examine their ability to antagonise KATP channels. Additional aims
were to investigate their selectivity and to identify their site of action.
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2.1 Introduction
This chapter focuses on the synthesis of the novel imidazoline analogues
examined in this thesis. The compounds were designed in conjunction with Dr Magdy
Iskander from the Victorian Phannacy College and synthesised by Ms Eva Campi from
the Department of Chemistry, Monash University.
In total, 14 clonidine analogues were synthesised for this study. The structures
of the analogues synthesised can be seen in Figure 2.1. All the compounds were named
with the laboratory code IMID, followed by their unique number and letter code. The
'parent' compound, IMID-1M, was a clonidine analogue with a benzyl group
substitution at the central nitrogen. From this compound, several groups of compounds
were derived.
The first group were methoxy-benzyl derivatives, whereby a methoxy group was
incorporated at the centrally substituted benzyl ring either at the number 4 position
(IMID-4M0) or at the 3 and 5 positions (IMID-35MO). Other related compounds
include the compound with a methoxy-benzyl substitution at the nitrogen of the
imidazoline ring rather than the central nitrogen (IMID-35MO/IN), or an oxygen
molecule substitution for a nitrogen in the imidazoline ring (IMID-35MO/O) to give an
oxazoline ring.
The second group of compounds were fluoro-benzyl derivatives, where a
fluorine was substituted at the number 2 and 6 positions (IMID-26F), or the number 4
position (IMID-4F), of the centrally substituted benzene ring. Other related compounds
include the compound with a fluoro-benzyl substitution at the nitrogen of the
imidazoline ring (IMID-4F/IN) or an oxygen molecule substitution for a nitrogen of the
imidazoline ring (IMID-4F/0) to give an oxazoline ring.
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Figure 2.1 Structures of the IMID compounds synthesised and investigated in this thesis.
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All the above compounds were mono-substituted compounds in that they only had one
substitution at either the central or imidazoline nitrogen. The third group of compounds
were related to the above two groups in that they had a methoxy-benzyl or fluoro-benzyl
substituents. They were termed the "bis" compounds since the substitution was at both
the central nitrogen and imidazoline nitrogen. Two fluoro-benzyl compounds (IMID26F/2N & IMID-4F/2N) and one methoxy-benzyl (IMID-35MO/2N) were synthesised.
The final group were mono-substituted compounds with either a methyl-benzyl
or /-butyl-benzyl substitution at the number 4 position of the centrally substituted
benzene ring giving compounds IMID-4ME and IMID-4BU, respectively.
This chapter focuses upon the synthesis and the methods used to confirm the
structure of the imidazoline analogues studied throughout this thesis.
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2.2 Methods
2.2.1 Nomenclature
Clonidine has been shown to exist in two different forms or tautomers, an imino
tautomer and two equivalent amino tautomers, with the imino tautomer considered to be
the most common (Figure 2.2a; Stahle & Pook, 1971). If the imidazoline ring of a
compound has a double bond within it, the compound is known as an imidazoline, while
a compound with no double bond in the imidazoline ring is known as an imidazolidine.
As the imino tautomer of clonidine is the more prevalent, clonidine is commonly known
as an imino imidazolidine rather than an amino imidazoline. However, in this thesis all
the analogues are illustrated in the amino form, either with a hydrogen or a R group on
the central or imidazoline nitrop. <i.
The scientific naming of th~ analogues is based on the precedent already set in
the literature, rather than the more accurate IUPAC (International Union of Pure and
Applied Chemistry) names. For example, the compound with the laboratory code
IMID-4F, based on the literature method of naming, is named, 2-jW-(2,6dichlorophenyl)-A/-(4-fluorobenzyl)amino]-2-imidazoline. Compounds with a benzyl
substituent are named as such rather than the more correct phenylmethyl. The 2imidazoline refers to the double bond in the imidazoline ring, the 2 because the
imidazoline is numbered so the nitrogens have the lowest number (Figure 2.2b). Also,
the IUPAC nomenclature for the imidazoline ring would be 4,5-dihydro-l//-imidazole
but again, in keeping with the literature, these will be known as imidazolines.
In addition, the IMID compounds IMID-35MO/O and IMID-4F/O are not
imidazolines but rather oxazolines due to the oxygen substitution in the imidazoline
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Figure 2.2 (a) Structures of the two different tautomers of clonidine, the imino tautomer
and the two equivalent amino tautomers. (b) Tautomers of the imidazoline ring including
a ring numbered so that the nitrogens have the lowest numbers.
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ring. - However, for the purpose of this thesis all of the IMID compounds will now be
referred to as imidazolines.
Although some of the compounds are referred to by both their scientific name
and their laboratory code in this chapter, throughout the remainder of this thesis the
analogues will be referred to using only their laboratory codes as already listed in
Figure 2.1.

2.2.2 Synthesis of Clonidine
As stated previously, al' the IMID compounds in this study were synthesised by
substituting clonidine. To this end, clonidine was synthesised from starting materials
using the method of Rouot and colleagues (1976) which is illustrated in Scheme 2.1.
Firstly, 2,6-dichloroaniline was used as a starting material to form 2,6dichlorophenylformamide, the anhydride from the reaction with formic acid and acetic
anhydride.

This reaction was repeated several times and the initial product

recrystallised to give a yield of between 51-81 %, a percentage which compared well
with the value reported in the literature of 80 % (Hay, 1994). The next step involved
the conversion of 2,6-dichlorophenylformarnide to 2,6-dichlorophenylisocyanide
dichloride using chlorination with thionyl chloride and sulphuryl chloride. The product
(isocyanide dichloride) was purified by distillation to give a relatively high yield of 7888 %. Finally, the imidazoline ring was added by reacting the isocyanide dichloride
with ethylenediamine in the presence of triethylamine. A yield of approximately 35-36
% was obtained.
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Scheme 2.1 Schematic diagram illustrating the three steps in the synthesis of clonidine.
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2.2.3 Alleviations at the central nitrogen of clonidine
To synthesise the mono-substituted compounds, clonidine was alkylated at the
central nitrogen with a benzyl group with or without substituents.

This involved

reacting one and a half equivalents of the benzyl chloride to one equivalent of clonidine
in methanol or acetonitrile in the presence of a weak base (Na2CO3) (Scheme 2.2 eg.
IMID-4F). The central nitrogen atom has been reported to be more basic than the
imidazoline nitrogens and therefore more susceptible to substitution (Stahle & Pook,
1971). The imidazoline nitrogens are found in various tautomeric forms, stabilising the
imidazoline ring and therefore making the nitrogens less susceptible to substitutions
(Figure 2.2b). The mixture was stirred at reflux overnight, filtered to remove inorganic
salts and the solvent removed under vacuum and evaporated to dryness.

Some

compounds were purified by crystallisation, which involved dissolving the products in
hot ether and methanol and a trace dichloromethane to prevent stickiness and then
cooling in an ice bath. In theory, pure crystals form and precipitate and the impurities
remain in solution. However, this method was not used for the majority of compounds
as the optimal method was found to be flash column chromatography, which produced
much higher yields and allowed easier separation of products.
Flash chromatography involves making a silica slurry with dichloromethane and
methanol in a ratio of 9:1. The compound was dissolved in a small amount of the same
solvent and absorbed onto the column. Solvent was then passed down the column and
fractions collected. The different compounds pass through the column at different rates
with the least polar compounds collected first and the most polar last. In this case, the
bis-substituted compound was collected first. After the bis was collected the solvent
was changed to methanol and then methanol with 5 % ammonium hydroxide. The
products were then recrystallised to produce the pure analogues.

This procedure
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Clonidme
(1 equivalent)

4-fluorobenzylchloride
(1.5 equivalent)
Na,CO 3

(1 equivalent)

Reflux 18hrs

MeOH

mono-substituted compound
(IMID-4F)

recovered clonidine
bis-subsituted compound
(MID-4F/2N)

Scheme 2.2 Schematic diagram of the alkylation at the central nitrogen to
synthesise
2-[#-(2,6-dichlorophenyl)-AL(4-fluorobenzyl)amino]-2-imidazoline
(IMID-4F) and the side products of recovered clonidine and the bis-substituted
compound (MID-4F/2N).

l
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resulted in the synthesis of IMID-1M, IMID-26F, MID-4F, IMID-4ME, IMID-4BU,
IMID-4M0 and IMID-35MO.

2.2.4 Alkylations at the imidazoline nitrogen of clonidine
Alkylation at the imidazoline nitrogen involved the use of either a mono- 4fluorobenzyl chloride or a 3,5-dimethoxybenzyl substituted ethylene diamine in the
final step of the procedure used for the synthesis of clonidine (Scheme 2.1). This
modification resulted in the production of IMID-4F/IN or IMID-35MO/IN, respectively.
Scheme 2.3 illustrates the synthesis of IMID-4F/IN. A large excess (approximately 10
fold) of ethylene diamine was reacted with 4-fluorobenzyl chloride at 90 CC for 4 hrs.
This

produced

the

mono

substituted

ethylene

diamine

product,

N-(4-

fluorobenzyl)ethylene diamine, which in the presence of triethylamine was reacted with
2,6-dichlorophenylisocyanide dichloride to produce IMID-4F/IN.

2.2.5 Oxygen substitutions in the imidazoline ring
The synthesis of the oxygen substituted IMID compounds, IMID-4F/O and
IMID-35MO/O was very similar to the synthesis of IMID-4F and IMID-35MO. 2Aminoethanol was reacted (instead of ethylenediamine), in the presence of
triethylamine with 2,6-dichlorophenylisocyanide dichloride to produce 2-[JV-(2,6dichlorophenyl)amino]-l,3-oxazoline. This compound, with an oxygen substitution in
the imidazoline ring incorporated instead a 1,3-oxazole ring. The compounds were then
alkylated at the central nitrogen and purified as described in Section 2.2.3.
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(a)

+

90°C
4hrs

ethylene diamine
(10 equivalents)

4-fluorobenzylchloride
(1 equivalent)
7V-(4-flurobenzyl)ethylene diamine

(b)

2,6-dichlorophenylisocyanidedichloride

7V-(4-flurobenzyl)ethylene diamine

Et,N triethylamine

IMID-4F/IN
Scheme 2.3 Schematic diagram of (a) synthesis of 7V-(4-fluorobenzyl)ethylene
diamine and (b) the alkylation at the imidazoline nitrogen to synthesise 2-[7V-(2,6'dichlorophenyl)-amino]-1-(4-flurobenzyl)-2-imidazoline (IMID-4F/IN).
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2.2.6 Alkylations at both the central and imidazoline nitrogens of clonidine
The procedure for alkylations at both the central and imidazoline nitrogen to
synthesise the bis-substituted compounds was similar to the procedure for the monosubstituted compounds. However, three or four equivalents of the benzyl chloride were
used to obtain alkylations on both the central and imidazoline nitrogens. Also, ethanol
or acetonitrile was used as the solvent rather than methanol to increase the reaction
temperature and therefore make the further alkylation possible. Again, flash
chromatography, followed by recrystallation, was used to purify the analogues. This
procedure resulted in the synthesis of IMID-35MO/2N, IMID-26F/2N and IMID-4F/2N.

2.2.7 Preparation of HCl salts
In order to increase the solubility of the compounds and therefore allow them to
be assessed at high concentrations, the IMID compounds were all converted to HCl
salts. This was achieved by generating hydrochloride gas from the dropwise addition of
concentrated sulphuric acid to solid ammonium chloride and bubbling it through
solutions of the IMID compounds in ether or ether/methanol, followed by
recrystallisation.

2.2.8 Confirmation of structure
A number of different techniques were used to characterise and confirm the
structure of the compounds synthesised.
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2.2.8.1 Proton Nuclear Magnetic Resonance (*HNMR) spectroscopy
As each hydrogen atom has different atoms surrounding it, in any given
compound, hydrogens can have different environments. ! H NMR is used to provide a
'chemical map' by creating a spectrum of peaks for each compound, all corresponding
to different hydrogen environments. Most nuclei spin about an axis and because they
are positively charged they can interact with an externally applied magnetic field. Both
the H and the J C nucleus have nuclear spins which are equal to one half as they have a
spherical charge distribution. To measure these spins, a radio frequency is used to
irradiate the nuclei, which results in energy absorption and a transformation to a higher
energy state. The nuclei are now termed to be in resonance with the applied radiation.
Different nuclei require different radio frequencies and therefore, *H and 13C spectra are
not recorded at the same time. The position of the absorptions is reflected on a NMR
chart which is recorded using an arbitrary scale of frequency (delta (8) .scale) rather than
magnetic units. An internal standard is always included as a zero point.
Taking all this information into account we can therefore use the NMR to
calculate the location of all the different hydrogen atoms. This is done by looking at the
chemical shift (exact position on chart), the integrated intensity (corresponding to the
number of hydrogen atoms) and the splitting patterns for each proton. Hydrogen atoms
can have their signal split by other hydrogen atoms that are close by. For example a
single hydrogen atom on a neighbouring carbon would split the signal into a doublet,
two hydrogens, a triplet and so on (McMurray, 1988).
!

H NMR spectroscopy were obtained for all reactants and products. All spectra

were recorded at 300 MHz with a Varian Mercury or Bruker AM-300 spectrometer or at
400 MHz with a Bruker DRX-400 spectrometer. Generally, the spectra were measured
in deuterchloroform (CDCI3) or dimethyl sulphoxide (DMSO) solutions with
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tetramethylsilane (TMS) as the internal standard (6 0.00 ppm) unless otherwise
specified.

Each resonance was assigned according to the following convention:

chemical shift measured in parts per million (ppm) downfield from TMS, multiplicity,
number of protons, observed coupling constant (J Hz) and assignment. Multiplicities
were denoted a s (singlet), d (doublet), t (triplet), q (quartet) or m (multiplet) and
prefixed b (broad) where appropriate.

2.2.8.2 Carbon (*3C) NMR spectroscopy
Similarly, 13C NMR spectra will show different shifts that reflect the chemical
environment of the different carbon atoms. The signals are generally obtained as single
lines, decoupled from accompanying protons. However, for some compounds, coupling
of 13C to 19F was observed.
Carbon NMR spectra were obtained for all reactants and products. The spectra
were recorded on a Mercury Varian 300 spectrometer operating at 75 MHz or a Bruker
DRX-400 spectrometer at 100 MHz and were measured in deuterchloroform solutions
as the solvent and internal standard (8 77.04 ppm) unless otherwise specified. Each
resonance was assigned according to the following convention: chemical shift (ppm)
and assignment.

Assignments were determined from J-modulated Spin Echo

experiments for X-nuclei coupled to *H in order to determine the number of attached
protons. When the ratio of compounds was determined by 13C NMR, use was made of
the relative signal peak heights of comparable carbons.
Assignment of previously unassigned proton and carbon spectra was based on
the results of 2-dimensional NMR experiments. Correlation Spectroscopy (COSY) was
used to correlate the chemical shifts of *H nuclei, which were J-coupled to one another.
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The experiments were conducted on a Bruker DRX-400 spectrometer and used the
standard COSY 45 pulse program.

Heteronuclear Multiple Quantum Correlation

(HMQC) or inverse chemical shift experiments were used to determine the
corresponding 13C nuclei to which JH nuclei were bonded. These were conducted on a
Bruker DRX-400 spectrometer using the standard HMQC pulse program.
Heteronuclear Multiple Bond Correlation (HMBC) is a modified HMQC experiment
and was used to determine long range 'H-^C connectivity.

2.2.8.3 Thin layer chromatography
Thin layer chromatography (TLC) is a useful tool in the qualitative assessment
of different components present in a reaction product. It involves observing how far
each component will travel up a silica-coated slide. The separated compounds can be
observed on the silica strip under UV light. The Rf value, a ratio of the distance
travelled by the compound as a proportion of the distance travelled by the solvent, is
then calculated for each component.
TLC was performed on Polygram Sil G/UV254 or Polygram Alox N/UV254
plastic plates coated with 0.25 mm of silica or 0.2 mm of alumina with the fluorescent
indicator, UV254. Components were revealed by fluorescent quenching under 254 nm
ultraviolet irradiation or by exposure to iodine vapour where necessary.

2.2.8.4 Electrospray mass spectroscopy
Electrospray mass spectroscopy (ESI) was used to characterise each compound
and its isotopes and show their molecular weights. This is done by measuring the
masses of the fragments produced when a stream of high-energy electrons separates
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molecules. The positively charged fragments are then deflected in relation to their
mass-to-charge ratio (m/z value) and recorded in peaks (McMurray, 1988).
ESI was carried out on a Micromass Platform II API QMS Electrospray Mass
Spectrometer with cone voltage at 25 V, using methanol as the mobile phase. Analyses
were conducted in either positive or negative mode. ESI accurate mass measurements
were obtained at high resolution with a Bruker BioApex 4.7T ultrahigh resolution FTICR mass spectrometer and were reported within ± 5 ppm.
An advantage of this procedure is that it allows the predicted ESI to be
calculated, based upon the theoretical structure, which can then be compared to the
actual ESI generated.
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2.3 Results
In the following sections representative ! H and 13C NMRs of several of the
compounds (IMID-4F, IMID-4F/IN, IMID-4F/0 & IMD-4F/2N) synthesised for the
studies throughout this thesis are presented. In addition, a typical ESI pattern for 1MID4F is also included. It should be noted that these are representative examples only and
all of the compounds were processed in a manner similar to those described below.

2.3.1 Alkylations at the central nitrogen
NMR clearly shows monosubstitution at the central nitrogen since the 4 protons
in the imidazoline ring are equivalent (due to resonance forms) and appear as a broad
singlet. For example the ]H NMR of IMID-4F in CDC13 has a broad peak at 8 3.65
integrating for 4H for the 4 imidazoline protons in the CDCI3 spectrum, with the benzyl
CH2 as a singlet at 8 5.1 integrating for 2H (Figure 2.3a). The peaks at around 7 are
indicative of hydrogens in an aromatic environment, in this case those around the
benzene ring. The 13C NMR spectrum of IMID-4F in CDCI3 shows the benzyl CH2 at 8
51.7 but the imidazoline CH2 molecules are broad and not clear. A spectrum run with
some added DMSO clearly shows both CH2 types, the benzyl CH2 at 8 53.2 and the
imidazoline CH2 at 8 45.0 (Figure 2.3b). The 13C NMR also shows doubling of some
signals in the aromatic region, for example at 8 114, which is due to coupling of the
carbons with 19F which also has a spin of a half.
The correct isotope pattern was observed in the spectra of the halogenated
compounds when ESI was performed. For example, when the predicted ESI for the
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Figure 2.3 (a) A representative 'H NMR spectrum for IMID-4F. The different peaks relate
to distinct hydrogen environments. Monosubstitution is evident by the broad singlet at 8
3.65 for the 4 equivalent hydrogens in the imidazoline ring, (b) A representative 13C NMR
spectrum for IMID-4F. Each peak relates to a distinct carbon environment. The differing
CH2 molecules of the benzyl and imidazoline rings are evident at 8 53.2 and 8 45.0,
respectively. 13C-I9F coupling is apparent in the aromatic region, for example, the doublet
at5114.
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molecular ion for IMID-4F was generated and compared with the actual isotope pattern,
no substantial difference was observed (Figure 2.4).

23.2 Alkylations at the imidazoline nitrogen
The NMRs for compounds such as IMID-4F show equivalent hydrogen and
carbon environments for the imidazoline atoms. As IMID-35MO/IN and IMID-4F/IN
have alkylations at the imidazoline nitrogen, the carbon and hydrogen atoms of the
imidazoline ring are not equivalent. As a result, the *H NMR for IMDD-4F/TN shows a
multiplet at 8 3.3 for the imidazoline CH2 molecules and HMQC experiments show the
CH2's are not equivalent (Figure 2.5a). The 13C NMR for IMID-4F/IN clearly shows
the non-equivalence of the imidazoline CH2's as there are 3 CH2 signals, 8 40.1, 45.6
and 47.7 (Figure 2.5b). Again doubling of some signals in the aromatic region, for
example at 8 115, can be seen, which is due to coupling of the carbons with 19F.

2.3.3 Oxygen substitutions in the imidazoline ring
The two compounds IMID-4F/O and IMID-35MO/O, had oxygen substitutions
in the imidazoline ring, resulting in compounds that are oxazolines rather than
imidazolines. The ! H NMR spectrum for IMID-4F/O illustrates the non-equivalence of
the hydrogens, which results in 2 clear triplets at 8 3.9 and 4.3. The difference is due to
the different environments of the hydrogens, one next to the nitrogen and the other next
to the oxygen of the oxazoline ring (Figure 2.6a). Again, the 13C NMR spectrum for
IMID-4F/O shows the non-equivalence of the imidazoline CH2 molecules resulting in 3
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Figure 2.4 (a) Predicted isotope model for molecular ion of IMID-4F and (b) the actual
isotope pattern for IMID-4F using electrospray mass spectroscopy confirming the presence
of 2 Cl atoms in the molecular makeup of the compound.
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Figure 2.5 (a) A representative "H NMR spectrum for IMID-4F/IN. The different peaks
relate to distinct hydrogen environments. A multiplet at 8 3.3 represents the imidazoline
CH2 molecules (b) A representative 13C NMR spectrum for IMID-4F/IN. Each peak
relates to a distinct carbon environment. The non-equivalence of the imidazoline CH2
molecules is apparent as there are 3 CH2 signals at 8 40.1,45.6 and 47.7. Again, a doublet
at 8115 represents 13C-19F coupling in the aromatic region.
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Figure 2.6 (a) A representative 'H NMR spectrum for IMID-4F/0. The different peaks
relate to distinct hydrogen environments. The non-equivalence of the hydrogens in the
oxazoline ring is evident by the 2 triplets at 8 3.9 and 4.3. (b) A representative 13C NMR
spectrum for IMID-4F/0. Each peak relates to a distinct carbon environment. Note the
shift at 8 77.35 for the CH2 next to the O in the oxazoline ring and peaks at 8 53.25 and
69.24 for the remaining CH2 molecules.
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peaks at 8 53.24, 69.25 and 77.35 since they are either next to the oxygen or the
nitrogen (Figure 2.6b).

2.3.4 Alkylations at both the central and imidazoline nitrogens
Alkylations of this type resulted in the synthesis of the bis compounds, IMID35MO/2N, IMID-26F/2N and MID-4F/2N, which had substitutions at both the central
and imidazoline nitrogens. The ] H NMR spectrum for IMID-4F/2N clearly showed 2
triplets for the non-equivalent imidazoline CH2 molecules at 5 3.34 and 5 3.76 and 2
singlets for the 2 benzyl CH2 molecules at 8 3.9 and 5 4.9 (Figure 2.7a). The IMID4F/2N

13

C NMR spectrum shows 4 CH2 peaks at 5 51.3-53.5. There were also 2

doublets at 8 114, illustrating the coupling of 13C-19F for both benzyl groups (Figure
2.7b).
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Figure 2.7 (a) A representative 'H NMR spectrum for IMID-4F/2N. The different peaks
relate to distinct hydrogen environments.
The non-equivalent imidazoline
CH2 molecules are seen as triplets at 8 3.34 and 3.76 and the benzyl CH2 molecules as 2
singlets at 8 3.9 and 4.9 (b) A representative I3C NMR spectrum for IMID-4F/2N. Each
peak relates to a distinct carbon environment. The 4 CH2 peaks can be seen at 8 51.3-53.5
and evidence of the coupling of 13C-19F of both benzyl groups is seen by the 2 doublets at 8
114.
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2.4 Discussion
In this chapter the methods for the synthesis of the novel imidazoline analogues
studied throughout this thesis were described. Of the imidazoline analogues already
studied by our laboratory the TH series of alinidine analogues have been shown to be
more potent than alinidine as KATP channel antagonists (Challinor-Rogers et al, 1994).
Although this was an improvement, the pKe for the most potent TH compound
(TH91:22) was around 6, 10 fold less potent than glibenclamide, which has a pKs of
around 7. Therefore, the need for a group of imidazolines with a pKs similar to that of
glibenclamide was highly desirable.
For this thesis, most of the imidazolines we have synthesised have benzyl groups
attached to the central nitrogen with or without substituents attached to the phenyl ring.
These modifications were aimed at altering the steric, electronic and lipophilic nature of
I

the compounds in order to increase their potency as KATP channel antagonists. The

I
I

'parent' compound, which had no substituents, is IMID-1M. Several substituents were
also added and they included fluoro, methoxy, /-butyl and methyl groups. Different
positions on the phenyl ring were also examined, the number 4 or para position, the 3
and 5 or meta positions and the 2 and 6 or ortho positions. These modifications resulted
in the IMID compounds IMID-4F, IMID-26F, IMID-4MC, IMID-35MO, IMID-4BU
and IMID-4ME.
The imidazoline ring has long been thought to possess much of the undesirable,
a-adrenoceptor and muscarinic receptor activity of imidazolines (Kobinger & Pichler,
1980; Ogiwara et aL, 1987). It was thought that altering the imidazoline ring might
either increase or maintain potency as a KATP channel antagonist while reducing the ctadrenoceptor and muscarinic receptor activity. To this end, an oxygen was substituted
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in the imidazoline ring to result in the compounds IMID-4F/0 and IMID-35MO/O.
It was also of interest to observe the effect of attaching a benzyl group
containing substituents to one of the imidazoline nitrogens, rather than the central
nitrogen. This substitution resulted in IMID-4F/IN and IMID-35MO/IN. In addition,
compounds with substitutions on both the central and imidazoline nitrogens were made
to produce the compounds IMID-26F/2N, IMID-4F/2N and IMID-35MO/2N.
All of these compounds were synthesised in the hope of discovering a potent
KATP

channel antagonist with minimal a-adrenoceptor, muscarinic and bradycardic

effects.
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CHAPTER THREE

THE LEVCROMAKALIM ANTAGONIST AND
BRADYCARDIC ACTIONS OF THE NOVEL
IMIDAZOLINE ANALOGUES

Chapter Three In Vitro

3.1 Introduction
As discussed earlier, previous work by our laboratory (Challinor-Rogers et ah,
1994) and others have identified two prominent actions for imidazoline based drugs; an
ability to antagonise KATP channels and an ability to lower heart rate through an
unrelated action on the sinoatrial node of the heart.
The present study was aimed at testing the new group of novel imidazoline
analogues for KATP channel antagonism.

In the present Chapter, the details of

experiments performed to determine the potency of these imidazoline analogues as
levcromakalim antagonists using the pig isolated coronary artery are presented. In
addition, we wanted to determine the underlying electrophysiological effects of selected
IMID compounds as well as the interaction of these compounds with the KATP channel
opener, levcromakalim. To this end, electrophysiological studies were performed using
rat isolated mesenteric artery to assess the ability of IMID-4F to antagonise
levcromakalim-induced hyperpolarisation.

Finally, the bradycardic actions of the

analogues were assessed using the rat isolated spontaneously beating right atria
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3.2 Materials and Methods
3.2.1 Tissue preparation and Mounting procedures
3.2.1.1 Porcine isolated right circumflex coronary arteries
The porcine isolated right circumflex coronary artery was used to assess the
ability of the imidazoline analogues to antagonise vascular KATP channels. This was
achieved by determining their ability to antagonise vasorelaxation to levcromakalim.
Porcine hearts were obtained from freshly killed pigs at an abattoir.

The right

circumflex artery was rapidly removed and placed in ice-cold Krebs solution
(composition in mM: NaCl 119, KC1 4.7, MgSO4.7H2O 1.17, KH2PO4 1.18, CaCl2 2.5,
NaHC03 25, and glucose 11). The artery was then pinned out in a silicone coated glass
petri dish, cleared of all connective tissue and fat, and cut into 4 mm long segments.
Each ring was suspended on two stainless steel wire hooks, 400 um in diameter, in 25
ml jacketed glass organ baths containing Krebs solution gassed with 5 % CO2 in O2.
The lower hook was fixed to a support leg attached to a micrometer, while the upper
wire hook was suspended from a Grass FT03C force transducer. Isometric force was
recorded via an online data acquisition system (CVMS Version 2.0, World Precision
Instruments, USA) and displayed on a 6 channel Panasonic printer (Model KX-P3200
Forms Printer). The temperature was maintained at 37°C by a Julabo P water heater and
circulator (Julabo Labortech, Seelbach, West Germany). Vessels were left to equilibrate
under zero force for 30 min before an initial force of 5 g was applied (Kilpatrick &
Cocks, 1994). After another 30 min, the force was re-adjusted to 5 g and the tissues
were left for a further 30 min.
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3.2.1.2 Rat isolated small mesenteric arteries.
Rat isolated small mesenteric arteries were utilised to assess the direct effects of
IMID-4F on membrane potential and the ability of this compound to antagonise
hyperpolarisation responses to levcromakalim.

Wistar Kyoto (WKY) rats were

rendered unconscious by a brief exposure (30 sec.) to 20 % O2/8O % CO2 and then
exsanguinated. The mesentery was rapidly removed and placed in ice-cold Krebs
solution. A segment of rat small mesenteric artery, 2 mm in length, corresponding to a
third or fourth order branch from the superior mesenteric artery, was mounted in a small
vessel myograph (J.P. Trading, Aarhus, Denmark) to measure isometric force. The
myograph was filled with Krebs solution, gassed with 5 % CO2 in O2. A 40 ^im wire
was threaded through the lumen of the vessel segment. The vessel was then placed
between the jaws of the myograph where the wire was attached to one of the jaws. A
second wire was threaded through the lumen of the vessel and the jaws moved together
to trap both wires. The second wire was then attached to the second jaw. The first wire
was attached to an isometric force transducer, while the second was attached to a
stationary support driven by a micrometer.
Responses were recorded on an online data acquisition system (CVMS Version
2.0, World Precision Instruments, USA) and displayed on a dual-channel flat bed
recorder (W+W Scientific Instruments, model 320).

Vessels were allowed to

equilibrate under zero force for 30 minutes and the temperature was warmed to 37 °C.
After the equilibration period the vessels underwent the normalisation procedure
described below.
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3.2.1.2.1 NorisaSisaiion procedure
Each vessel was normalised using a procedure based on the Mulvany & Halpern
(1977) method for determining the optimal passive tone in small diameter arteries as
follows in short. Passive tension is placed on the vessel by moving the jaws apart and
therefore increasing the external circumference. Since the vessel wall is flat between
the wires, the internal circumference can be determined using the formula:
C = (7t + 2)d + 2w

Equation 3.1

where d = wire diameter (ie. 40 um) and
w = distance between the inner edges of the wires.
As the value of C can be calculated it is then possible to determine the effective internal
diameter (D) using the following formula:
D = C/7i

Equation 3.2

The tension (T) is related to the force (F) generated by the vessel by the following
formula:
T = F/1

Equation 3.3

where 1 = vessel length (typically 2 mm)
The normalisation procedure involves stepwise increases in the internal
circumference and readings of the force developed at 60 sec, intervals. The effective
transmural pressure (P) is then calculated using the following formula:
P = 2 Tin D
P is an estimation of the pressure that would be required for that diameter and tension to
occur if the vessels were in situ.
This is carried out until the pressure reaches approximately 100 mmHg
(approximately 5 mN/mm for a 300 um vessel; (McPherson, 1992b). An exponential
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curve is then fitted to the data and the vessel diameter set by the myograph at
approximately 90 % of the diameter for 100 mmHg.

This passive tension has

previously been shown to be the optimal tension for the development of maximal active
tension in arteries (Mulvany et al, 1977; McPherson, 1992a). The vessel diameters are
expressed in the text as the diameter at a transumural pressure of 100 mmHg (Dioo)-

3.2.1.3 Rat isolated spontaneously beating right atria
Rat isolated spontaneously beating right atria were used to assess the
bradycardic activity of the imidazoline analogues. Male Sprague-Dawley rats (200-400
g) were anaesthetised with a short (30 second) exposure to 20 % ( V 80 % CO2 and
exsanguinated. The heart was rapidly removed and placed in warmed, oxygenated
Krebs solution and the right atria was dissected free. The atria was then placed
vertically on stainless steel S-shaped hooks and suspended in Krebs solution in a
jacketed 25 ml organ bath maintained at 37 °C. The atria were washed with Krebs
solution and left to equilibrate for approximately 30 minutes until the resting atrial rate
was stable. Basal tension was maintained at approximately 0.5 g throughout the
experiments. Chronotropic responses were recorded (as 5 second averages) with an
online data acquisition system (CVMS Version 2.0, World Precision Instruments, USA)
and displayed on a 6 channel Panasonic printer (Model KX-P3200 Forms Printer).
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3.2.2 Experimental protocol and Analysis of results
3.2.2.1 Levcromakalim antagonism
After the equilibration, a potassium depolarising solution (KPSS; composition in
mM: KC1 123, MgSO4.7H2O 1.17, KH2PO4 1.18, CaCl2 2.5, NaHCO3 25, and glucose
11) was added to constrict the rings. This response was used to determine the
maximum constrictor response of the tissue. After a plateau to KPSS was reached, the
vessels were washed twice with Krebs solution and left until the response returned to
the initial baseline, before commencing the experiment.
After this period each coronary ring was constricted to approximately 50 % of
the KPSS value with the thromboxane-mimetic U46619 (3-30 nM). Several of the
imidazoline compounds clearly caused vasorelaxation of the passive tension applied to
the vessels. In addition preliminary data also showed that some compounds affected the
vasoconstrictor response to U46619. However, as we wished to assess the imidazoline
analogue potency as KATP channel antagonists it was important that all the rings were
precontracted equally. Therefore, in these cases, the amount of U46619 used to contract
the vessel was increased until the level of precontraction was at the 50% KPSS level.
The imidazoline compound-induced relaxation will be discussed in greater detail in
Chapter 4. When responses to U46619 plateaued, cumulative concentration-response
curves to levcromakalim (0.1-30 uM) (or in some cases sodium nitroprusside; 1 nM-30
uM), were constructed (0.5 log increments). Concentrations of levcromakalim were
added when the response to the previous concentration had reached a plateau. Only one
concentration-response curve was obtained with any one coronary artery ring. A single
concentration of the imidazoline compound (IMID series) tested was added 20 min
prior to submaximally constricting the tissue with U46619. Preliminary experiments
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indicated that this incubation period was sufficient for equilibrium antagonism to be
produced (data not shown). In some cases levcromakalim did not cause full tissue
relaxation, hence sodium nitroprusside (10 uM) was added at the end of each curve to
obtain maximal vessel relaxation. For a detailed summary of the protocol used refer to
Figure 3.1.
The contraction to U46619 (3-30 nM) was taken as 100 % response and the
relaxation produced by different concentrations of levcromakalim or SNP was
expressed as a percentage of this response. It was observed that, at high concentrations,
most of the imidazoline analogues shifted the levcromakalim concentration-response
curve in a non-parallel fashion. The slope of the curve was reduced and the maximum
response to levcromakalim appeared to be depressed. This suggested that the type of
antagonism displayed by the compounds was non-competitive, preventing us from the
use of Schild analysis (Jenkinson, 1991) as a means of determining the potency of the
active ions. Instead, an 'apparent pKs' was estimated, based on a single concentration
of antagonist.

The following equation was used:
Apparent pKe = -Log([Antagonist Concentration (M)] / [Concentration ratio -1])
Equation 3.4
Therefore, the percentages obtained were represented graphically and the pD2 (log EC50) values calculated as the concentration of relaxant required to cause 50 % of
the maximal relaxant response. pD2 values were only calculated for each concentration
of antagonist where the relaxation was near 100 %. The single concentration of the
antagonist used to calculate the apparent pKe was selected on the basis that it produced
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Figure 3.1 Experimental protocol for testing the IMID compounds for levcromakalim
(LKM) antagonism in pig isolated right circumflex coronary artery. After equilibration
rings were constricted with a potassium depolarising solution (KPSS), washed and then
after an incubation period of 20 minutes precontracted with U46619 (1-30 nM) either, (a)
in the absence, or (b) in the presence of an IMID compound. A concentration-response
curve to levcromakalim was then obtained and sodium nitropnisside (SNP) added at the
end ofeach curve to produce full tissue relaxation.
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a parallel-like shift in the levcromakalim concentration-response curve without overtly
affecting the maximal levcromakalim response.

3.2.2.2 Electrophysiological properties
After normalisation of the rat small mesenteric artery, the vessel was left for a
further 30 minutes. An aluminosilicate glass electrode (1.0 mm blanks, World Precision
Instruments Inc., USA) filled with 0.2 M KC1 (tip resistance approximately 80-100
MQ) was used to impale a single smooth muscle cell. A Burleigh Inchworm motor,
driven by a 6000 series controller (Burleigh, USA) positioned the microelectrode. The
microelectrode was advanced using 1 um steps until a stable impalement was achieved.
The bath (15 ml volume) containing the vessel was part of a 25 ml recirculating system
that contained a jacketed organ bath, where the Krebs solution was warmed and
oxygenated, and drugs could be added. This design allowed cumulative steady-state
concentration-response curves to levcromakalim in the presence and absence of IMID4F to be constructed. After impalement the intracellular membrane potential of a single
smooth muscle cell from the rat isolated small mesenteric artery was monitored using
the CVMS Version 2.0, data acquisition system (World Precision Instruments, USA).
A cumulative concentration-response curve to levcromakalim (0.1-10 uM) alone, was
constructed and the tissue was then washed. A cumulative concentration-response
curve to IMID-4F (1-10 uM) was carried out, and without washing, another
concentration-response curve to levcromakalim was determined in the presence of
IMID-4F (10 uM). Concentrations of the either levcromakalim or IMID-4F were added
when the response to the previous concentration had reached a plateau.
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3.2.2.3 Bradycardic activity
Cumulative concentration-response curves (0.5 log increments) were constructed
for each imidazoline analogue (0.1-30 uM) in the rat isolated spontaneously beating
right atria. Further concentrations of the compounds were added when the response to
the previous concentration had reached a plateau.
Bradycardic responses were expressed as a percentage of the resting atrial rate
measured in beats per minute (bpm) with 100 % referring to initial resting atrial rate.
The percentages obtained were then represented graphically and where a maximum was
reached the pD2 (-log EC50) for each individual experiment calculated, hi cases where
the bradycardic response did not reach a lower plateau the pD2 could not be calculated,
therefore, only estimates are given.

3.2.3.4 Statistics
Results in the text are given as mean ± S.E.M. Statistical tests used are stated in
the text.

In general, Students /-tests and unpaired Mests were used to compare

values/groups of two, while Analysis of Variance (ANOVA) was used to test more than
two values/groups that were dependent and the Bonferroni /-test for all pairwise
multiple comparisons was used for post-hoc analysis. Groups were considered
significantly different from each other if P<0.05, unless otherwise stated. All statistical
calculations were performed using SigmaStat (Jandel Scientific, USA).

3.2.3 Drugs
Drugs used and their sources were: acetylcholine (Sigma Chemical Co., U.S.A.);
alinidine (Boehringer Ingelheim); IMID compounds (Eva Campi, Department of
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Chemistry, Monash University; Figure 2.1); levcromakalim (SmithKline Beecham,
UK); sodium nitroprusside (SNP; Sigma Chemical Co., U.S.A.) and U46619 (The
Upjohn Co., Kalamazoo, USA).

Alinidine, levcromakalim and the imidazoline

analogues were made up in 100% methanol (MeOH) as stock solutions of 10 mM. The
first additional dilution for the imidazoline analogues was made in 40 % MeOH and all
further dilutions were made in Krebs. Acetylcholine, sodium nitroprusside and U46619
were dissolved in distilled water and diluted in Krebs.
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3.3 Results
3.3.1 Levcromakalim antagonism by the imidazoline analogues
The ability of several imidazoline analogues to antagonise the vasorelaxant
responses of the KATP channel opener, levcromakalim, was assessed in isolated
segments of pig coronary artery precontracted with U46619 (3-30 nM).
In each experiment the contractions to U46619 were matched to approximately
50 % of the KPSS contraction whether in the absence or in the presence of increasing
concentrations of the imidazoline analogues (ie. IMID-1M; Fig 3.2b). Several of the
imidazoline analogues (IMID-35MO/IN, IMID-35MO/O, IMID-4F/O, IMID-4F/2N,
IMID-26F/2N & IMID-35MO/2N) significantly affected the vasoconstriction to
U46619. However, as the aim of this series of experiments was to assess their ability as
KATP

channel antagonists, in these cases, additional U46619 was used to achieve the

same level of tone (50% KPSS) in each blood vessel. The vasodilator effects of these
compounds are further characterised and discussed in Chapter 4.
Addition of levcromakalim resulted in a concentration-dependent relaxation of
U46619 precontracted pig isolated coronary arteries with a pD2 of 6.65 ± 0.04 (/?—75;
control curves, Figures 3.2-3.8). In instances when levcromakalim did not cause full
relaxation, SNP (10 jaM) was added to induce full tissue relaxation. The majority of the
imidazoline analogues antagonised levcromakalim-induced vasodilatation (Figures 3.23.8). The nature of this antagonism was characterised by a shift to the right in the
concentration-response curves to levcromakalim, followed at higher concentrations by a
flattening of the curve and a reduction in maximum vasodilatation. As a result a Schild
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Figure 3.2 (a) Mean levcromakalim concentration-response curves in the
pig isolated right circumflex coronary artery in the absence (•) and
presence of increasing concentrations of IMID-IM, 0.3 (•), 1 (•), 3 (O), 10
(T) and 30 (V) jiM. (b) Initial tone as a percentage of KPSS in the absence
(control) and presence of increasing concentrations of IMID-IM. Error bars
are ± S.E.M. and if not visible are contained within the symbol («=5-7).
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Figure 3.3 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence (•) and presence of
increasing concentrations of (a) IMID-4F and (b) IMID-26F. The
concentrations used were 0.3 (D), 1 (•), 3 (O), 10 (T) and 30 (V) uM.
Error bars are ± S.E.M. and if not visible are contained within the symbol
(«=5-8).
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Figure 3.4 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence (•) and presence of
increasing concentrations of (a) IMID-4ME and (b) IMID-4M0. The
concentrations used were 0.3 (D), 1 (•), 3 (O), 10 (•) and 30 (V) ^M.
Error bars are ± S.E.M. and if not visible are contained within the symbol
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Figure 3.5 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence (•) and presence of
increasing concentrations of (a) IMID-35MO and (b) IMID-35MO/IN. The
concentrations used were 0.1 (•), 0.3 (•), 3 (O), 10 (T) and 30 (V) \xM.
Error bars are ± S.E.M. and if not visible are contained within the symbol
(H-5-8).
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Figure 3.6 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence (•) and presence of
increasing concentrations of (a) IMID-4F/0 and (b) IMID-35MO/O. The
concentrations used were 10 (•) and 30 (V) JIM. Error bars are ± S.E.M.
and if not visible are contained within the symbol («=5-6).
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Figure 3.7 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence ( • ) and presence of
increasing concentrations of (a) IMID-4F/2N and (b) IMID-4F/IN. The
concentrations used were 0.1 (•), 0.3 (•), 3 (O), 10 (T) and 30 (V) \M.
Error bars are ± S.E.M. and if not visible are contained within the symbol
(«=5-6).
101

Chapter Three In Vitro

(a)
100n

2>i
£

75

-

5025-

0-8

-7

-6

-5

-4

log[Levcromakalim](M)

(b)
100n

? .2
CD "*^

3 I' 50o

o

250J

-8

-7

-6

-5

-4

!og[levcromakalim](M)

Figure 3.8 Mean levcromakalim concentration-response curves in the pig
isolated right circumflex coronary artery in the absence (•) and presence of
increasing concentrations of (a) IMID-35MO/2N and (b) IMID-26F/2N.
The concentrations used were 0.1 (•), 0.3 (•), 3 (O), 10 (T) and 30 (v) jiM.
Error bars are ± S.E.M. and if not visible are contained within the symbol
(«=5-8).
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analysis could not be performed and an 'apparent pKB' value was determined instead
using equation 3.4 (see Section 3.2.2.1). The concentration of the imidazoline analogue
that was used to calculate its pKB was the highest concentration of analogue that
allowed full vasodilatation to levcromakalim. Table 3.1 summarises the pKB values
determined for each analogue.
From this analysis a group of compounds were identified that displayed high
potency as levcromakalim antagonists with pKB values of approximately 7. These
included IMID-4F/2N (pKB = 7.40), IMID-35MO/2N (7.40), IMID-26F/2N (7.26),
IMID-35MO (7.02), IMID-26F (6.97), IMID-4F (6.93) and IMID-1M (6.85), which
were all significantly more potent than the remaining 7 compounds («= 5-8, P<0.05,
ANOVA, Figures 3.2, 3.3, 3.5, 3.7 & 3.8).
.

Of the remaining compounds, IMID-4ME

(pKB = 6.45) was the next in order of potency, followed by IMID-35MO/IN (6.16),
!

IMID-4F/IN (5.62), IMID-4M0 (5.52), IMID-35MO/O (5.51) and IMID-4F/O (5.25)

1
(Figures 3.4, 3.5, 3.6b, 3.7 & 3.8b). The final analogue, IMID-4BU was inactive as an
•»

antagonist of levcromakalim-induced relaxation (control levcromakalim pD2 = 6.58 ±

s

0.02; plus IMID-4BU (30 uM) pD2 = 6.45 ± 0.06; n=5, P>0.05; Students Mest, data not

i

shown).

j

In similar experiments the antagonist potency of IMID-1M (30 uM) and IMID-

;|

35MO (30(iM) was determined using sodium nitroprusside (1 nM - 30 uM), a
compound that causes vasodilatation via cGMP and therefore, through a different
mechanism than the opening of KATP channels. There was no significant shift in the
pD2 value when concentration-effect curves to sodium nitroprusside were obtained in
the absence or the presence of IMID-1M (Figure 3.9a; control pD2 = 7.23 ±0.1; plus

103

Chapter Three In Vitro

KATP channel

antagonism

Bradycardic effect

Compound
pKB

uM"

pD2

AR*

IMID-1M

6.85 ±0.10*

1

>4.5

>224

IMID-26F

6.97 ±0.17*

0.3

>4.5

>295

IMID-4F

6.93 ± 0.08*

3

>4.5

>269

IMID-4ME

6.45 ±0.16

3

>4.5

>89

IMID-4M0

5.52 ± 0.06

30

>4.5

>10

IMID-35MO

7.02 ±0.16*

3

>4.5

>331

IMID-35MO/IN

6.16 ±0.15

3

>4.5

>46

IMID-4F/IN

5.62 ±0.12

10

>4.5

>13

IMID-35MO/O

5.51+0.09

10

IMID-4F/O

5.25 ±0.17

30

>4.5

>6

IMID-35MO/2N

7.40 ±0.19*

0.3

5.18 ±0.22

166

IMID-4F/2N

7.40 ± 0.22*

1

5.15 ±0.12

178

IMID-26F/2N

7.26 ±0.15*

0.3

5.26 ±0.13

100

IMID-4BU

INACTIVE

30

>4.5

-

Alinidine

5.49±0.01\}/

10

>4.5

>10

-

a Concentration of compound used in pKe calculation for KATP channel antagonism.
b Activity Ratio = antilog(pKB - PD2) ie. ratio of KATP channel antagonism to
bradycardic activity.
* Compounds significantly more potent than other derivatives (PO.05; ANOVA with
Bonferroni Mest)
vj/ Calculated in a previous study in our laboratory (Challinor-Rogers et al, 1994)
t Caused 12.1 ± 2.0 % reduction in atrial rate at 30 uM.
- not calculated.
Table 3.1 Summary of 'apparent' pKe values obtained for the imidazolines assessed for
their ability to antagonise levcromakalim-induced relaxation of pig isolated coronary
arteries precontracted with U46619 and their pD2 values calculated for causing
bradycardia in rat spontaneously beating right atria (pig coronary artery «=5-8, atria
«=4).
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Figure 3.9 Mean sodium nitroprusside concentration-response curves
obtained in the pig isolated coronary artery in the absence (•) and in the
presence of (a) IMID-1M (•) or (b) IMID-35MO (•). Error bars are ±
S.E.M. and if not visible are contained within the symbol (n=4, P>0.05;
students West).
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IMID-1M pD2 = 7.42 ± 0.3; w=4, P>0.05, Students /-test) or IMID-35MO (Figure 3.9b;
control pD2 = 7.02 ± 0.1; plus IMID-35MO (30 uM) pD2 = 7.27 ± 0.1; «=4, P>0.05;
Students /-test).

33.2 Electrophysiological properties of IMID-4F
Single smooth muscle cells of the rat isolated small mesenteric artery (Dioo =
320 ± 22 jim, «=3) had a resting membrane potential of —62 ± 4 mV («=3 cells, 3
separate vessels). The addition of IMID-4F (0.1-10 jaM) caused a concentrationdependent depolarisation from a resting membrane potential of -60 ± 1 mV to -53 ± 2
mV («=3 cells, 3 separate vessels; P<0.05; one way RM ANOVA); a depolarisation of
approximately 7 mV (Figures 3.10 & 3.11). Levcromakalim (0.1-10 uM) alone caused
a concentration-dependent membrane hyperpolarisation from -62 ± 4 mV to -74 ± 4
mV (n=3 cells, 3 separate vessels; P<0,05; one way RM ANOVA); a hyperpolarisation
of approximately 12 mV. This hyperpolarisation to levcromakalim (10 uM) was totally
abolished in the presence of IMID-4F (10 |iM; «=3, P<0.05; two way repeated
measures ANOVA; Figures 3.10 & 3.11).

3.3.3 Bradycardic effects of the imidazoline analogues
In this series of experiments the ability of the imidazoline analogues to cause
bradycardia was assessed in the rat isolated spontaneously beating right atria
preparation. Concentration-response curves were determined for all the analogues. An
original trace and the mean concentration-response curve for 1MID-26F is shown in
Figure 3.12a and Figure 3.12b, respectively. The mean initial atrial rate before the
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Figure 3.10 An original trace illustrating the electrophysiological effects of
IMID-4F on membrane potential in the rat isolated small mesenteric artery.
Illustrated is the effect of levcromakalim (LKM; 0.1-10 jaM) alone, followed
by IMID-4F (0.1-10 \JM) alone and then levcromakalim (LKM; 1-10 uM) in
the presence of IMID-4F (10 ^M). Acetylcholine (ACh; 10 fiM), an agent
which causes hyperpolarisation of the membrane via a method other than KATP
channel opening was still able to cause membrane hyperpolarisation.
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Figure 3.11 Mean electrophysiological concentration-response curves
obtained in the rat isolated mesenteric artery to levcromakalim alone (•),
IMID-4F alone (•) and levcromakalim in the presence of IMID-4F (O).
Error bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference in the membrane potential of
levcromakalim in the presence of IMID-4F («=3, P<0.05; two way repeated
measures ANOVA). # indicates a significant difference in the resting
membrane potential in the presence of IMID-4F (10 nM; «=3, P<0.05;
students /-test).
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Figure 3.12 Bradycardic response to IMID-26F (•; 0.3-30 uM) in the rat
isolated spontaneously beating right atria illustrated as (a) an original trace
and (b) mean concentration-response curve (n=4). The bradycardic response
to alinidine (•) is also included as a comparison (n=4). Error bars are ±
S.E.M. and if not visible are contained within the symbol.
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addition of IMID-26F was 253 ± 24 bpm and after the highest concentration tested, 30
uM, 122 ± 5 bpm. Table 3.1 lists the pD2 values or estimated pD2 values obtained for
all the imidazoline analogues tested. The majority of the compounds investigated did
not possess marked bradycardic activity with estimated EC50 values that are greater than
or equal to 30 ^M. The imidazoline analogue, IMID-35MO/O that has an oxygen
substitution in the imidazoline ring was the only analogue that did not cause a
significant concentration-dependent reduction in heart rate (Table 3.1; «=4, P>0.05; one
way ANOVA).
The most potent compounds were the bis-substituted compounds, IMID-4F/2N.
IMID-26F/2N and IMID-35MO/2N, which caused a concentration-dependent decrease
in heart rate (Figure 3.13; w=4-6; PO.05; one way ANOVA with Bonferroni t-test). At
the highest concentration tested (30 uM) they caused total abolition of spontaneous
beating of the rat isolated right atria. The calculated pD2 values were IMID-26F/2N
(5.26), IMID-35MO/2N (5.18) and IMID-4F/2N (5.15). The bradycardic actions of all
the imidazoline analogues tested at 30 uM is illustrated in Figure 3.14. The vehicle is
included in Figure 3.13 illustrating its lack of effect and alinidine is included on both
figures as a comparison. IMID-4F/2N, IMID-26F/2N and IMID-35MO/2N together
with IMID-26F caused a significant reduction in atrial rate when compared to alinidine
at the same concentration (30 uM) (Figure 3.14; «=4, /><0.05, ANOVA with
Bonferroni /-test).
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Figure 3.13 Mean concentration-response curves illustrating the
bradycardic response to (a) IMID-4F/2N (•), (b) IMID-35MO/2N (•) and
(c) IMID-26F/2N ( • ) in the rat isolated spontaneously beating right atria.
The bradycardic response to alinidine (•) is also included as a comparison.
Error bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference from alinidine («=4-6; P<0.05; two way
RM ANOVA).
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Figure 3.14 Histogram plot illustrating the mean maximum bradycardic
effect of the IMID compounds at 30 ^M in rat isolated spontaneously
beating right atria. Results are expressed as a percentage of the initial atrial
rate. Error bars are mean ± S.E.M. and if not visible are contained within
the symbol. * indicates a significant difference from alinidine (n=4-6,
P<0.05; one way ANOVA)
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3.3.4 Levcromakalim antagonism versus brady cardie activity of the imidazoline
analogues
The relatively high potency of these compounds to antagonise the vasorelaxant
actions of levcromakalim together with their poor ability to cause bradycardia, indicate
that these compounds are highly selective for vascular KATP channels. Table 3.1 shows
that the mono-substituted compounds, IMID-1M, IMID-26F, IMID-4F and IMID35MO are the most selective agents with calculated activity ratios of 224, 295, 269 and
331, respectively. Other compounds that also showed a high degree of selectivity
include the bis-substituted compounds IMID-35MO/2N (166), IMID-4F/2N (178) and
IMID-26F/2N(100).
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3.4 Discussion
3.4.1 KATP channel antagonism
The main finding from the present study is that some, but not all n-benzyl
derivatives of clonidine are potent antagonists of the KATP channel opening effects of
levcromakalim on vascular smooth muscle. Studies in our laboratory were the first to
show that imidazolines (eg. alinidine & phentolamine) were antagonists of the vascular
smooth muscle relaxant actions of cromakalim (McPherson & Angus, 1989; 1990).
Using techniques identical to those used in the present studies, the 'apparent' pKe for
alinidine in rat thoracic aorta was calculated to be approximately 5.5 (Challinor-Rogers
et al, 1994). Replacing the n-allyl substituent of alinidine with an n-benzyl derivative
(unsubstituted or substituted), generated compounds (IMID-1M, IMID-26F, IMID-4F &
IMID-35MO) that had 'apparent' pKe values of approximately 7; some 30 fold more
potent than alinidine itself. In addition, the bis substituted compounds (IMID-4F/2N,
IMID26F/2N & IMID-35MO/2N), those which had identical substitutions on both the
central nitrogen and the imidazoline ring nitrogen of clonidine, had calculated
'apparent' pKs values of approximately 7.4; some 100 fold more potent than alinidine.
In addition, the antagonism of levcromakalim vasorelaxant responses was also
specific for levcromakalim since both IMID-1M (30 uM) and IMID-35MO (30 \M),
failed to affect the vasorelaxant responses to sodium nitroprusside, a nitro-vasorelaxant
compound that acts via cGMP. This is consistent with previous findings which showed
that imidazoline based compounds specifically inhibited vasorelaxant responses to KATP
channel openers (McPherson & Angus, 1989).
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A number of chemically diverse compounds are known to antagonise the KATP
channel opening effects of levcromakalim.
sulphonylureas typified by glibenclamide.

Most notable of these are the
Previous studies have shown that

glibenclamide behaves as a classical competitive antagonist of levcromakalim mediated
vasorelaxant responses in a number of vascular preparations, with a pA2/pKe of
approximately 7 and slope value near unity (Eltze, 1989; Edwards et al, 1991). Thus,
when using sulphonylurea based compounds the levcromakalim concentration-response
curve is shifted to the right in a parallel manner with no obvious effect on the maximum
response.
The KATP channel is an octameric complex of two subunits: a pore forming K+
channel subunit, KIR6.X, and a regulatory subunit, the sulphonylurea receptor (SUR)
(Sakura et al, 1995; Inagaki et al, 1996). Binding studies have shown that the site of
the KATP channel where sulphonylureas and potassium channel openers act is found on
the SUR and that they are negatively allosterically coupled (Bray & Quast, 1992; Quast
et al., 1993b; Loffler & Quast 1997).
Another potent group of levcromakalim antagonists that have been identified are
the lipophilic quaternary ions such as tetraphenylphosphonium (pKe = 7.2; McPherson
& Piekarska, 1994; Piekarska & McPherson, 1997). While displaying the same potency
as glibenclamide, tetraphenylphosphonium (and related compounds) show a markedly
different type of antagonism as that displayed by the sulphonylureas. They cause a nonparallel shift of the levcromakalim concentration-response curve to the right and, at
higher concentrations, suppress the maximum vasorelaxant response that levcromakalim
can elicit. At this time it is uncertain where lipophilic quaternary ions interact with the
KATP

channel. However, previous studies with other quaternary ions have suggested

that they interact with the pore of the KATP channel, now known as the KIR subunit, to
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inhibit K+ efflux from the cell and that this may be related to their positive charge
(McPherson & Piekarska, 1994).
The potency and nature of the antagonism displayed by the imidazolines
characterised in this Chapter are similar to that displayed by the lipophilic quaternary
ions. Thus, the imidazolines cause a non-competitive antagonism of the KATP channel
opening effects of levcromakalim. Since imidazolines can be positively charged at
physiological pH (McPherson & Piekarska, 1994) it is possible that these compounds
may effect KATP channel opening through a mechanism similar to that of tlie lipophilic
quaternary ions. Indeed, this possibility is supported by the recent finding that the
imidazoline, phentolamine, inhibited pancreatic KATP channels by directly interacting
with the KIR component of the KATP channel (Proks & Ashcroft, 1997).
In this study, the vasoconstrictor used was U46619 (3-30 nM). Recent studies
have shown that glibenclamide can antagonise the effects of U46619 in some species by
directly acting at the thromboxane A2 receptor (Cocks et al, 1990; Kemp &
McPherson, 1998). With this in mind there was a possibility that the imidazoline
analogues may affect the responses to U46619. Indeed, a small subgroup of the
imidazoline analogues did affect the responses to U46619. However, as this Chapter
dealt with the KATP channel antagonism of the compounds, more U46619 was added in
these cases to match the level of tone before the antagonism of levcromakalim was
assessed. Further characterisation and discussion of the effects of this subgroup on
U46619 contractions can be found in Chapter 4. Nevertheless, the majority of the
imidazoline analogues did not affect U46619 contractions and due to their similar
potency to glibenclamide they may be considered as an alternative to the use of
glibenclamide under experimental conditions utilising vascular preparations.

116

Chapter Three In Vitro

3.4.2 Electrophysiological activity
Previous studies by our laboratory utilising the rat small mesenteric artery have
shown that KATP channel antagonists (ie. alinidine & glibenclamide) and the quaternary
ion, tetraphenylphosphonium cause a concentration-dependent depolarisation of smooth
muscle cells (McPherson & Angus, 1991; Zhang et al, 1998). It has been suggested
earlier that, in this tissue, KATP channels are spontaneously open and hold the membrane
potential approximately 10 mV more negative than would otherwise be expected
(McPherson & Angus, 1991). Consistent with this idea, IMID-4F, at concentrations
expected to antagonise KATP channels (1-10 uM), also caused a small concentrationdependent depolarisation of this magnitude.
As well as antagonising the spontaneously opened KATP channels present in this
tissue, we also confirmed that IMID-4F (10 uM) completely antagonised the
hyperpolarising responses to levcromakalim observed in the rat small mesenteric artery.
This study also provides evidence that the imidazoline analogues or IMID-4F in this
case, are active as levcromakalim antagonists in another vascular bed and in another
species.
In addition to the electrophysiological data presented in this Chapter, recent
patch clamping studies in our laboratory (McPherson et al, 1999) measured the ability
of IM1D-4F to reverse levcromakalim-induced current in rat mesenteric myocyte cells
(Figure 3.15). In cells that were held at a potential of-60 mV, in the presence of 140
mM K+, the basal inward current (-25 ±10 pA) was increased by levcromakalim (10
HM; -124 ± 50 pA). This increase was inhibited by IMID-4F (0.3 - 3 uM) in a
concentration-dependent manner. The pICso for IMID-4F against the KATP current was
6.22 ±0.01.
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Figure 3.15 (a) Representative trace obtained in a single rat mesenteric
myocyte cell showing the production of KATP channel K+ current with
levcromakalim (LKM; 10 ^M), then reversal of this current with increasing
concentrations of IMID-4F (0.3-3 |iM). (b) Mean concentration-response
curve in a single rat mesenteric myocyte cell to IMID-4F (0.3-3 |iM). Error
bars are ± S.E.M. and if not visible are contained within the symbol («=3).
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3.4.3 Bradycardic activity
As well as antagonising KATP channels in vascular and non-vascular smooth
muscle (McPherson & Angus, 1989; see Section 1.4.2.3.1), alinidine has been shown in
in vitro and in vivo studies to slow heart rate (Kobinger, et ah, 1979; Lillie & Kobinger,
1983a,b; Siegl, et ah, 1984; Hageman, et ah, 1985). Previous studies in our laboratory
using the TH series of compounds, compared the cromakalim antagonism and
bradycardic actions to determine if the bradycardia of alinidine was related to an effect
at KATP channels (Challinor-Rogers et ah, 1994; see Section 1.4.2.3.3). It was found
that there was no statistically significant correlation between the two, which suggested
that the TH series of alinidine analogues did not cause bradycardia through an action at
cardiac KATP channels. There are a number of different theories as to how alinidine
brings about its actions upon the heart. One theory suggests alinidine has a direct action
upon the sinoatrial node to slow diastolic depolarisation and systolic repolarisation
(Tritthart et ah, 1981; Millar & Vaughan Williams, 1981a; Millar et ah, 1983; Bouman
et ah, 1984; Kawada et ah, 1984; Satoh & Hashimoto, 1986). It has been suggested that
alinidine causes this effect by partially blocking If or It, currents (Bouman et ah, 1984;
Dennis & Vaughan Williams, 1986). Another theory has suggested that alinidine
restricts the flow of current through anion selective channels (Millar & Vaughan
Williams 1981a,b; Lillie & Kobinger, 1983a,b). In any case, the mechanism by which
alinidine, and most likely the IMID series of compounds studied in this thesis, causes
bradycardia remains unclear.
The majority of the IMID analogues used in this study were found to be very
poor bradycardic agents with estimated EC5o values greater than or equal to 30 uM.
These are similar to that of alinidine. The most interesting finding during this study was
that the bis substituted compounds (IMID-4F/2N, IMID-26F/2N & IMID-35MO/2N)
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caused the cessation of the rat isolated spontaneously beating right atrial preparation at
the highest concentration tested (30 uM). As will become evident in Chapter 4 we found
that these same compounds also have calcium channel antagonist actions that may
contribute to this effect.

3.4.4 Structure-activity relationship
It has been known for some time that the substituent on the central nitrogen of
alinidine is important in determining KATP channel potency. Thus while the parent
compound, clonidine (which lacks the n-allyl substitution), is not active as a
levcromakalim antagonist (McPherson & Angus, 1989) many substituted compounds
including alinidine, the TH series and the IMID series m display varying activity. From
this study it was apparent that the substitution of a bfcuz.aie ring on the extra-cyclic
nitrogen causes a substantial increase in potency as a KATP channel antagonist (IMID1M; pKe=6.85). However, substitutions onto the benzene ring either had little effect on
the potency (IMID-4F (6.93), IMID-26F (6.97) & IMID-35MO (7.02)) or actually
decreased the potency (IMID-4MO (5.52), IMID-4ME (6.45) & IMID-4BU (inactive))
of these compounds as levcromakalim antagonists. Identical benzyl substitutions on the
imidazoline nitrogen of clonidine rather than the central nitrogen generated the
compounds IMID-4F/IN (5.62) and IMID-35MO/IN (6.16). Again these substitutions
actually decreased their potency as KATP channel antagonists. The substitution of an
oxygen molecule for one of the imidazoline nitrogens in the latter two compounds,
IMID-4F/IN and IMID-35MO/IN, resulted in IMID-4F/O (5.25) and IMID-35MO/O
(5.51). This further decreased the ability of these, compounds to inhibit levcromakaliminduced vasorelaxation.
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In contrast to these results, we found that the substitution of 2 benzyl groups
(one on the bridging nitrogen and one on the imidazole nitrogen) giving rise to IMID4F/2N (7.44), IMID-26F/2N (7.26) and IMID-35MO/2N (7.44), produced compounds
that were of similar potency to the parent compound IMID-1M in their KATP channel
antagonism. However, as already noted, these compounds were significantly more
potent in their maximum bradycardic effect than the majority of the compounds tested.
To determine the selectivity of the compounds as vascular KATP channel
antagonists versus bradycardic activity, an activity ratio was calculated. This was
calculated from each compounds' pKB obtained in the pig isolated coronary artery
compared with estimated pD2 for inducing bradycardia. From this it was found that
IMID-1M, IMID-4F, IMID-26F and IMID-35MO were the most selective agents with
activity ratios of 224, 295, 269 and 331, respectively. Following these were IMID4F/2N, IMID-35MO/2N and IMID-26F/2N, which had calculated activity ratios
between 100-180. Therefore, based on the relatively high potency of these compounds
for antagonising the vasorelaxant actions of levcromakalim and their poor ability to
cause bradycardia, many of the compounds were found to be highly vascular selective.

3.4.5 Conclusions
The results of the present study have identified a novel group of potent
imidazoline-based vascular KATP channel antagonists after experiments performed using
the pig isolated coronary artery. Several of the imidazoline analogues, IMID-4F/2N,
IMID-26F/2N, IMID-35MO/2N, IMID-1M, IMID-4F, IMID-26F and IMID-35MO are
as potent as the sulphonylurea glibenclamide and the lipophilic quaternary ion
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tetraphenylphosphonium, which have similar pKe values of around 7 in vascular
smooth muscle.
In addition, the levcromakalim antagonism demonstrated by the analogues was
specific since vasodilatation to sodium nitroprasside was not affected in the presence of
IMID-1M cad MD-35MO.

It was also demonstrated that IMID-4F blocked the

hyperpolarisation to levcromakalim in rat isolated mesenteric artery, a different vascular
bed and species to the first series of experiments in the pig isolated coronary artery.
Finally, the bradycardic actions of these compounds were found to be very weak,
suggesting that the imidazoline analogues characterised in this Chapter were highly
vascular selective.
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4.1 Introduction
During studies designed to characterise the KATP channel antagonist actions of
the IMID compounds (Chapter 3) it was discovered that several of them (ie IMID35MO/IN, IMID-35MO/O, IMID-4F/0, IMID-26F/2N, IMID-35MO/2N & IMID4F/2N), at high concentrations (10-30 uM), appeared to affect contractions to the
thromboxane A2 mimetic, U46619 and caused the relaxation of the passive tension of
pig isolated coronary artery rings. The aim of the work described in the present Chapter
was to determine the mechanism/s underlying this phenomenon.
To achieve this, studies were performed in pig coronary arteries and rat small
mesenteric arteries using a variety of different vasoconstrictors, U46619, ACh, K+ and
phenylephrine and a number of selective antagonists. Tetraphenylphosphonium (TPP;
3pM), a quaternary ion, which has been previously shown to antagonise vascular KATP
channels (Piekarska & McPherson, 1997) was used to assess the possibility that the
compounds also opened KATP channels. ODQ (10 pM), the soluble guanylate cyclase
inhibitor, was utilised to examine the possibility that the IMID compounds were acting
through guanylate cyclase activation. Propranolol (1 jxM) was used to assess the
possibility of actions at B-adrenoceptors. Finally, radioligand-binding studies were
performed to assess the ability of the IMID compounds to displace binding of the
calcium channel antagonist [3H]-PN200-110 to rat cerebral cortex membranes.
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4.2 Materials and Methods
4.2.1 Vascular studies
4.2.1.1 Tissue preparation and mounting procedures
4.2.1.1.1 Porcine isolated right circumflex arteries
The porcine isolated right circumflex artery was used to assess the ability of the
imidazoline analogues to cause vasorelaxation. Segments of pig endothelium denuded
coronary artery were prepared and mounted as previously described in Section 3.2.1.1.

4.2.1.1.2 Rat isolated small mesenteric arteries
Rat isolated small mesenteric arteries were used to assess the ability of IMID35MO/O to cause vasorelaxation in a vascular preparation other than the pig isolated
coronary artery. Segments of rat mesenteric artery were prepared and mounted in a
small vessel myograph as previously described in Section 3.2.1.2 and normalised as
described in Section 3.2.1.2.1.

4.2.1.2 Experimental protocol and Analysis of results
4.2.1.2.1 Vasorelaxation of the imidazoline analogues in pig isolated coronary
arteries
Following equilibration, the maximum constrictor response was determined with
the addition of KPSS as described in Section 3.2.2.1. The tissues were submaximally
constricted with U46619 (3-10 nM) and cumulative concentration-response curves to
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all the IMID compounds (0.3-30 \iM) or nifedipine (0.01-3 JIM) were constructed.
Further concentrations of the IMID compounds were added when the response to the
previous concentration had reached a plateau and only one concentration-response curve
was obtained with each coronary artery ring. Subsequently, experiments were carried
out to assess the ability of the imidazoline derivatives and nifedipine to relax
contractions to ACh (10-30 nM) and K+ (30 mM). hi most cases, the IMID compounds
did not cause full tissue relaxation, hence, sodium nitroprusside (10 uM) was added at
the end of each curve to obtain maximal vessel relaxation, hi some instances, ODQ (10
jiM), propranolol (1 uM) or TPP (3 uM) were used in an attempt to inhibit the
imidazoline-induced relaxation. They were added 20 minutes prior to submaximally
constricting the tissue with U46619 (3-10 nM).
The initial contractions to either U46619, ACh, or K'r were taken as 100 %
response and the contraction or relaxation produced by different concentrations of the
IMID compounds expressed as a percentage of this response. The percentages were
then represented graphically and the pD2 (-logECso) values calculated as described in
Section 3.2.2.1.

4.2.1.2.2 Vasorelaxation of IMID-35MO/O in rat mesenteric arteries
After normalisation the vessel was left to equilibrate for a further 30 minutes.
The maximal tissue contraction was determined by the addition of KPSS (Section
3.2.2.1). The segments were constricted to approximately 50 % of the tissue maximum
with either phenylephrine (PE; 1-10 j.iM) or K+ (40-60 mM). Concentration response
curves to IMID-35MO/O (0.1-30 \xM) were constructed.
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The results and analysis were performed in an identical fashion to those
described above in Section 4.2.1.2.1

4.2.2 Radioligand binding studies
4.2.2.1 Membrane preparation
4.2.2.1.1 Cerebral cortex membranes
Male Sprague-Dawley rats (250-350 g) were rendered unconscious by a brief
exposure to 20 % O2/8O % CO2 and then exsanguinated. The cerebral cortex was
dissected free and placed in phosphate buffer (composition in mM: NaH2PO4 2.79 and
Na2HPC>4 7.19; pH = 7.4) and maintained at 4 °C. Membranes were prepared by
homogenisation of the cerebral cortex in 20 vol (w/v) of ice-cold phosphate buffer. The
homogenate was centrifuged (35,000 g for 15 min at 4 °C), the supernatant discarded,
the resultant pellet washed and the above procedure repeated. The final membrane
suspension was prepared by suspending the pellet in 50 vol (w/v) phosphate buffer.
Each ml of homogenate therefore contained 20 mg wet weight of original tissue mass.

4.2.2.2 Experimental protocol
4.2.2.2.1 Saturation studies
Initially, saturation studies were performed to determine the apparent
dissociation constant (KD) and the density of the binding sites (Bmax) values for [3H]PN200-110. Hot saturation studies were performed, in triplicate, by combining 100 jil
of increasing concentrations of [3H]-PN200-110 (final concentrations; 0.02-5 nM) with
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and without 10 p.1 of nifedipine (final concentration; 0.1 uM), which was used to define
non-specific binding. The binding reaction was initiated by the addition of 500 p.1 of
cerebral cortex membrane preparation. The tubes, with a total volume of 1 ml in a
phosphate buffer, were lightly vortexed and incubated for 1 hour at room temperature.
As [3H]-PN200-110 is light sensitive, incubations were also performed in reduced light
and under foil to minimise exposure and therefore, degradation of the ligand. The
incubation was terminated by adding 5 ml of ice-cold phosphate buffer. The bound and
free ligand was then separated by filtration under vacuum over glass microfibre filters
(Whatman GF/B) using a Brandell Harvester. The filters were washed twice with 5 ml
phosphate buffer and counted for 3H in 2.5 ml scintillant (EcoLite, ICN Biomedicals,
USA) using a Minaxi Tri-Carb 4000 series P-counter (United Technologies Packard).
The disintergrations per minute (dpm) were counted for 5 minutes.

4.2.2.2.2 Competition studies
Drug displacement experiments were carried out, in duplicate, by initiating a
binding reaction by incubating the 500 ul of membrane preparation with tubes already
containing 100 ul of [3H]-PN200-110 (final concentration; 1 nM) and 10 ul of either the
cold displacing drug, used to define non-specific binding (nifedipine; final
concentration; 0.1 uM), or an IMID compound. The tubes, with a total volume of 1 ml
in phosphate buffer, were lightly vortexed and incubated. After an incubation time of 1
hour at room temperature the incubation was terminated by adding 5 ml of ice-cold
phosphate buffer. The experiments were then carried out in an identical manner to that
of the hot saturation studies described above (Section 4.2.2.2.1).
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Initial displacement experiments were completed using a single high
concentration (10 uM) for all the IMID analogues. If considerable displacement was
observed, full drug-displacement studies were performed using a range of
concentrations of the IMID compounds (10 nM-100 uM).

4.2.2.3 Analysis of Results
Weighted non-linear curve fitting is now accepted as the most accurate method
of analysing radioligand binding experiments. It eliminates many potential sources of
error as no transformation of the data is required and the exact models can be used
(McPherson, 1985). RADLIG (McPherson, 1995), a computer program, which uses a
weighted non-linear curve fitting method involving the Marquardt-Levenberg
modifications of the Gauss-Newton technique (Rodbard, 1984) was used to analyse the
results from both the hot saturation and competition studies. Initially, a model is first
specified and initial estimates are generated. These are then iteratively refined until
there is the least amount of deviation of predicted line from the experimental data (ie.
the lowest weighted sum of squares). This process results in the calculation of the
apparent dissociation constant (KD), expressed as the pKo (-log KD) in the competition
studies and the density of the binding sites (Bmax). Together with the final estimates, an
approximation of the standard error is provided to give an indication of the reliability of
the calculations. In this thesis, error values were considered acceptable if they were
below 10 % and those over this value were excluded.
In all the binding experiments throughout this thesis the results were expressed
as % of total binding or % bound. Both the vehicle and drug used to define non-specific
binding were also included on the figures as a comparison.
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4.2.3 Statistics
Results in the text are given as mean ± S.E.M. Statistical methods used were
carried out as stated in the text One way Analysis of Variance (ANOVA) was used to
test more than two values that were dependent. If statistical significance was observed a
Bonferroni Mest was used post ANOVA for pairwise multiple comparisons and for
multiple comparisons to a control group.

Groups were considered significantly

different from each other if P<0.05, unless otherwise stated. All statistical calculations
were performed using SigmaStat (Jandel Scientific, U.S.A.).

4.2.4 Drugs
The radioligand and its source was: [3H]-PN200-110 (specific activity: 85
Ci/mmol; Amersham, U.K.). [3H]-PN200-110 was made up in phosphate buffer as a
stock solution of 50 nM and all further dilutions were also made in phosphate buffer.
Drugs used and their sources were: Acetylcholine (ACh; Sigma Chemical Co.,
U.S.A.); MID compounds (Eva Campi, Department of Chemistry, Monash University;
Figure 2.1); nifedipine (Sigma Chemical Co., U.S.A.); phenylephrine (PE; Sigma
Chemical Co., U.S.A.); sodium nitroprusside (SNP; Sigma Chemical Co., U.S.A.);
U46619 (The Upjohn Co., USA). The imidazoline analogues were made up in 100%
methanol (MeOH) as stock solutions of 10 mM for the in vitro experiments. For the
radioligand-binding experiments the imidazoline analogues and nifedipine were made
up in 100% ethanol (EtOH) as stock solutions of 10 mM and 1 mM. The first additional
dilution for the imidazoline analogues was made in 40 % EtOH and all further dilutions
were made in distilled water. Nifedipine was dissolved and diluted in distilled water.
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Acetylcholine, phenylephrine, sodium nitroprusside and U46619 were dissolved in
distilled water and diluted in Krebs solution.
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4.3 Results
4.3.1 Vasorelaxation by the imidazoline analogues
In this series of experiments the ability of the imidazoline analogues to cause
vasorelaxation in isolated segments of pig coronary artery precontracted with U46619
(3-10 nM), ACh (0.1-0.3 uM) or K+ (30 mM) was assessed. As with previous
experiments with this tissue, the contractions to each vasoconstrictor were matched to
approximately 50 % of the KPSS contraction (Figures 4.2b, 4.3b, 4.4b & 4.5b).
Concentration-response curves were constructed for all the imidazoline analogues in
arterial segments precontracted with U46619. Six analogues were found to cause
concentration-dependent vasorelaxation (IMID-35MO/TN, IMID-35MO/O, IMID-4F/O,
IMID-26F/2N, IMID-35MO/2N & IMID-4F/2N) that was significantly different to the
vehicle, methanol (Figure 4.1 & 4.2a; n=4-8; P<0.05; one way ANOVA with
Bonferroni Mest).
The remaining seven imidazoline analogues, IMID-4ME, IMID-4M0, IMID4F/O, IMID-1M, IMID-35MO, IMID-4F/IN

and IMID-26F did not cause

vasorelaxation that was significantly different from the vehicle (Figure 4.3; n=4;
P>0.05; one way ANOVA). In contrast, IMID-4F/IN and IMID-1M both caused a
small concentration-dependent contraction, additional to that of U46619, which was
significantly different to the vehicle (n=4; P<0.05; one way ANOVA with Bonferroni ttest). pD2 values were calculated for all the analogues that caused relaxation and they
are summarised in Table 4.1. They were IMID-4F/O (pD2 = 5.3), IMID-35MO/O (5.3),
IMID-35MO/2N (4.8), IMID-4F/2N (4.7), IMID-35MO/IN (4.7) and IMID-26F/2N
(4.6).

Both IMID-4F/O and IMID-35MO/O were significantly different from
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Figure 4.1 Original trace of the concentration-dependent relaxation of IMID35MO/O (0.3-30 JIM) in a segment of pig isolated coronary artery
precontracted with U46619 (3 nM).
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Figure 4.2 Mean concentration-response curves in pig isolated right circumflex
arteries precontracted with U46619 (3-10 nM) for IMID-35MO/IN (•),
-35MO/O (•), -4F/O (O), -26F/2N (Y), -4F/2N (V), -35MO/2N (A) and the
methanol vehicle (•). Error bars are ± S.E.M. and if not visible are contained
within the symbol. * indicates all compounds were significantly different from
the vehicle at the highest concentration (30 nM; n=4; P<0.05; one way ANOVA
with Bonferroni Mest). (b) Initial tone generated by U46619 (3-10 nM) as a
percentage of KPSS (n=4).
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Figure 4.3 (a) Mean concentration-response curves in pig isolated right
circumflex arteries precontracted v/ith U46619 (3-10 nM) for IMID-4ME (D), 4MO (•), -4F (O), -1M (T), -35MO (V), -4F/IN (A), -26F (•) and the methanol
vehicle (•). Error bars are ± S.E.M. and if not visible are contained within the
symbol. * indicates a significant difference from the vehicle at the highest
concentration (30 JIM; «=4; P<0.05; one way ANOVA with Bonferroni /-test),
(b) Initial tone generated by U46619 (3-10 nM) as a percentage of KPSS («=4).
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Figure 4.4 Mean concentration-response curves in pig isolated right circumflex
arteries precontracted with ACh (0.1 - 0.3 uM) for IMID-35MO/IN (•), 35MO/O (•), -4F/O (O), -26F/2N (T), - 4F/2N (V), -35MO/2N (A). Error bars
are ± S.E.M. and if not visible are contained within the symbol («=4). (b) Initial
tone generated by ACh (0.1 - 0.3 ^iM) as a percentage of KPSS (n=4).
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Figure 4.5 Mean concentration-response curves in pig isolated right circumflex
arteries precontracted with K+ (30 mM) for IMID-35MO/IN (•), -35MO/O (•),
-4F/O (O), -26F/2N (•), - 4F/2N (V), -35MO/2N (A). Error bars are ± S.E.M.
and if not visible are contained within the symbol (w=4). (b) Initial tone
generated by K+ (30 mM) as a percentage of KPSS («=4).
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Experiment type

In vitro (pD2)

Binding

Constrictor

(pKD)

Compound
U46619

ACh

IMID-35MO/IN

4.7 ±0.1*

4.8 ±0.1

4.8 ±0.1

4.7 ±0.1

IMID-35MO/O

5.3 ±0.1*

4.9 ±0.1

4.9 ±0.1

5.5 ± 0.5

IMID-4F/O

5.3 ±0.1*

5.1 ±0.1

5.1 ±0.1*

5.2 ± 0.2

IMID-26F/2N

4.6 ±0.1*

4.7 ± 0.2

4.8 ±0.1*

5.1 ±0.1

IMID-4F/2N

4.7 ±0.1

4.8 ±0.1

5.2 ±0.1

5.5 ±0.1

IMID-35MO/2N

4.8 ± 0.2

4.6 ±0.1

4.9 ±0.1

4.7 ±0.1

Nifedipine

6.8 ± 0.1 v

6.8 ± 0.1H'

7.1 ±0.1M'

8.6±0.1 v

Table 4.1 Summary of pD2 values for the imidazolines that induced vasorelaxation of
pig isolated coronary arteries precontracted with either U46619, ACh or K+ and the
calculated pKD values for displacing binding of [3H]-PN200-110 to rat cerebral cortex
membranes (pig coronary artery w=4-8, radioligand binding «=4-5).
* indicates compounds significantly more potent than compounds denoted with #
(PO.05; one way ANOVA with Bonferroni Mest) precontracted with the same
constrictor or at displacing binding.
v
indicates significantly more potent than all compounds (PO.05; one way ANOVA
with Bonferroni Mest) precontracted with the same constrictor or at displacing binding.
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IMID-35MO/IN and IMID-26F/2N (w=4-8; P<0.05; one way ANOVA with Bonferroni
/-test).
To assess if the vasorelaxation of the six imidazoline analogues was
vasoconstrictor specific, experiments using both ACh (0.1-0.3 uM) and K+ (30 mM) as
the vasoconstrictors were carried out in an identical manner to the experiments using
U46619 described above. The same six IMID compounds that caused relaxation of
arteries constricted with U46619, also caused concentration-dependent relaxation in pig
coronary arteries constricted with ACh (Figure 4.4a) and K+ (Figure 4.5a) over the same
concentration range. Again, pD2 values were calculated and are summarised in Table
4.1. The pD2 values were similar to those obtained with U46619 as the preconstrictor.
In fact, the pD2 values calculated for the vasorelaxation to each IMID compound for the
three vasoconstrictors were not significantly different from each other (n=4-8; P>0.05;
one way ANOVA).
When ACh was used to constrict the tissues, none of the pD2 values for the
IMID compounds (4.6-5.1) were significantly different from one another («=4-7;
P>0.05; one way ANOVA). When the tissues were precontracted with K+, only the
pD2 values calculated for IMID-4F/2N (5.2) and IMID-26F/2N (4.8) were significantly
different from each other (n=4-5; P<0.05; one way ANOVA with Bonferroni /-test).
Nifedipine (0.01- 3 uM), which also relaxed contractions to all three constrictors, was
significantly more potent as a vasodilator than all the IMID compounds (Table 4.1;
n=4-5; P<0.05; one way ANOVA with Bonferroni /-test).
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4.3.2 Vasorelaxation of IMID-35MO/O in rat mesenteric arteries
To discover if the relaxation induced by the IMID compounds was specific to
pig coronary arteries, another vascular tissue, rat isolated small mesenteric arteries were
used in this series of experiments. Different vasoconstrictors, PE (1-10 uM) and K+
(40-60 mM) were used to confirm the results in Section 4.3.1, ie that the relaxation of
the IMID compounds was not vasoconstrictor specific. IMID-35MO/O (0.3-30 ^M),
caused concentration-dependent vasorelaxation of rat mesenteric arteries that was
significantly different from the methanol vehicle (Figure 4.6; «=4-5; P<0.05; Students
/-test). The vasoconstrictors, PE or K+ did not effect the vasorelaxation to IMID35MO/O (PE pD2 = 5.0 ± 0.1; K+ pD2 = 5.1 ± 0.0; «=4-5; P>0.05; Students /-test).

4.3.3 Effect of TPP, ODQ and propranolol on the vasorelaxation of IMID-35MO/O
In an endeavour to discover the mechanism of action of the IMID compounds'
vasorelaxation, several antagonists/inhibitors were used to try to attenuate the
vasorelaxation to IMID-35MO/O. Again, pig isolated coronary arteries precontracted
with U46619 (3-10 nM) were used in this series of experiments.
There was no significant shift in the pD2 values when the concentration-response
curves to IMID-35MO/O (0.3-30 jxM) were obtained in the absence or the presence of
TPP (3 jiM), a KATP channel antagonist, ODQ (10 uM), a soluble guanylate cyclase
inhibitor or propranolol (1 uM), a P-adrenoceptor antagonist (Figure 4.7; control pD2 =
5.2 ± 0.0; plus TPP pD2 = 5.1 ± 0.1; plus ODQ pD2 = 5.1 ± 0.0; plus propranolol pD2 =
5.4 ±0.1; « = 4 - 13; P>0.05; one way ANOVA).
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Figure 4.6 Mean concentration-response curves in rat isolated small mesenteric
arteries precontracted with either (a) phenylephrine (PE; 1-10 JIM) or (b) K+
(40-60 mM) for IMID-35MO/O (•) and the methanol vehicle (•). Error bars
are ± S.E.M. and if not visible are contained within the symbol. * indicates a
significant difference from the vehicle at the highest concentration (30
«=4-5; P<0.05; one way ANOVA with Bonferroni /-test).
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Figure 4.7 Mean concentration-response curves in pig isolated right circumflex
arteries precontracted with U46619 (3-10 nM) for IMID-35MO/O in the
absence of treatment (•), or in the presence of TPP (3 |iM; O), ODQ (10 uM;
• ) or propranolol (1 uM; • ) («=4 - 13; P>0.05; one way ANOVA). Error bars
are ± S.E.M. and if not visible are contained within the symbol.
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4.3.4 [3H]-PN200-110 hot saturation studies
Saturation studies were performed to determine the apparent dissociation
constant (pKo) and the density of the binding sites (Bmax) values for [3H]-PN200-110.
Figure 4.8 shows a typical example of the equilibrium saturation binding of [3H]PN200-110 to rat cerebral cortex membranes and the Scatchard analysis, both generated
using RADLIG. Non-specific binding increased linearly with the concentration of the
labelled ligand. The pKD was 9.7 + 0.0 and the Bmax 6.1 ± 0.3 fmol/kg/protein («=3).

4.3.5 [3H]-PN200-110 competition studies
The ability of the IMID compounds to displace binding of [3H]-PN200-110 to
rat cerebral cortex membranes was investigated to characterise their activity at L-type
calcium channels. Figure 4.9 illustrates the findings from this study where several of
the IMID compounds (10 |iM) significantly displaced binding («=5-8; i?<0.05; one way
ANOVA with Bonferroni /-test).

The IMID compounds that caused significant

displacement represented as percentage of total binding of [3H]-PN200-l 10 were IMID4F/2N (52 ± 4 %), IMID-4F/O (68 ± 7 %), IMID-35MO/O (73 ± 6 %), IMID-26F/2N
(79 ± 6 %), IMID-35MO/2N (87 + 2 %) and IMID-35MO/IN (90 ± 2 %). However, the
majority of the compounds, IMID-4F/IN (100 ± 5 %), IMID-26F (113 ± 5 %), IMID4ME (118 ± 5 %), IMID-4F (122 ± 5 %) and IMID-1M (122 ± 5 %) did not
significantly displace binding of [3H]-PN200-l 10 when compared to the vehicle (100 %
ethanol, 110 ± 4 %; «=5-8; P>0.05; one way ANOVA). Nifedipine (0.1 ^M) was used
to define non-specific binding and was found to significantly displace binding to 20 ± 2
% of total binding («=5-8; P<0.05; one way ANOVA).
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Figure 4.8 Equilibrium saturation binding of [3H]-PN200-110 to rat cerebral
cortex membranes, (a) Total (•), specific (•) and non-specific (•) binding are
shown as a function of the free label concentration (F). Points are means of
triplicate measurements from one typical experiment. Non-specific binding was
determined in the presence of nifedipine (1 ^M). The pKo and Bmax values
obtained from this fitted curve were 9.7 and 6.5 fmol/mg/protein, respectively,
(b) Scatchard transformation of the saturation binding in (a).
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Figure 4.9 Histogram plot illustrating the total binding of [3H]-PN200-110 in
the absence of treatment (vehicle) or in the presence of the IMID compounds
(10 ^iM) or nifedipine (0.1 uM). Results are expressed as a % of total binding.
Error bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant displacement by a treatment when compared to vehicle
(«=5-8; P<0.05; one-way ANOVA with Bonferroni Mest).
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For those compounds that displaced binding at 10 ^M, more extensive
investigations were carried out.

Full concentration-displacement curves were

constructed for each IMID compound (10 nM-100 u.M).

The pKo values were

calculated using RADLIG for each IMID analogue and they can be seen in Table 4.1.
Of the IMID compounds (pKos 4.7-5.5) that displaced binding, none were significantly
different from one another («=4; P>0.05; one way ANOVA). However, all were
significantly different from nifedipine (8.6 ±0.1; «=4; P<0.05; one way ANOVA with
Bonferroni Mest). Figure 4.10 illustrates full concentration-displacement curves for
IMID-4F/2N (10 nM-100 ^M) and nifedipine (0.01 nM-1 |iM). IMID-4F/2N is
significantly less potent than nifedipine («=4; P<0.05; Students Mest).

4.3.6

Correlation

between

the

imidazoline-induced

vasorelaxation

and

displacement of [3H]-PN2OO-11Q binding
Every IMID compound that caused vasorelaxation also displaced binding of
[3H]-PN200-l 10, over a similar range in potency. As the compounds had equal potency
as vasorelaxants and at displacing [3H]-PN200-110 binding, a correlation analysis was
not performed. Conversely, those IMID compounds that did not cause vasorelaxation
did not displace [3H]-PN200-l 10 binding.
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Figure 4.10 Mean displacement curve for [3H]-PN200-110 in the presence of
increasing concentrations of nifedipine (•) or IMID-4F/2N (O). Results are
expressed as % bound. Error bars are ± S.E.M. and if not visible are contained
within the symbol. * indicates a significant difference between treatments (n=4;
P<0.05; Students /-test).
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4.4 Discussion
As described in Chapter 3, it was found that several of the imidazoline
analogues, DVQD-35MO/IN, IMID-35MO/O, IMID-4F/O, IMID-26F/2N, IMID35MO/2N & IMID-4F/2N, were able to antagonise U46619 contractions in pig isolated
coronary arteries. The present study was carried out to investigate this vasorelaxant
property. The findings indicate that the relaxation observed in the in vitro experiments,
using isolated segments of artery, may in fact be due to antagonism of L-type calcium
channels.
Initially, the vasorelaxation phenomenon was investigated using segments of pig
coronary artery that were constricted with U46619. In studies specifically designed to
assess the vasorelaxant potency, six imidazoline analogues relaxed contractions to
U46619 in a concentration-dependent manner. The remaining seven IMID compounds
either had no vasorelaxation effect on contractions to U46619 (IMID-4F, IMID-4ME,
IMID-4M0, MID-35MO & IMID-26F) or caused small additional concentrationdependent increases in tension (IMID-1M and IMID-4F/IN). The six imidazoline
analogues that induced vasorelaxation were then investigated further.
The vasorelaxation responses were not vasoconstrictor specific. The
concentration-dependent vasorelaxation to the six imidazoline analogues were similar
and independent of which vasoconstrictor (ie U46619, ACh & K*) was used. This
finding suggested the imidazolines-were not specifically affecting thromboxane A2
receptors. In addition, the vasorelaxation was not tissue specific as the pD2 values for
IMID-35MO/O were similar to those obtained in pig coronary arteries in rat isolated
mesenteric arteries constricted with either phenylephrine or K+.
All the experiments in this Chapter were performed in pig endothelium-denuded
coronary arteries, indicating that the vasorelaxation was not endothelium-dependent.
148

Chapter Four Vasorelaxant effect

Therefore, several mechanisms by which the imidazolines may be inducing relaxation
were investigated. It is well known that imidazolines have actions at vascular KATP
channels (eg McPherson & Angus, 1989; Chapter 3).

The prospect that the

imidazolines were opening rather than antagonising KATP channels was investigated.
However, two lines of evidence suggest this is not the case, (i), K+ did not affect the
vasorelaxant response to the imidazolines and (ii), the KATP channel inhibitor,
tetraphenylphosphonium (TPP; Piekarska & McPherson, 1997) did not affect the
relaxation to MID-35MO/O.
Another possibility was that the imidazoline derivatives were acting in a similar
way to nitric oxide to induce relaxation. The haem group present within nitric oxide
binds to soluble guanylate cyclase activating the enzyme (Schmidt et al, 1993). The
active enzyme than catalyses the generation of cGMP, which results in activation of
protein kinase G (PKG) and phosphorylation of the target proteins and vasodilatation.
However, the soluble guanylate cyclase inhibitor, ODQ had no effect on the relaxation
to IMID-35MO/O indicating that the imidazolines were not activating guanylate
cyclase.
Numerous imidazolines have been shown to have actions at p-adrenoceptors (eg
Hamada et al, 1985) and decreases in vascular tone are thought to be mediated by p2adrenoceptors (Wilffert et al, 1982). Therefore, the possibility-that IMID-35MO/O was
activating P-adrenoceptors was investigated by using the P-adrenoceptor antagonist,
propranolol. Propranolol did not significantly inhibit the relaxation to IMID-35MO/O,
indicating that the imidazolines in this study possessed no such actions at padrenoceptors.
Calcium channel antagonists such as nifedipine cause vasorelaxation similar to
the relaxation observed in this study by the imidazolines. In accordance with this, in
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radioligand binding studies utilising the dihydropyridine analogue [ HJ-PN200-110,
which binds to L-type calcium channels, in rat cerebral cortex membranes only the six
imidazoline analogues that caused vasorelaxation significantly inhibited binding of
[3H]-PN200-110. The remaining seven IMID compounds did not affect binding of
[3H]-PN200-110.

The pKo values obtained from full concentration-displacement

curves, carried out for those imidazoline derivatives that displaced binding, were some
100 fold less potent than nifedipine. In addition, the pKo values (displacement) and the
PD2 values (vasorelaxation) are comparable for both the imidazolines and nifedipine.
Together, these studies provide evidence that the six imidazoline analogues produce
vasorelaxation via an action at L-type calcium channels.
These finding are in line with several recent studies that examined the actions of
several other imidazolines at calcium channels. While investigating the actions of
isothiocyanatobenzyl imidazoline (IBI) in rat isolated aorta, Slavica and colleagues
(1994) found the slow onset sustained contractions did not involve actions at aadrenoceptors or imidazoline receptors but involved voltage-dependent calcium
channels. Another study by the same group, which investigated these contractions
further, found that IBI and derivatives bind to L-type calcium channels and interact
allosterically with the dihydropyridine binding site (Lei et al, 1998). They also found
that the isothiocyanato (NSC) group attached to the phenyl ring was an essential
requirement for these actions. IBI also produces a slow developing contraction in other
smooth muscle preparations, including the guinea-pig stomach, that are also attributed
to an action at voltage-dependent calcium channels (Jing et al., 1999). In RINm5F
insulin producing cells an imidazoline derivative, calmidazolium, inhibited the influx of
calcium through voltage-dependent calcium channels that may involve it either binding
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directly to calcium channels, or binding to Ca2+-calmodulin dependent protein kinases
(Kindmark et al, 1994).
Although IBI is thought to open calcium channels, calidazolium is thought to
inhibit them.

Therefore, the prospect that the IMID compounds that caused

vasorelaxation did so via an action at calcium channels was investigated. The
dihydropyridine,

nifedipine,

an

L-type

calcium

channel

antagonist,

caused

vasorelaxation of contractions to U46619, ACh and K+ in the pig isolated coronary
arteries. However, although the responses were similar to those of the imidazoline
analogues, nifedipine was approximately 100 fold more potent.
From this study, it appears that the IMID compounds with altered imidazoline
rings exhibit actions at calcium channels. The six imidazoline analogues which are
thought to have calcium channel actions either have oxygen substitutions in the
imidazoline ring (IMID-35MO/O & IMID-4F/O), or substitutions on an imidazoline
ring nitrogen (IMID-35MO/IN, IMID-26F/2N, IMID-35MO/2N & IMID-4F/2N). An
exception to this rule is 4F/IN, which has a substitution at the imidazoline ring nitrogen.
IMID-4F/IN produced a small concentration-dependent contraction rather than
relaxation and did not displace binding of [3H]-PN200-l 10, both findings indicating no
actions at L-type calcium channels. The reason for this is unclear at this time. There
was no evidence in this study that the mono substituted compounds (IMID-1M, IMID4F, IMID-4ME, IMID-4M0, IMID-35MO & IMID-26F) had any activity at calcium
channels.
In conclusion, the results from this study indicate that the relaxation observed in
the in vitro experiments using isolated segments of artery and the displacement of [ H]PN200-110 produced by several of the imidazolines in earlier parts of this study may be
due to antagonism of L-type calcium channels. However, the antagonism of calcium
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channels by several of these compounds is some 100 fold less potent than their KATp
channel antagonism (Chapter 3).
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5.1 Introduction
Several of the imidazolines characterised in this thesis have been identified as
potent KATP channel antagonists. They have been shown to antagonise levcromakalim
in both functional and electrophysiological studies. In addition, the imidazolines were
found to have minimal bradycardic actions when assessed in the rat isolated
spontaneously beating right atria (Chapter 3). However, as outlined in Chapter 4, a
subgroup of the IMID compounds was found to have other actions, in particular, actions
at calcium channels. Also, imidazolines and imidazolidines are well known for their
actions at a-adrenoceptors (Kobinger & Pichler, 1980). Several studies with alinidine
have also identified antimuscarinic actions (Opthof et al, 1986; Ogiwara et al, 1987;
Lang & Walland, 1989; Nakane et al, 1991). In our laboratory, studies identified
several alinidine analogues that displaced binding of [3H]-QNB, a muscarinic
antagonist, to rat cerebral cortex membranes (Challinor-Rogers, 1995). Therefore, the
aim of this series of experiments was to assess their activity at a variety of different
receptor sites, namely, muscarinic, cti- and a2-adrenoceptors, utilising radioligand
binding techniques.
As already discussed in Section 1.4.1.1, the opener and blocker sites of the
sulphonylurea receptor are negatively allosterically coupled (Bray & Quast, 1992; Quast
et al, 1993; Loffler & Quast, 1997). Therefore, it is possible that the IMID compounds
may be acting at either site to produce their antagonism of the KATP channel. To
explore this, radioligands which bind to both the opener ([3H]-P1075) and blocker
([3H]-glibenclamide) sites of the sulphonylurea receptor (SUR), were used to explore
the possibility that the analogues were interacting at either, one or both of these sites.
Rat cerebral cortex membranes were used for the [3H]-glibenclamide binding as in
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studies in our laboratory they have been well characterised (Challinor-Rogers et al,
1995). However, the [3H]-P1075 displacement studies were performed using bovine
vascular smooth muscle cells following the relatively new methods of Carman-Krzan
and coworkers (1997) and Loffler-Walz & Quast (1998). As the studies presented in
the preceding Chapters have focussed upon vascular KATP channels, binding studies
using vascular smooth muscle cells was an advantage.
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5.2 Materials and Methods
5.2.1 Membrane preparations
5.2.1.1 Cerebral cortex membranes
The ability of the analogues to interact with the sites labelled by the ct2adrenoceptor antagonist [3H]-rauwolscine, the ai-adrenoceptcr antagonist [3H]prazosin, the muscarinic receptor antagonist [3H]-QNB and the KATP channel antagonist
[3H]-glibenclamide was investigated using rat cerebral cortex membranes. Cerebral
cortex membranes were prepared as previously described in Section 4.2.2.1.1.

5.2.1.2 Bovine smooth muscle cells
The ability of the novel imidazoline compounds to compete for sites labelled by
the KATP channel opener [3H]-P1075 was determined using bovine smooth muscle cells.
Bovine aorta smooth muscle cell membranes were prepared by adapting the method of
Carman-Krzan and coworkers (1997). Bovine aortae were obtained from the local
abattoir and stored in ice-cold storage buffer (composition in mM: NaCl 139, K.C1 5,
MgCb 1.2, HEPES (4-(2-hydroxyethyl)-l-piperazine-ethane-sulphonic acid) 5 and
EGTA (ethylene glycol-bis-(2-aminoethylether)-N.N.N',N'-tetra-acetic acid) 1; pH =
7.4). The aortae were then cleared of fat and connective tissue and the smooth muscle
dissected from the inner elastic layer. The smooth muscle was then minced in 3 vol/g
(wet weight) of the mincing buffer (composition in mM: HEPES 10, EGTA 1,
phenylmethylsulphonyl fluoride (PMSF) 0.2, pepstatin A (0.2 \M), leupeptin (10 uM)
and soybean trypsin inhibitor (10 ug/ml)) and homogenised. The homogenate was then
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sieved through a fine nyion mesh, and centrifuged at 100 x g for 10 min at 4 °C. The
supernatant was aspirated and further centrifuged at 4.8 x 104 x g for 15 min at 4 °C.
The resulting pellet was then suspended in approximately 20 volumes storage buffer
(composition in mM: NaCl 139, KC1 5, MgCl2 2 and HEPES 20; pH = 7.4), and stored
at -80 °C for future use.

5.2.2 Competition studies
5.2.2.1 Using cerebral cortex membranes
General Method
Drug displacement experiments were carried out, in duplicate, by initiating a
binding reaction that involved incubating the 500 ul of membrane preparation with
tubes already containing 100 JIL of the [3H]-ligand ([3H]-prazosin, [3H]-rauwolscine,
[3H]-QNB or [3H]-glibenclamide) and 10 ul of either the cold displacing drug
(phentolamine, atropine or glibenclamide), or an IMID compound. The incubation
mixtures, which had total volume of 1 ml in a phosphate buffer were lightly vortexed
and incubated. After the appropriate incubation time, the incubation was terminated by
adding 5 ml of ice-cold phosphate buffer. The bound and free ligand was then separated
by filtration under vacuum over glass microfibre filters (Whatman GF/B) using a
Brandell Harvester. The filters were washed twice with 5 ml of phosphate buffer and
counted for 3H in 2.5 ml scintillant (EcoLite, ICN Biomedicals, USA) using a Minaxi
Tri-Carb 4000 series [5-counter (United Technologies Packard). The disintergrations per
minute (dpm) were counted for 5 minutes.
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Initially, all displacement experiments were performed using a single high
concentration (10 uM) for all the IMID analogues. If a considerable displacement of
more than 75 % of total binding was observed, full competition-displacement studies
were performed. This involved using a concentration range of 10 nM—100 uM for each
of the active IMID compounds.

a-Adrenoceptors
The ability of the IMID compounds to interact with cci-adrenoceptors was
investigated using the ai-adrenoceptor antagonist, [3H]-prazosin at a final concentration
of 0.2 nM.

Incubations were for 30 minutes at room temperature.

For the 0:2-

adrenoceptor, the 012-adrenoceptor antagonist. [3H]-rauwolscine at a final concentration
of 0.5 nM was used. Incubations were for 1 hour at room temperature. 500 ul of
membrane preparation was used and the non-specific a-adrenoceptor antagonist,
phentolamine (10 uM) was used to define non-specific binding for both ligands. The
KD values were calculated in previous hot saturation studies using rat cerebral cortex
membranes in our laboratory and were as follows: [3H]-rauwolscine KD =0.5 nM; [3H]prazosin KD =0.15 nM (Challinor-Rogers, 1995).

Muscarinic receptors
The ability of the IMID compounds to interact with muscarinic receptors was
assessed using the muscarinic receptor antagonist [3H]-QNB at a final concentration of
0.2 nM.

The muscarinic receptor, atropine (10 uM) was used in this series of

experiments to define non-specific binding. Incubations using 500 ul of membrane
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preparation were carried out for 1 hour at room temperature. As [3H]-QNB is light
sensitive incubations were also performed in reduced light and under foil to minimise
the exposure to light and therefore, degradation of the ligand.

Sulphonylurea receptors
To investigate the ability of the IMID compounds to interact with the antagonist
site of the sulphonylurea receptor the KATP channel antagonist, [3H]-glibenclamide was
used at a final concentration of 0.3 nM. Cold glibenclamide (10 uM) was used to define
non-specific binding. Incubations using 200 ul of membrane preparation were carried
out for 1 hour at room temperature.

5.2.2.2 Using bovine smooth muscle cells
Sulphonylurea receptors
The ability of the IMID compounds to interact with KATP channel opener sites
on the sulphonylurea labelled by the KATP channel opener [JIIJ-P1075 was determined
using bovine smooth muscle cells. Drug displacement experiments using the bovine
smooth muscle cells were carried out using the method of Loffler-Walz & Quast (1998).
The binding reaction was initiated by the addition of 200 ul of the membrane
preparation to tubes already containing the binding reagents, 100 |il of [3H]-P1075 (final
concentration; 1 nM), and 10 ul of either, levcromakalim (final concentration; 10 uM),
glibenclamide (final concentration; 10 uM), or an IMID compound (final concentration;
10 uM). The incubation mixture, which had a total volume of 1 ml including the
incubation buffer (composition in mM: NaCl 139, KC1 5, MgCl2 25, CaCl2 1.25 and
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HEPES 20, creatine phosphate 20, Na2ATP 3, and creatine phosphokinase (50 U/ml);
pH = 7.4) was lightly vortexed and incubated at 37 °C for 30 minutes. The incubation
was stopped by adding 5 ml of ice-cold quench solution (Composition in mM: NaCl
154, Tris 50, pH = 7.4). The bound and free ligand was then separated by filtration
under vacuum over glass microfibre filters (Whatman GF/B) using a Brandell
Harvester. The filters were washed twice with 5 ml of quench solution and counted for
3

H in 2.5 ml scintillant (EcoLite, ICN Biomedicals, USA) using a Minaxi Tri-Carb 4000

series p-counter (United Technologies Packard). The disintergrations per minute (dpm)
were counted for 5 minutes.

5.23 Analysis of results
In this series of experiments, results were expressed as a % of total binding or %
bound. Both the vehicle and drug used to define non-specific binding are also included
on the figures for a comparison.

For those analogues that significantly displaced

binding by more than 75 % of total binding at 10 \xM, full competition-displacement
studies were performed using a concentration range of 10 nM-100 ^M. RADLIG
(McPherson, 1995), a computer program, which uses a weighted non-linear curve fitting
method involving the Marquardt-Levenberg modifications of the Gauss-Newton
technique (Rodbard, 1984) was used to analyse the results and calculate a pKo (-log KD)
for each analogue (Section 4.2.4.3).
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5.2.3.1 Statistics
Results in the text are given as mean ± S.E.M. Statistical methods used weie
carried out as stated in the text One way Analysis of Variance (ANOVA) was used to
determine if two treatments were significantly different from one another and the
Bonferroni /-test for all pairwise multiple comparisons was used for post-hoc analysis.
Groups were considered significantly different from each other if P<0.05, unless
otherwise stated. All statistical calculations were performed using SigmaStat (Jandel
Scientific, U.S.A.).

5.2.4 Drugs
Radioligands, their specific activity and sources were: [3H]-glibenclamide
(specific activity: 47 Ci/mmol; NEN DuPont, U.S.A.); [3H]-P1075 (specific activity:
117 Ci/mmol; Amersham. U.S.A.); [3H]-prazosin (specific activity: 72.2 Ci/mmol; NEN
DuPont, U.S.A.); [3H]-QNB (specific activity: 32.9 Ci/mmol; NEN DuPont, U.S.A.);
[3H]-rauwolscine (specific activity: 83.0 Ci/mmol; NEN DuPont, U.S.A.).
[3H]-glibenclamide, [3H]-prazosin, [3H]-QNB and [3H]-rauwolscine were made
up in phosphate buffer as stock solution of 3,2, 2, and 5 nM, respectively and all further
dilutions were also made in phosphate buffer. [3HJ-P1075 was made up in incubation
buffer as a stock solution of 10 nM and all further dilutions were also made in
incubation buffer.
Drugs used and their sources were: atropine (Sigma Chemical Co., U.S.A);
clonidine (Sigma Chemical Co., U.S.A); glibenclamide (Sigma Chemical Co., U.S.A.);
IMID compounds (Eva Campi, Department of Chemistry, Monash University; Figure
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2.1); levcromakalim (SmithKline Beecham, U.K.); phentolamine (Ciba-Geigy,
Australia).
Levcromakalim, glibenclamide, phentolamine and the IMID compounds were
made up in 100 % ethanol as stock solutions of 10 mM. Subsequent dilutions were
made in distilled water apart from the imidazoline analogues, where the first dilution
was made in 40 % EtOH and all further dilutions made in distilled water. Atropine and
clonidine were dissolved and diluted in distilled water using an initial stock solution of
10 mM.
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5.3 Results
5.3.1 Competition studies
A number of different radioligands were used in this series of experiments to
assess the ability of the IMID compounds to displace binding at a variety of receptors in
rat cerebral cortex membranes and bovine smooth muscle cells.

5.3.1.1 fH]-Rauwolscine binding
The ability of the IMID compounds to displace binding of [3H]-rauwolscine to
rat cerebral cortex membranes was investigated to characterise their activity at 0:2adrenoceptors. Figure 5.1 illustrates the findings from this study where several of the
IMID compounds (10 uM) significantly displaced binding when compared to vehicle
control («=4-16; P<0.05; one way ANOVA with Bonferroni Mest). For the IMID
compounds that caused significant displacement the percentage of total binding of [3H]rauwolscine in the presence of the IMID compounds (most to least potent), was IMID4MO (41 ± 3 %), IMID-4ME (46 ± 4 %), IMID-1M (47 ± 3 %), 1MID-4F/2N (47 ± 4
%), IMID-4F (53 ± 6 %), IMID-35MO/IN (55 ± 4 %), IMID-26F (58 ± 9 %), IMID4F/IN (61 ± 5 %) and IMID-35MO (71 ± 2 %). The compounds IMID-4F/O (80 ± 6 %)
and IMID-35MO/O (82 ± 5 %) did not displace binding of [3H]-rauwolscine since their
displacement was not significantly different to that of the vehicle (ethanol, 85 ± 5 %;
w=4-16; P>0.05; one way ANOVA). Phentolamine and clonidine were used to define
non-specific binding and were found to significantly displace binding to 30 ± 2 % and
28 ± 2 % of total binding, respectively («=16; P<0.05; one way ANOVA with
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Figure 5.1 Histogram plot illustrating the total binding of [3H]-rauwolscine,
in the absence of treatment (vehicle) or in the presence of the IMID
compounds, phentolamine (phentol) or clonidine, to rat cerebral cortex
membranes. Results are expressed as a % of total binding. Error bars are ±
S.E.M. and if not visible are contained within the symbol. * indicates a
significant displacement by a treatment when compared to vehicle («=4-16;
P<0.05; one-way ANOVA with Bonferrroni /-test).
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Bonferroni /-test).
For those compounds that displaced binding, further investigations were carried
out. Full concentration-displacement curves were constructed for each IMID compound
(10 nM - 100 uM). The pKD values were calculated using RADLIG for each IMID
analogue and are summarised in Table 5.1. Of the IMID compounds (pKo range 5.655.22) that displaced binding none were significantly different from one another («=4;
i>>0.05; one way ANOVA). However, all were significantly difi

;nt from clonidine

(7.94 ± 0.1) and phentolamine (7.59 ± 0 . 1 ; n=A; P<0.05; one way ANOVA with
Bonferroni /-test). Figure 5.2 illustrates full concentration-displacement curves for
IMID-4F/2N (10 nM-100 uM) and phentolamine (0.1 nM-100 jiM). IMID-4F/2N is
significantly less potent than phentolamine («=4; P<0.05; Students /-test).

5.3.1.2 fH]-Prazosin binding
The ability of the IMID compounds to interact with cci-adrenoceptors was
examined by assessing their ability to displace [3H]-prazosin binding to rat cerebral
cortex membranes. Figure 5.3 illustrates the findings from this study where several of
the IMID compounds (10 |xM) significantly displaced binding when compared to
vehicle control («=4-12; /><0.05; one way ANOVA with Bonferroni /-test). Those
compounds which caused significant displacement in order of most to least
displacement, represented as percentage of total binding of [3H]-prazosin, are IMID4F/2N (31 ± 3 %), IMID-4M0 (43 ± 2 %), IMID-4ME (45 + 4 %), IMID-4F (48 ± 1
%), IMID-26F (57 ± 2 %), IMID-35MO/IN (62 ± 2 %), IMID-IM (64 ± 3 %), IMID35MO (67 ± 2 %), and IMID-4F/IN (70 ± 4 %). As with [3H]-rauwolscine binding, the
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pKD
Compound
[3H]-rauwoIscine

[3H]-prazosin

IMID-1M

5.51 ±0.2

5.35 ±0.1

IMID-26F

5.49 ±0.1

5.70 ± 0.3

IMID-4F

5.55 ± 0.2

5.66 ±0.1

IMID-4ME

5.63 ± 0.1

5.67 ±0.1

IMID-4MO

5.65 ± 0.2

5.73 ±0.1

IMID-35MO

5.22 ± 0.3

5.38 ±0.2

IMID-35MO/IN

5.48 ±0.1

5.44 ±0.1

IMID-4F/IN

5.34 ±0.1

5.34 ±0.1

IMID-35MO/O

-

-

IMID-4F/O

-

-

IMID-4F/2N

5.50 ± 0.2

5.99 ± 0.2

Phentolamine

7.59 ± 0 . 1 *

7.73 ±0.3*

Clonidine

7.94 ± 0 . 1 *

not active
not calculated

Table 5.1 Summary of pKn values obtained for the IMID compounds for their
displacement of [3H]-rauwolscine and [3H]-prazosin binding to rat cerebral cortex
membranes. Of the IMID compounds that displaced binding, none were significantly
different from each other (rc=4-9; P>0.05; one-way ANOVA) although al' were
significantly different from clonidine and phentolamine («=4-9; P<0.05; oiie way
ANOVA with Bonferroni Mest).
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Figure 5.2 Mean displacement curve for [3H]-rauwolscine in the presence of
increasing concentrations of phentolamine (•) or IMID-4F/2N (O). Results
are expressed as % bound. Error bars are ± S.E.M. and if not visible are
contained within the symbol. * indicates a significant difference between
treatments («=4; P<0.05; students /-test).
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Figure 5.3 Histogram plot illustrating the total binding of [3H]-prazosin, in
the absence (vehicle) of treatment or in the presence of the IMID compounds
or phentolamine, to rat cerebral cortex membranes. Results are expressed as
a % of total binding. Error bars are ± S.E.M. and if not visible are contained
within the symbol. * indicates a significant displacement by a treatment
when compared to vehicle («=4-12; P<0.05; one-way ANOVA with
Bonferroni Mest).
168

Chapter Five Radioligand binding

total binding of [3H]-prazosin in the presence of IMID-35MO/O (91 ± 5 %) ?.nd IMID4F/O (96 ± 2 %) was not significantly different to the vehicle (ethanol, 92 ± 2 %; n=412; P>0.05; one way ANOVA). Phentolamine was used to define non-specific binding
and significantly displaced [3H]-prazosin binding to 23 ± 3 % of total binding (w=12;
P<0.05; Students /-test) when compared to its vehicle.
For those compounds that significantly displaced binding, full concentrationdisplacement curves were performed for the IMID compounds (10 nM - 100 uM) and
phentolamine (0.1 nM - 100 \iM). The pKo values for each compound, calculated
using RADLIG, are summarised in Table 5.1. None of the IMID compounds (pKo
range, 5.99 - 5.34) that displaced binding were significantly different from each other
(«=4; P>0.05; one way ANOVA), although, they were all significantly different from
phentolamine (pKD 7.73 ± 0.3; «=4-5; P<0.05; one way ANOVA with Bonferroni ttest). Figure 5.4 illustrates the full concentration-displacement curves of [3H]-prazosin
in the presence of IMID-4F/2N (10 nM - 100 fiM) and phentolamine (0.1 nM - 100
uM).

The displacement in the presence of IMID-4F/2N (pKD 5.99 ± 0.2) was

sigmficantly different to phentolamine (pKD 7.73 ± 0.3; «=4-5; P<0.05; Students Mest).

5.3.1.3 fHJ-QNB binding
To examine the possibility of the IMID compounds having actions at muscarinic
receptors the ability of the compounds to displace [3H]-QNB binding to rat cerebral
cortex membranes was assessed. A small number of the IMID compounds (10 jxM)
significantly displaced binding (Figure 5.5; n=4-6; P<0.05; one way ANOVA with
Bonferroni /-test). The total binding of those compounds which displaced binding of
[3H]-QNB were, IMID-4ME (78 ± 7 %), IMID-4F/2N (81 ± 4 %) and IMID-1M (81 ± 5
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Figure 5.4 Mean displacement curve for [3H]-prazosin in the presence of
increasing concentrations of phentolamine (•) or IMID-4F/2N (O). Results
are expressed as % bound. Error bars are + S.E.M. and if not visible are
contained within the symbol. * indicates a significant difference between
treatments («=4; P<0.05; students Mest).
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Figure 5.5 Histogram plot illustrating the total binding of [3H]-QNB, in the
absence of treatment (vehicle) or in the presence of the IMID compounds or
atropine, to rat cerebral cortex membranes. Results are expressed as a % of
total binding. Error bars are + S.E.M. and if not visible are contained within
the symbol. * indicates a significant displacement by a treatment when
compared to vehicle («=4-l 1; P<0.05; one-way ANOVA with Bonferroni ttest).
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%).

The remaining IMID compounds did not significantly displace binding when

compared to their vehicle control (103 ± 4 %; 77=4-11; P>0.05; one way ANOVA). As
the compounds that did significantly displace binding did not do so to more than 75 %
of total binding at the relatively high concentration of 10 jaM, full concentrationdisplacement curves were not performed. Atropine was used to define non-specific
binding and significantly displaced [3H]-QNB binding to 8 ± 1 % of total binding
(«=11; P<0.05; one way ANOVA with Bonferroni Mest) when compared to its vehicle.

5.3.1.4 fHJ-Glibenclamide binding
In an elTIort to discover the site of action of the KATP channel antagonism of the
IMID compounds, the ability of the compounds to displace binding of [3H]glibenclamide to rat cerebral cortex membranes was assessed.

Binding of this

radioligand is to the antagonist site of the sulphonylurea receptor, which is part of the
KATP

channel. None of the IMID compounds (10 jaM), levcromakalim (10 |iM) or the

vehicle (ethanol) significantly displaced binding of [3H]-glibenclamide (Figure 5.6;
n=4; P>0.05; one way ANOVA).

However, in the presence of unlabelled

glibenclamide (10 uM), the drug used to define non-specific binding, [3H]glibenclamide binding was significantly displaced to 20 ± 3 % of total binding («=4;
P<0.05; one way ANOVA with Bonferroni /-test).

172

Chapter Five Radioligand binding

[3H]-Glibes-.clamide

100-

II 76A

I

X

1

X

X

I

IX

25-

0o

I

CD
C\J

^

CO

in
CO

<N CNl <N f n

^

O T"f CD
"

'

in
CO

CM

Compound (10

Figure 5.6 Histogram plot illustrating the total binding of [3H]glibenclamide, in the absence (vehicle) of treatment or in the presence of the
IMID compounds, levcromakalim or glibenclamide, to rat cerebral cortex
membranes. Results are expressed as a % of total binding. Error bars are ±
S.E.M. and if not visible are contained within the symbol. * indicates a
significant displacement by a treatment when compared to vehicle («=4;
P<0.05; one-way ANOVA with Bonferroni Mest).
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5.3.1.5 fH]-P1075
These experiments were also performed in an attempt to determine the site of
action of the IMID compounds for their KATP channel antagonism. The ability of the
compounds to displace binding of the KATP channel opener, [3H]-P1075, to bovine
smooth muscle cells was evaluated.

Two of the IMID compounds significantly

displaced binding when compared to vehicle control (Figure 5.7, «=4; P<0.05; one way
ANOVA with Bonferroni /-test). They were IMID-4F/2N and IMID-26F/2N, which
displaced binding of [3H]-P1075 to 83 ± 6 % and 76 ± 6 % of total binding,
respectively. As they both did not displace binding of the radioligand to more than 75
% of total binding, further concentration-displacement studies were not performed. The
drugs used to define non-specific binding, levcromakalim (56 ± 3 %) and glibenclamide
(64 + 1 %), both significantly displaced binding of [3H]-P1075 when compared to their
vehicle but were not significantly different from one another (w=4; P<0.05; one way
ANOVA with Bonferroni Mest).

I
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Figure 5.7 Histogram plot illustrating the total binding of [3H]-P1075, in the
absence (vehicle) of treatment or in the presence of the IMID compounds,
levcromakalim or glibenclamide, to bovine smooth muscle membranes.
Results are expressed as a % of total binding. Error bars are ± S.E.M. and if
not visible are contained within the symbol. * indicates a significant
displacement by a treatment when compared to vehicle (w=4; P<0.05; oneway ANOVA with Bonferroni t-test).
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5.4 Discussion
Thus far, together with the ability of the IMID compounds to antagonise KATP
channels, several of the imidazoline analogues have been shown to act at L-type
calcium channels and cause bradycardia. However, the concentrations of the IMID
compounds required to produce antagonism of calcium channels and to cause
bradycardia are much higher (10 uM) than is required to antagonise KATP channels
(0.1 uM). This series of experiments was performed to assess the activity of the IMID
compounds at other receptors commonly acted upon by imidazolines, in particular, cci-,
a2-adrenoceptors and muscarinic receptors. In addition, the possible site of action at
KATP channels

was also investigated.

5.4.1 cti- & 0C2-adrenoceptors
Several of the imidazoline analogues possessed activity at both oci and 0:2adrenoceptors as evidenced by their ability to displace [3H]-prazosin and [3H]rauwolscine binding to rat cerebral cortex membranes. Historically, imidazolines and
imidazolidines have been well recognised for their actions at ai- and a2-adrenoceptors
(Kobinger & Pichler, 1980). In fact, clonidine and analogues of clonidine were used
significantly in the investigation of cc-adrenoceptors and their sub-classification
(Docherty & McGrath, 1980; Ruffolo et ai, 1980a). This was dependent on the use of
analogues with selectivity between the subtypes and selective antagonists such as
rauwolscine (0:2) and prasozin (ai). It is noted however, that a limitation with the use of
imidazolines is that selectivity is not guaranteed.

For example, the imidazoline,

phentolamine is a non-selective a p and a2-adrenoceptor antagonist. Another example
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is the imidazoline UK-14304, that was thought to be for many years selective for 0:2adrenoceptors (Cambridge, 1981). However, subsequent studies have shown it to be a
partial agonist at ai-adrenoceptors, possessing both agonist and antagonist properties,
albeit at much higher concentrations than that required for its ct2-adrenoceptor agonist
effects (Beckeringh et al, 1984).
When applied to the results presented in this Chapter, it is not surprising that the
IMID compounds that have a2-adrenoceptor activity also possess ai-adrenoceptor
activity. None of the pKo values calculated for the ai- and (X2-adrenoceptor activity of
the IMID compounds that were active are significantly different from each other, in
other words they exhibit equal potency at ai- and a2-adrenoceptors. However, they are
significantly less potent than phentolamine.

More importantly, for the IMID

compounds that have activity at both adrenoceptors the pKo values are almost 100 fold
greater than the pKa values for their antagonism of levcromakalim-induced relaxation.
It should also be noted that although the compounds have been shown to have
affinity for these receptors they might not possess equal efficacy. In fact, a study by
Ruffolo and coworkers (1979) found that although some imidazolines have a high
affinity for ot2-adrenoceptors this is not reflected in efficacy, with low levels of efficacy
reported for many imidazolines.
Numerous studies assessing structural modifications of imidazoline analogues
and their resulting actions at a-adrenoceptors have been conducted. Although these
studies aim to find analogues with high affinity and efficacy for one particular subtype
we can use them to try and minimise a-adrenoceptor activity in our search for a potent
and selective KATP channel antagonist.
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Firstly, a study by Ruffolo and colleagues (1980b) found the a-adrenoceptor
activity of tolazoline derivatives was dependent upon the carbon atom between the
phenyl and imidazoline rings. Substitutions of more than one carbon atom or deleting it
altogether resulted in reduced affinity. In addition, it was found that the a-adrenoceptor
selectiveness of clonidine was not affected by substituting the nitrogen bridge for a
methylene bridge (Ruffolo et al, 1982). An added finding was that different dimethoxy
substitutions of the phenyl ring of tolazoline considerably changed the selectivity for the
a-adrenoceptor (Ruffolo

& Messick, 1985).

For example, 2,5- and 2,3-

dimethoxytolazoline are potent and selective aj-adrenoceptor agonists and aradrenoceptor agonists, respectively. Para substitutions of the phenyl ring of clonidine
with alkylating groups was found to prolong a-adrenoceptor activity yet, increasing the
length of these substitutions decreased affinity for the receptors (Leclerc et al., 1980;
Decker etal, 1983).
When substitutions of the imidazoline ring were investigated, methyl and benzyl
substitutions, particularly those on the nitrogen atom, resulted in compounds with less
a-agonist activity (Miller et al, 1983). Furthermore, once the imidazoline ring was
opened there was also reduced affinity for a-adrenoceptors (Hamada et al, 1985). In
relation to the work presented in this thesis, it was found that the imidazoline analogues
with substitutions at the imidazoline ring, IMID-4F/IN and IMID-35MO/IN, had
reduced activity as KATP channel antagonists (Chapter 3; Table 3.1).

Therefore,

substitutions of the imidazoline ring may not just affect a-activity but also KATP channel
antagonist activity.
Finally, substitutions of the bridging nitrogen of imidazolidines produced
compounds with reduced a2-adrenoceptor activity (Bechtel et al, 1985). Studies in our
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laboratory have also produced comparable results, where alinidine and analogues of
alinidine were found to have pKD values of around 5 (Challinor-Rogers, 1995). As the
majority of the compounds assessed in the experiments; presented in this Chapter also
had substitutions at the bridging nitrogen it is not surprising that the IMID compounds
had similar pKo values for both cc-adrenoceptors.

5.4.2 Muscarinic receptors
It has been shown that atropine does not block the well known bradycardic
effect of the imidazolidine, alinidine, indicating that this effect is not due to agonist
actions at muscarinic receptors (Kobinger et al., 1979).

However, in numerous

subsequent studies alinidine has been shown to possess some antimuscarinic actions.
Opthof and coworkers (1986) found that alinidine decreased the chronotropic effects of
ACh and adrenaline. A study by Ogiwara and colleagues (1987) found alinidine had
suppressive effects on the chronotropic and inotropic responses of both exogenous
choline esters and endogenous ACh released from parasympathetic nerve terminals in
the dog heart.

In addition, studies in rat atria found an antimuscarinic effect of

alinidine, which reversed the descending staircase resulting from the release of ACh
(Lang & Walland, 1989). Not only is this true for studies in the heart but also in the
vasculature where alinidine was shown to attenuate ACh-induced relaxation in dog
coronary arteries (Nakane et al, 1991). Radioligand-binding studies performed in our
laboratory under identical conditions to the present studies, assessing instead, analogues
of alinidine (TH series; see Section 1.4.2.3.5), also identified several analogues with
weak actions at muscarinic receptors (Challinor-Rogers, 1995).
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To determine if the imidazoline analogues also interacted with muscarinic
receptors, their ability to displace [3H]-QNB binding to rat cerebral cortex membranes
was evaluated. A small number of the IMID compounds, IMID-1M, IMID-4ME and
IMID-4F/2N significantly displaced binding. However, since they did not displace total
binding of [3H]-QNB binding by more than 25 %, additional studies to determine pKo
values were not performed. These results indicate that, at a high concentration (10 uM),
these 3 imidazoline analogues have very weak actions at muscarinic receptors.
Considering the evidence presented above it is most likely to be antimuscarinic.
However, as with the actions of the imidazolines at a-adrenoceptors, the concentrations
of the compounds required to produce muscarinic actions is much higher than that
required to produce KATP channel antagonism.

5.4.3 KATP channels
Additional studies were also carried out in an attempt to discover the site of
action of the IMID compounds at KATP channels. Initially, the ability of the IMID
compounds to displace binding to the antagonist site of the SUR was assessed utilising
[3H]-glibencIamide binding to rat cerebral cortex membranes. In a range of tissues
including rat cerebral cortex membranes, two [3H]-glibenclamide binding sites have
been identified, a high affinity site in the nM range and a low affinity site in the uM
range (Gopalakrislinan et al, 1991; Zini et al, 1991; Niki & Ashcroft, 1993). In this
study, the experimental conditions were optimal to assess binding to the high affinity
[3H]-glibenclamide binding site. In binding studies utilising rat isolated aortic rings, the
high affinity component of [3H]-glibenclamide binding was found to represent the SUR
as both sulphonylureas and KATP channel openers displaced binding at potencies similar
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to those from functional assays (Loffler & Quast, 1997). It also provided further
evidence that binding sites for the openers and antagonists (sulphonylureas) are
negatively allosterically coupled.

As none of the IMID compounds significantly

displaced binding they do not appear to antagonise KATP channels through an Interaction
with the antagonist site of the SUR.
Subsequently, studies were performed to assess the possibility that the IMID
compounds were interacting with the opener site of the SUR. This was achieved by
assessing the ability of the IMID compounds to displace binding of [3H]-P1075 to
bovine smooth muscle cells. Only two of the IMID compounds significantly inhibited
binding of [3H]-P1075 to the SUR of KATP channels together with levcromakalim and
glibenclamide. They were IMID-4F/2N and IMID-26F/2N, the two most potent KATP
channel antagonists identified in the in vitro studies using pig isolated coronary arteries.
The results from this study do not present clear evidence for a sole mechanism of action
of the IMID compounds. If an interaction with the opener site of the SUR was the only
mechanism of action it would be expected that more of the IMID compounds would
displace binding of [3H]-P1075 at the 10 uM concentration used in this study. This is a
concentration approximately 100 fold higher than that required to block KATP channels
in the in vitro studies. Instead, it is more likely that IMID-4F/2N and IMID-26F/2N
have additional properties at higher concentrations. This may be a physical effect,
possibly due to their larger molecule size in comparison to the remaining imidazoline
analogues tested. These additional properties may also contribute to their slightly
increased potency as KATP channel antagonists. Therefore, if this is true these studies
indicate that that the IMID compounds act predominantly at a different site to
levcromakalim and glibenclamide.
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Imidazolidines can be positively charged at physiological pH (McPherson &
Piekarska, 1994) and it is possible that the MID compounds may affect KATP channel
opening through an interaction with the channel pore, a mechanism similar to that
utilised by the lipophilic quaternary ions. As already discussed in Section 1.4.2.3,
quaternary ions, due to their lipophilic nature can pass through cellular membranes and
interfere with membrane-bound proteins and therefore have the potential to 'plug' the
KATP channel pore

(Gros et ah, 1992; Saito et ah, 1992). Again, as previously discussed

in Section 1.4.2.2.5 a recent study by Proks and Ashcroft (1997) utilising a C-terminally
truncated form of KIR6.2 in Xenopus oocytes found that phentolamine inhibited KATP
currents in a voltage independent manner. This was evidence that the site where
phentolamine inhibits the KATP channel resides on KJR6.2. This study was supported by
a study in HEK293 cells transfected with cDNA encoding to KIR6.2AC36 where
identical results were obtained suggesting that it is indeed KIR6.2 that phentolamine is
inhibiting and not an endogenous protein in Xenopus oocytes (Tucker et ah, 1997).
This is also true for other imidazolines as the antiarrhythmic, cibenzoline, inhibits KATP
channels by binding to KIR6.2 (Mukai et ah, 1998). Considering this evidence, it is
possible that the IMID compounds are also acting in a similar manner, to 'plug' the KIR
subunit of the KATP channel.

5.4.4 Conclusions
In summary, of the imidazoline analogues assessed in this study, several were
found have activity at muscarinic, a\- and 0C2-adrenoceptors. However, this study did
not provide us with evidence of whether the compounds act as antagonists or agonists of
these receptors. The most important finding though, is that they were active over a 100
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fold higher concentration range than that for KATP channel antagonism. Therefore,
although these compounds may not be specific they have the potential to be selective as
antagonists of the KATP channel.
In addition, the MID compounds appear to regulate KATP channels by a
mechanism other than that utilised by levcromakalim and glibenclamide. It is possible
and more than likely that they act by interacting directly with the channel pore. It was
also found that 2 of the imidazoline analogues had a small affinity for the opener site of
the SUR. It is yet to be determined whether this effect is a physical effect due to the
size of the molecule or an additional effect that may increase their ability to antagonise
KATP channels.
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IN VIVO CHARACTERISATION OF
THE NOVEL IMIDAZOLINE ANALOGUES
IN T i-m ANAESTHETISED RAT

Chapter Six In Vivo

6.1 Introduction
In Chapter 3 it was demonstrated that many of the imidazoline analogues were
potent antagonist of KATP channels, at least in the vasculature. In order to further our
studies we have examined their effects on other cardiovascular parameters including
blood pressure and heart rate. This will provide important information pertaining to
their selectivity and possible clinical relevance.
As discussed previously, KATP channels are found in many tissues in addition to
vascular smooth muscle, such as non-vascular smooth muscle, cardiac and pancreatic
tissues. In the p-islet cells of the pancreas, they play a vital role in the regulation of
insulin secretion (see Section 1.3.1). Pancreatic (3-cell KATP channels have been shown
to be sensitive to a wide variety of agents such as sulphonylureas, K+ channel openers
and, most importantly, imidazolines (see Section 1.4.2.2.2).
Due to their potent antagonist activity at vascular KATP channels, it was
important to determine if these compounds also interacted with pancreatic KATP
channels. Therefore, in this series of experiments, the actions of the IMID compounds
at pancreatic KATP channels were investigated. This action was investigated in two
ways. First by assessing the effect of the imidazoline derivatives on blood glucose
levels. Secondly, the action of the IMID compounds on plasma insulin levels was also
determined.
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6.2 Materials and Methods
6.2.1 Anaesthetised rat preparation
Male Sprague-Dawley rats (250-400 g) were fasted overnight and on the day of
the experiment were anaesthetised with sodium pentobarbitone (60-100 mg/kg i.p.). A
midline incision was maJ^ in the cervical region and tracheal, jugular and carotid
cannulae inserted (Figure 6.1). A tracheal cannula was inserted in the event that
artificial respiration was required. Drugs were administered through the jugular cannula
and flushed through with 0.2 ml of 0.9 % saline. The carotid cannula, containing
heparinised saline (25 IU/ml/saline) was attached to a pressure transducer for the
recording of pulsatile arterial blood pressure and heart rate. These parameters were
calculated using an online data acquisition system (CVMS Version 2.0, World Precision
Instruments, USA) that also displayed the recordings on a Panasonic printer (Model
KX-P3200 Forms Printer). Blood pressure was recorded as mean arterial pressure
(MAP), the average of systolic and diastolic blood pressure. Body temperature was
monitored via a rectal thermometer and maintained at 37 °C by a heated table and
overhead lamp. Anaesthesia was assessed using the paw pinch method and maintained
throughout the experiments by the admiiiistratioii of additional anaesthetic (10 mg/kg
i.v.) when required. An incision was made in the femoral region and a cannula inserted
in the femoral artery to allow blood sampling for the determination of blood glucose
and insulin levels.

1
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respirator (when required)

drug administration

arterial blood pressure
and heart rate

•>

blood samples
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Figure 6.1 Schematic representation of the anaesthetised rat preparation
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6.2.1.1 Blood glucose
Blood glucose was determined using the commercially available Ames
Glucometer 3 (Bayer, USA). The reagent test pads of the Glucofiim strips were covered
with small samples of blood taken from the femoral artery cannula. The test strips
specifically measure glucose (1.1-27.7 mmol/L) levels in whole blood. This method is
enzyme based, and relies on glucose oxidase catalysing the conversion of glucose to
gluconic acid and hydrogen peroxide. The tetramethylbenzidine in the strips is oxidised
by the hydrogen peroxide in the presence of glucose peroxidase. This in turn turns the
test pad blue, dependent upon the initial amount of glucose. The colour is analysed
photometrically to determine the glucose concentration.

6.2.1.2 Insulin Radioimmunoasssay (RIA)
The following assay was performed by Mr Ray Spark from the Department of
Biochemistry, Monash University.
Samples of blood (500 \x\) were taken from the femoral artery cannula into 1 ml
eppendorf tubes containing 5 IU/ml of heparin. Tubes were immediately centrifuged
(5,000 rpm for 5 min at 4 °C) using an Eppendorf 5415 C centrifuge and the supernatant
(blood plasma; ~ 200 ul) pipetted into an eppendorf tube using disposable glass
micropipettes. Samples were then frozen (-80 °C) until required.
Insulin levels were determined using a Sensitive Rat Insulin Radioimmunoassay
(RIA) kit (Linco Research Inc., USA). This assay utilises [I25I]-Insulin and a rat insulin
antiserum to determine the level of rat insulin in plasma by the double antibody/PEG
technique (Morgan & Lazarow, 1963). The assay was conducted over 3 days using the
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protocol illustrated in Table 6.1. The plasma samples (50 uL) were diluted 1:5 in assay
buffer (composition in M: Phosphosaline 0.05, EDTA 0.025, Sodium Azide (0.08 %),
RIA grade BSA (0.1 %); pH 7.4).
On the first day, 100 ul aliquots of the standards (known insulin concentrations),
quality controls and plasma were incubated with the assay buffer and the Sensitive Rat
Insulin antibody (guinea pig anti rat insulin serum in assay buffer) in borosilicate glass
tubes (12 x 75 mm). The tubes were vortexed, covered and incubated overnight
(20 hours) at 4 °C. On the second day, 100 ul of [125I]-!nsulin was added to all tubes,
which were again, vortexed, covered and incubated overnight at 4 °C. On the third day,
1 ml of cold (4 °C) precipitating agent (composition: Goat anti guinea pig IgG serum,
PEG 3 %, Triton X-100 in 0.05 M Phosphosaline, EDTA 0.025 M and Sodium Azide
0.08 %) was added to all tubes except for the total counts tube. The tubes were
vortexed, covered and incubated for 20 minutes at 4 °C, followed by 20 minutes of
centrifugation at 3,000 x g at 4 °C. The supernatant was aspirated and all the tubes
drained for 60 seconds (except total counts tube). The tubes were counted for 125I using
a Packard minaxi 5530 y-counter (Packard, USA). The disintergrations per minute
(dpm) were counted for 1 minute.
The conversion of the counts (dpm) for the plasma samples to insulin levels in
ng/ml was performed using the automated data reduction procedures of the y-counter.
This method involved constructing a standard curve using known insulin standards
(0.02-1.0 ng/ml) to generate a plot of dpm vs ng/ml. The unknown insulin sample
values were extrapolated from this standard curve. Normal fasted rats have insulin
levels between 0.5-2 ng/ml and when baseline values were above or below these levels
the experiment was not included.
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Dayl

Day 3

Day 2

Stepl

Step 2-3

Step 4

Step 5

Step 6

Step 7

Step 8

Step 9

Step 10-12

Assay Buffer

Standard/QC sample

Sensitive
Rat Insulin
Antibody

Vortex, cover
and incubate
(20hrsat4°C)

[125UInsulin

Vortex, cover
and incubate
(20hrsat4°C)

Precipitating
agent

Vortex and
incubate (20
min at 4°C)

Centrifuge,
aspirate and
count pellets

1

—

—

100 ul

«

2

300 ul

~

100 ul

lml

3

200 ul

—

100 ul

100 ul

lml

4

100 ul

100 ul of 0.02 ng/ml

100 ul

100 ul

lml

5

100 ul

100 ul of 0.05 ng/ml

100 ul

100 ul

lml

6

100 ul

100 ul of 0.1 ng/ml

100 p.1

100 ul

lml

7

100 ul

100 ul of 0.2 ng/ml

100 ul

lOOjal

lml

8

100 ul

100 ul of 0.5 ng/ml

100 ul

lOOjal

lml

9

100 ul

100 ul of 1.0 ng/ml

100 ul

100 ul

lml

10

100 ul

lOOulofQCl

100 ul

100 ul

lml

11

100 ul

100ulofQC2

100 ul

100 ul

lml

12,13

100 ul

100 ul of plasma

100 ul

100 ul

lml

14-n

100 ul

100 ul of plasma

100 ul

100 ul

lml

Tube

Table 6.1 Protocol for sensitive rat insulin radioimmunoassay (RIA) kit (Linco Research Inc., USA).
QC = quality control
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6.2.2 Experimental protocol and Analysis of Results
Initially, in vivo experiments were conducted in which cumulative dose-response
curves to all the imidazoline analogues were constructed in order to assess their acute
effects upon MAP and heart rate.

In addition, for some of the most promising

derivatives (IMID-4F, IMID-26F, IMID-1M, IMID-4F/2N and IMID-35MO; Chapter
3), the time dependent effects following bolus additions (10 u,mol/kg) on MAP, heart
rate, blood glucose and insulin levels were assessed over four hours.

The time

dependent effects of the remaining imidazoline analogues were assessed over one hour.

6.2.2.1 Acute effects of the imidazolines on MAP and heart rate
Blood pressure and heart rate were allowed to stabilise for approximately 15
minutes before cumulative dose-response curves to all the imidazoline derivatives (0.1—
10 umol/kg) were constructed. MAP and heart rate recordings were taken once the
response to each dose had reached a plateau. Insulin and blood glucose levels couid not
be assayed acutely due to the rapidity of the responses and the need for too many blood
samples. Increasing volumes of vehicle (20 % EtOH) were administered as a control.
Baseline measurements of MAP and heart rate were recorded prior to
administration of the imidazoline analogues and taken as 100 %. All subsequent values
are expressed as a % of initial baseline values.
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6.2.2.2 Time dependent effects of the imidazolines on MAP, heart rate, blood glucose
and insulin
6.2.2.2.1 Four hour study
These experiments were performed to assess the time dependent effects of
several of the most potent imidazoline analogues in terms of KATP channel antagonism,
on blood pressure, heart rate, blood glucose and insulin over a four hour period in fasted
rats.

For comparative purposes, the effects of a bolus dose of glibenclamide (1

u.mol/kg) and clonidine (1 u.mol/kg) on blood pressure, heart rate, blood glucose and
insulin were examined. Glibenclamide was used to compare the effects of the IMID
compounds to a known KATP channel antagonist. Given the imidazoline derivatives
were derived from clonidine, it was also used as a comparison. A single dose (10
u.mol/kg) of the imidazoline analogues, IMID-4F, IMID-1M, IMID-26F, IMID-4F/2N
and IMID-35MO was assessed over a four hour period. The response to the vehicle (20
% EtOH) for the imidazoline analogues over four hours was also examined.
Baseline measurements of MAP, heart rate, blood glucose and insulin were
taken 15 and 10 minutes prior to the addition of the drugs and averaged. These baseline
values were represented graphically as time 0, as they were taken to represent the
parameters immediately prior to drug administration. Measurements of MAP and heart
rate were recorded immediately after the addition of the drug (30 seconds) and MAP,
heart rate and blood glucose at 15, 30, 45, 60, 90, 180 and 240 minutes. Only limited
blood samples could be taken to ensure no adverse effects on haemodynamics.
Consequently, insulin measurements were taken 5 and 60 minutes after drug
administration.
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In some experiments rauwolscine (25 umol/kg), at a dose previously shown to
effectively antagonise cc2-adrenoceptors in anaesthetised rats (DiTullio et ah, 1984) and
to have no significant effect alone on insulin secretion (Schulz & Hasselblatt, 1988),
was used. Rauwolscine was administered 30 minutes prior to the administration of
either clonidine or the imidazoline analogues.
The initial baseline recordings of MAP and heart rate were taken as 100 % and
all subsequent values expressed as a % of the initial baseline values. Values are
represented graphically over time. For measurements of blood glucose and insulin
levels, a graph of blood glucose (% of the initial baseline values) or insulin (ng/ml)
versus time was generated.

6.2.2.2.2 One hour study
The effects of a bolus administration (10 u,mol/kg) of the remaining imidazoline
analogues, IMID-4MR IMID-4M0, IMID-35MO/IN, IMID-4F/IN, IMID-35MO/O,
IMID-4F/O, IMID-35MO/2N and IMID-26F/2N, on blood pressure, heart rate, blood
glucose and insulin levels were assessed over one hour.
Control measurements of MAP, heart rate, blood glucose and insulin were taken
15 minutes prior to the addition of drugs. Measurements of MAP, heart rate and blood
glucose were taken 30 and 60 minutes after the administration of the imidazoline
derivatives.

Insulin measurements were taken at 5 and 60 minutes after drug

administration.
The initial control recordings for MAP, heart rate and blood glucose were taken
as 100 % and all subsequent values expressed as % of initial baseline values. Insulin
measurements are expressed in ng/ml. All data are presented in tabular form.
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6.2.2.3 Statistics
Results in the text are given as mean ± S.E.M. Statistical tests used are stated in
the text. In general, all treatments were compared with a two way RM ANOVA with a
Bonferroni /-test used post ANOVA when a significant difference in the treatments was
observed. A one way RM ANOVA with a Bonferroni /-test used post ANOVA was
performed to indicate a significant difference from the initial 'within animal' control
value (0 min). In all instances when a maximum value is cited, significance was
determined via a one way RM ANOVA. Groups were considered significantly different
from each other if P<0.05, unless otherwise stated. All statistical calculations were
performed using SigmaStat (Jandel Scientific, USA).

I

6.2.3 Drugs
Drugs used and their sources were: clonidine (Sigma Chemical Co., U.S.A.);
glibenclamide (Sigma Chemical Co., U.S.A.); IMID compounds (Eva Campi,
Department of Chemistry, Monash University, Figure 2.1) and rauwolscine (Carl Roth
KG, Germany). Clonidine and giibenclamide were dissolved in 100% ethanol as stock
solutions of 10 mM and further dilutions were made in saline. The imidazoline
analogues were dissolved in 100% ethanol as stock solutions of 50 mM and further
dilutions were made in saline. Rauwolscine was dissolved in saline as a stock solution
oflOmM.
The radioligand and its specific activity and source were: [125I]-Insulin (specific
activity: 367 \iCi/\xg; Linco, U.S.A.). The lyophilised powder was hydrated with Label
Hydrating Buffer containing Normal Guinea Pig IgG as its carrier.
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6.3 Results
6.3.1 Acute effects of the imidazolines on heart rate and MAP
The effect of the IMID compounds on MAP and heart rate was assessed in
anaesthetised rats. Cumulative dose-response curves to the IMID compounds (0.1-10
(imol/kg) were constructed.

An original trace of the effect of IMID-1M (0.1-10

p.mol/kg) on MAP and heart rate is illustrated in Figure 6.2. As the majority of the
compounds only had effects at higher doses and no maximums were reached, the
potencies of these analogues were assessed by examining the reduction in MAP and
heart rate at the highest dose (10 ^imol/kg). The control values of MAP and heart rate
before the administration of the IMID compounds was 105 ± 3 mmHg («=56) and 374
± 7 bpm («=56), respectively. Increasing concentrations of the vehicle (20 % EtOH)
had no significant effect on MAP or heart rate (data not shown).

6.3.1.2 Effects on MAP
Table 6.2 summarises the effects of all the compounds examined on MAP.
Figure 6.3a shows graphically the effect of three of these IMID compounds (IMID35MO/O, IMID-4F and IMID-26F/2N), representing the least to the most potent of the
imidazoline analogues upon MAP.

A number of the IMID compounds caused

significant dose-dependent reductions in MAP («=4; P<0.05; one way RM ANOVA
with Bonferroni /-test). The most potent of these compounds IMID-26F/2N, IMID35MO/2N, IMID-35MO, IMID-4MO, IMID-26F and IMID-4F, caused significantly
greater reductions at 10 ^imol/kg than any of the remaining compounds examined
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Figure 6.2 An original recording illustrating changes in (a) mean arterial
pressure (MAP; mmHg) and (b) heart rate (bpm) in response to IMID-IM
(0.1-10 umol/kg) in the anaesthetised rat.
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MAP (% control)
Compound
Control

0.1 (umol/kg)

0.3 (umol/kg)

1 (umol/kg)

3 (umol/kg)

10 (iimol/kg)

IMID-1M

100

101 ± 1

99 ± 1

97 ± 3

92 + 5

82 ± 6#I>2>3>4

JMID-26F

100

94 ± 4

93 ± 7

87 ± 6

81+6"

72 ± 5 * u

IMID-4F

100

100 ± 0

99 ± 2

99 ± 2

96 ±2

78 ± 4"1-2

IMID-4ME

100

102 ± 1

97 ± 5

103 ± 2

94 ±4

86±6U3-4

MID-4M0

100

99 ± 1

98+1

94 ± 3

86 ±5"

64 ± f1'2

IMID-35MO

100

102 + 1

102 + 2

101 ± 3

88 ±2"

62 ± 2*1'2

IMID-35MO/IN

100

101 ± 0

99 ± 2

95 ± 5

89 ±5

85±6#U3,4

IMID-4F/IN

100

100 + 2

105 ± 2

102 ± 1

100 ±3

102±32>3>4

IMID-35MO/O

100

101 ± 3

96 ± 1 1

101 ± 1 8

108 ±16

119±13 4

IMID-4F/O

100

99 + 0

96 ± 2

96 ± 2

99 ±2

112±13 3>4

IMID-35MO/2N

100

95 ± 1 3

96 ± 1 5

90 ± 1 7

60±ll"

46±11* 1

IMD-4F/2N

100

101 ± 1

94 ±5

98 ± 3

92 ±6

73 ± 10 # U 3

MID-26F/2N

100

103 + 1

103 ±2

98 ± 5

86 ±6"

46 ± 4*1

Table 6.2 Table summarising the effect of the IMID compounds (0.1-10 umol/kg) on mean arterial pressure (MAP) in the anaesthetised rat. indicates
significant difference from initial within animal control value («=4; i > <0.05; one way RM ANOVA with Bonferroni Mest). Compounds marked with
the same number are not significantly different from one another at the highest dose (10 umol/kg; n=4; P > 0 . 0 5 ; one way ANOVA with Bonferroni ttest).
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Figure 6.3 Mean dose-response curves illustrating the effect on (a) mean
arterial pressure (MAP) and (b) heart rate of the IMID-35MO/O (•), IMID4F (•), and IMID-26F/2N (•), representing the range of potency of the
compounds in the anaesthetised rat. Error bars are ± S.E.M. and if not
visible are contained within the symbol. * indicates compound is
significantly more potent than other derivatives at the highest dose (10
|imol/kg; «=4; P<0.05; one way ANOVA with Bonferroni Mest). *
indicates significant difference from initial within animal baseline value
(n=4; /><0.05; one way RM ANOVA with Bonferroni Mest).
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(Table 6.2; Figure 6.4a; n=4; P<0.05; one way ANOVA with Bonferroni Mest). By
contrast, IMID-4ME (86 ± 6 %), IMID-4F/IN (102 ± 3 %), IMID-4F/O (112 ± 13 %)
and IMID-35MO/O (119 ± 13 %) (all at 10 umol/kg), had no significant effect on MAP
(77=4; P>0.05; one way RM ANOVA).

6.3.1.2 Effect on heart rate
The imidazoline analogues were expected to display some bradycardic activity
due to their actions on isolated atria (Chapter 3). However, as with the effect of the
derivatives Gn MAP, significant changes in heart rate were only seen at higher dcses.
Table 6.3 and Figure 6.3b summarise the dose-dependent effects of the IMID
compounds on heart rate. Several of the IMID compounds caused a s; gnificant dosedependont reduction in heart rate (Table 6.3; n=4; P<0.05; one way RM ANOVA with
Bonferroni /-test). The most potent of these compounds IMID-26F/2N, IMID-4F/2N,
IMID.35MO/2N,

IMID-1M,

IMID-4F,

IMID-26F

and

IMID-35MO

caused

significantly greater reductions at 10 umol/kg than the remaining compounds (Figure
6.4b; H = 4 ; P<0.05; one way ANOVA with Bonferroni /-test). The analogues, IMID4F/O (98 ± 2 %) and IMID-35MO/O (103 ± 6 %) had no significant effect on heart rate
(Table 6.3; Figure 6.4b; «=4; P>0.05; one way RM ANOVA).

6.3.2 Time dependent effects of the imidazolines on MAP and heart rate

6.3.2.1 Four hour study
In this series of experiments the effects of a single bolus dose of glibenclamide
(1 umol/kg), clonidine (1 umol/kg) and five of the imidazoline analogues (IMID-4F,
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Figure 6.4 Histogram plot illustrating the effect of all the of the IMID
compounds (10 Limol/kg) on (a) mean arterial pressure (MAP) and (b) heart
rate in the anaesthetised rat. Error bars are ± S.E.M. and if not visible are
contained within the symbol.n indicates a significant difference from initial
baseline value («=4; /><0.05; one way RM ANOVA with Bonferroni Mest).
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Heart rate (% control)
Compound
Control

0.1 (umol/kg)

0.3 (umol/kg)

1 (umol/kg)

3 (umol/kg)

IMID-1M

100

100 ±0

98 ±1

91 ±1*

78 ±3"

57 ± 2m

IMID-26F

100

95 ± 3

92 ±4*

85 ±5*

74 ±4*

59 + 3Hi'2

IMID-4F

100

100 ±0

96 ±0

93 ±1*

81 ±1*

59 ± 2 # u

IMID-4ME

100

104 ± 5

97 ± 2

93 ± 2

88 ± 1 "

75 ± 2*3

IMID-4MO

100

99 + 0

97 ±0

91 ±1

81+2*

63±5« 2 ' 3

IMID-35MO

100

99 ±0

97 ±1

90 ±1

80+1*

59 + 2*1>2

IMID-35MO/IN

100

99 ±0

99 ±1

97 ±1

91 ±3"

81 + 4*3

IMID-4F/IN

100

99 ± 2

98 ±2

93 ±3

89 ±4"

77 ± 5 W

IMID-35MO/O

100

99 ±1

97 ±3

99 ± 7

100 + 7

103 ± 6 3

IMID-4F/O

100

95 ± 2

95+2

95 ±2

94 ±2

98 ± 2 3

IMID-35MO/2N

100

102 ± 3

103 ±4

99 ± 9

85 ±9

55 ± 8*1>2

IMID-4F/2N

100

96 ± 0

83 ±7"

66 ±6"

57 ±2"

39+1"'

IMID-26F/2N

100

100 ± 1

96 ± 2

86 ±2"

72 ±4*

31 + 6*'

10

Table 6.3 Table summarising the effect of the IMID compounds (0.1-10 umol/kg) on heart rate in the anaesthetised rat. u indicates significant
difference from initial within animal control value («=4; / > <0.05; one way RM ANOVA with Bonferroni r-test). Compounds marked with the same
number arc not significantly different from one another at the highest dose (10 umol/kg; «=4; P>0.05; one way ANOVA with Bonferroni Mest).
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IMID-26F, IMID-1M, IMID-4F/2N & IMID-35MO; 10 umol/kg) on MAP and heart
rate were assessed over four hours following administration in the anaesthetised rat.
The effect of the ot2-adrenoceptor antagonist, rauwolscine (25 jj/mol/kg) on responses to
clonidine and the five imidazolines was also assessed
The average initial baseline MAP and heart rate before administration of
glibenclamide, clonidine or the imidazoline analogues was 109 ± 3 mmHg («=71) and
380 ± 6 bpm («=71).
The imidazoline analogues vehicle (20 % EtOH) had no acute or time dependent
effect upon MAP or heart rate over four hours (Figure 6.5; «=4-7; /)>0.05; one way RM
ANOVA). Similarly, glibenclamide (1 u.mol/kg) had no significant effect on MAP or
heart rate over four hours (Figure 6.5; /?=4-8; P>0.05; two way RM ANOVA; one way
RM ANOVA).
Clonidine (1 umol/kg) caused a transient increase in MAP (127 ± 14 % at 0 min)
that returned to control values within 15 minutes after administration (Figure 6.6a; n=49; P<0.0\; one way RM ANOVA).

Compared with vehicle, clonidine caused a

significant reduction in 'heart rate (max 75 ± 4 % at 0 min; f<0.01) that was sustained
over 4 hours (Figure 6.6b; «=4-8; P<0.05; two way RM ANOVA). Pretreatment with
rauwolscine had no significant effect on the heart rate response to clonidine (Figure
6.6b; «=4-8; P>0.05; two way RM ANOVA).
IMID-4F (10 |imol/kg) alone, or in the presence of rauwolscine (25 u.mol/kg),
had no significant effect on MAP over four hours when compared to vehicle control
(Figure 6.7a; n=4-8; P>0.05; two way RM ANOVA; one way RM ANOVA).
However, IMID-4F caused an immediate fall in heart rate (max 63 ± 4 % at 0 min) that
returned to control values after 60 minutes (Figure 6.7b; «=4-8; P<0.01; one way RM
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Figure 6.5 Effect of a single dose of glibenclamide (•; 1 umol/kg) and
vehicle (D) on (a) mean arterial pressure (MAP) and .(b) heart rate over time
in the anaesthetised rat represented as % of baseline value (0 min). t
indicates administration of drug. Error bars are ± S.E.M. and if not visible
are contained within the symbol («=4-8; P>0.05; two way RM ANOVA;
one way ANOVA).
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Figure 6.6 Effect of a single dose of clonidine (•; 1 |j.mol/kg), clonidine in
the presence of rauwolscine (O; 25 |imol/kg) and vehicle (•) on (a) mean
arterial pressure (MAP) and (b) heart rate over time in the anaesthetised rat
represented as % of baseline value (0 min). t indicates administration of
drug. Error bars are ± S.E.M. and if not visible are contained within the
symbol. * indicates a significant difference from vehicle («=4-8; P>0.05;
two way RM ANOVA). # indicates a significant difference from initial
within animal baseline value («=4-8; P<0.05; one way RM ANOVA).
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Figure 6.7 Effect of a single dose of IMID-4F (•; 10 ^imol/kg), IMID-4F in
the presence of rauwolscine (O; 25 jamol/kg) and vehicle (•) on (a) mean
arterial pressure (MAP) and (b) heart rate over time in the anaesthetised rat
represented as % of baseline value (0 min). t indicates administration of
drug. Error bars are ± S.E.M. and if not visible are contained within the
symbol. * indicates a significant difference from vehicle (n=4-8; P<0.05;
two way RM ANOVA). # indicates a significant difference from initial
within animal baseline value («=4-8; P<0.05; one way RM ANOVA).
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ANOVA). Pretreatment with rauwolscine had no significant effect on the heart rate
response to IMID-4F (Figure 6.7b; /7=4-8; P>0.05; two way RM ANOVA).
Following the administration of IMID-26F (10 umol/kg), MAP decreased (max
79 ± 5 % at 30 min) and was significantly different from the initial within animal
baseline value at 30, 45, 120, 180 and 240 minutes (Figure 6.8a; «=4-8; P<0.01; one
way RM ANOVA). Pretreatment with rauwolscine (25 (imol/kg) prevented the fall in
MAP mediated by IMID-26F and raised MAP above values recorded in the presence of
the vehicle (max 124 ± 10 % at 180 min) over 4 hours («=4-8; P<0.01; two way RM
ANOVA). IMID-26F caused an immediate decrease in heart rate (max 77 + 5 % at 0
min) which was sustained over four hours (Figure 6.8b; w=4-8; P<0.01; one way RM
ANOVA). In the presence of rauwolscine, IMID-26F did not significantly alter the
heart rate response when compared to IMID-26F alone («=4-8; P>0.05; two way RM
ANOVA).
A single dose of IMID-1M (10 u.mol/kg) caused an immediate reduction in
MAP (max 6 0 + 1 % at 60 min; P<0.01), which was sustained over the 4 study hour
period (Figure 6.9a; rc=4-7; / ) <0.01; two way RM ANOVA; one way RM ANOVA).
The administration of rauwolscine (25 ujnol/kg), reversed the effects of IMID-1M
(n=4-7; P<0.01; two way RM ANOVA) such that MAP responses were no longer
significantly different from vehicle control (Figure 6.9a; «=4-7; ?>0.05; two way RM
ANOVA). IMID-1M caused an immediate, prolonged fall in heart rate (max 50 ± 3 %
at 0 min; P<0.01) that was significantly different from vehicle control over four hours
(Figure 6.9b; «=4-7; P<0.01; one way ANOVA). The fall in heart rate caused by
IMID-1M was partially reversed by pretreatment with rauwolscine (Figure 6.9b; «=4-7;
?<0.01; two way RM ANOVA).
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Figure 6.8 Effect of a single dose of IMID-26F (•; 10 |imol/kg), IMID-26F
in the presence of rauwolscine (O; 25 umol/kg) and vehicle (•) on (a) mean
arterial pressure (MAP) and (b) heart rate over time in the anaesthetised rat
represented as % of baseline value (0 min). t indicates administration of
drug (0 min). Error bars are ± S.E.M. and if not visible are contained within
the symbol. * indicates a significant difference with treatment («=4-8;
P<0.05; two way RM ANOVA). # indicates a significant difference from
initial within animal baseline value (n=4-8; P<0.05; one way RM
ANOVA).
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Figure 6.9 Effect of a single dose of IMID-IM (•; 10 \imo\fkg), IMID-IM
in the presence of rauwolscine (O; 25 pinol/kg) and vehicle (•) on (a) mean
arterial pressure and (b) heart rate over time in the anaesthetised rat
represented as % of baseline value (0 min). t indicates administration of
drug. Error bars are ± S.E.M. and if not visible are contained within the
symbol. * indicates a significant difference with treatment («=4-8; ?<0.05;
two way RM ANOVA). * indicates a significant difference from initial
within animal baseline value («=4-8; ?<0.05; one way RM ANOVA).
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IMID-4F/2N (10 umol/kg), caused significant reductions in MAP (m?x 85 ± 2
% at 60 min) at 60, 120 and 180 minutes when compared to initial within animal
baseline values (Figure 6.10a; 77=4-7; P<0.05; one way RM ANOVA). Pretreatment
with rauwolscine significantly attenuated this effect (Figure 6.10a; «=4-7; P<0.05; two
way RM ANOVA). Both, IMID-4F/2N alone and IMID-4F/2N in the presence of
rauwolscine caused a significant drop in heart rate (max IMID-4F/2N alone 51 ± 4 %;
plus rauwolscine 50 ± 4 %; P<0.01) that occurred immediately and was sustained over
four hours when compared to vehicle (Figure 6.10b; w=4-7; P<0.01; two way RM
ANOVA; one way RM ANOVA).
IMID-35MO (10 umol/kg) caused an immediate reduction in MAP (max 64 ± 5
at 0 min) that was maintained over a period of 4 hours (Figure 6.1 la; /2=4-8; P<0.0\;
one way RM ANOVA). In the presence of rauwolscine (25 umol/kg), the MAP
response to IMID-35MO was significantly attenuated and did not differ significantly
from vehicle (Figure 6.11a; «=4-8; P>0.05; two way RM ANOVA). Heart rate was
significantly decreased by IMID-35MO (max 62 ± 2 % at 0 min) and this decrease was
sustained over the four hour study period (Figure 6.1 lb; «=4-8; P<0.01; one way RM
ANOVA). Although pretreatment with rauwolscine appeared to attenuate the response
to IMID-35MO at earlier time points (< 60 min), MAP responses were not significantly
different from IMID-35MO alone (Figure 6.11b; «=4-8; P>0.05; two way RM
ANOVA).
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Figure 6.10 Effect of a single dose of IMID-4F/2N (•; 10 \imo\/kg), IMID4F/2N in the presence of rauwolscine (O; 25 (imol/kg) and vehicle (•) on
(a) mean arterial pressure (MAP) and (b) heart rate over time in the
anaesthetised rat represented as % of baseline value (0 min). f indicates
administration of drug. Error bars are ± S.E.M. and if not visible are
contained within the symbol. * indicates a significant difference with
treatment («=4; /><0.05; two way RM ANOVA). * indicates a significant
difference from initial within animal baseline value («=4; P<0.05; one way
RM ANOVA).
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Figure 6.11 Effect of a single dose of IMID-35MO (•; 10 jimol/kg), IMID3 5 MO in the presence of rauwolscine (O; 25 jimol/kg) and vehicle (•) on
(a) mean arterial pressure (MAP) and (b) heart rate over time in the
anaesthetised rat represented as % of baseline value (0 min). t indicates
administration of drug. Error bars are ± S.E.M. and if not visible are
contained within the symbol. * indicates a significant difference with
treatment («=4-8; P<0.05; two way RM ANOVA).# indicates a significant
difference from initial within animal baseline value («=4; P<0.05; one way
RM ANOVA).
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6-3-2.2 One hour study
In this series of experiments, the effects of the remaining imidazoline analogues,
IMID-4ME, IMID-4M0, IMID-35MO/IN, IMID-4F/IN, IMID-35MO/O, IMID-4F/0,
1MID-35MO/2N and IMID-26F/2N, on MAP and heart rate were examined in the
anaesthetised rat for one hour following their addition at a concentration of 10 u.mol/kg.
Table 6.4 summarises the results of this study. IMID-4M0 caused a transient
decrease in MAP immediately after administration (66 ± 1 %) and reduced MAP again
at 60 minutes (77 ± 6 %). A significant fall in MAP in response to IMID-4F/IN (69 ± 3
%) was not observed until 30 minutes after addition. By contrast, both IMID-26F/2N
and IMID-35MO/2N caused immediate reductions in MAP (IMID-35MO/2N 46 ± 3 %;
IMID-26F/2N 46 ± 5 %) that were resolved after 30 and 60 minutes, respectively.
IMID-4ME, IMID-35MO/IN, IMID-35MO/O and IMID-4F/O had no time dependent
effects on MAP over one hour of measurement {n-A; P>0.05; one way RM ANOVA).
In addition, several of the IMID compounds significantly reduced heart rate, an
effect which was always maximal immediately after administration (Table 6.4; w=4;
P<0.01; one way RM ANOVA). The initial decrease in heart rate in response to IMID4MO (64 ± 6 %) and IMID-4F/IN (76 ± 5 %) was sustained over one hour. Yet, the
response to IMID-26F/2N tended towards control values over time. Similarly the
transient reductions in heart rate caused by IMID-35MO/2N and IMID-4ME were
resolved 30 minutes after administration. IMID-35MO/IN, IMID-35MO/O and IMID4F/O had no acute or time dependent effects on heart rate over one hour (n=4; F>0.05;
one way ANOVA).
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MAP (% control)
Compound
IMID-4ME
IMID-4M0
IMID-35MO/IN
IMID-4F/IN
IMID-35MO/O
IMID-4F/O
IMID-35MO/2N
IMID-26F/2N
Heart Rate (% control)
Compound
IMID-4ME
IMID-4M0
IMID-35MO/IN
IMID-4F/IN
IMID-35MO/O
IMID-4F/O
IMID-35MO/2N
IMID-26F/2N

taken immediately after drug administration (post drug) and at 30 and 60 minutes.
indLatersigmfJant difference from initial within animal basehne value («=3-4,
P<0.01; one way RM ANOVA with Bonferrom /-test).
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6.3.3 Time dependent effects of the imidazoiines on blood glucose and insulin levels
6.3.3.1 Four hour study
These studies examined the effects of a single dose of glibenclamide (1
l-imol/kg), clonidine (1 (j.mol/kg) and five of the imidazoline analogues (IMID-4F,
IMID-26F, IMID-1M, IMID-4F/2N & IMID-1M; 10 |amol/kg) on blood glucose over
four hours, and insulin levels over one hour, in the anaesthetised rat. The effects of
clonidine and the five imidazolines were also examined in the presence of the 0:2adrenoceptor antagonist, rauwolscine (25 umol/kg).
The average initial blood glucose level before administration of glibenclamide,
clonidine or the imidazoline analogues was 6.9 ± 0.2 mmol/L («=71).
There was no significant acute or time dependent effect upon blood glucose or
insulin levels by the vehicle (20 % EtOH; Figure 6.12) or rauwolscine alone over the
measurement period (data not shown; «=4-7; P>0.05; one way RM ANOVA).
Conversely, glibenclamide (1 umol/kg), caused a significant decrease in blood
glucose when compared to vehicle control (Figure 6.12a; «=4-8; ?<0.01; two way RM
ANOVA).

A significant fall in blood glucose was observed 15 minutes after

administration of glibenclamide and blood glucose continued to decline for up to 90
minutes (max 52 ± 6 %; n=4-8; P<0.01; one way RM ANOVA). Blood glucose levels
then returned towards baseline values such that by 4 hours they were no longer
significantly different from control levels. This decrease in blood glucose was reflected
by a significant increase in insulin levels (max 3.8 ± 0.4 ng/ml at 5 min; P<0.01) when
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Figure 6.12 Effect of a single dose of glibenclamide (•; 1 u.mol/kg) and
vehicle (•) on (a) blood glucose represented as % of baseline value (0 min)
and (b) insulin (ng/ml) over time in the anaesthetised rat. t indicates
administration of drug. Error bars are ± S.E.M. and if not visible are
contained within the symbol. * indicates a significant difference from
vehicle («=4-8; P<0.0l; two way RM ANOVA). " indicates a significant
difference from initial within animal baseline value («=4-8; P<0.01; one
way RM ANOVA).
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compared to vehicle control (Figure 6.12b; w=4-8; P<0.0\; two way RM ANOVA; one
way RM ANOVA).
In contrast to glibenclamide, clonidine (1 u.mol/kg) caused a significant increase
in blood glucose that began immediately and was sustained over the 4 hour period (max
232 ± 25 % at 90 min; P<0.01; one way RM ANOVA) when compared to vehicle
control (Figure 6.13a; w=4-8; P<0.01; two way RM ANOVA). Pretreatrnent with
rauwolscine (25 jimol/kg) significantly inhibited the clonidine-induced blood glucose
changes by clonidine («=4-8; .P<0.01; two way RM ANOVA). In addition, the insulin
levels in the presence of clonidine were significantly decreased (from 1.15 ± 0.50 to
0.08 ± 0.02 ng/ml at 60 min; P<0.05) when compared to vehicle control (Figure 6.13b;
«=4; P<0.05; two way RM ANOVA).
The blood glucose levels after a single dose of IMID-4F (10 umol/kg) did not
differ from vehicle control or the initial within animal baseline value over the 4 hours of
measurement (Figure 6.14a; «=4-8; P>0.05; two way RM ANOVA; one way RM
ANOVA). However, in the presence of rauwolscine (25 ^mol/kg), IMID-4F caused a
significant reduction in blood glucose levels (max 66 ± 6 % at 90 min; P<0.01) when
compared to both IMID-4F alone and vehicle control («=4-8; P<0.05; two way RM
ANOVA). These results were also reflected by the finding that IMID-4F, in the
presence of rauwolscine, caused a prolonged increase in insulin levels (max 5.5 ± 0.7 at
5 min; P<0.01) over one hour that was also significantly different from both IMID-4F
alone and vehicle control («=4; ?<0.01; two way RM ANOVA).
There was no acute or time dependent effect on blood glucose by IMID-26F (10
u,mol/kg) alone, or IMID-26F in the presence of rauwolscine (25 (imol/kg), when
compared to either vehicle control or initial within animal baseline values (Figure 6.15a;
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Figure 6.13 Effect of a single dose of clonidine (•; 1 nmol/kg), clonidine in
the presence of rauwolscine (O; 25 (amol/kg) and vehicle (•) on (a) blood
glucose represented as % of baseline value (0 min) and (b) insulin (ng/ml)
over time in the anaesthetised rat. t indicates administration of drug. Error
bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference with treatment (n=4-8; P<0.05; two way
RM ANOVA).# indicates a significant difference from initial within animal
baseline value («=4-8; P<0.05; one way RM ANOVA).
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Figure 6.14 Effect of a single dose of IMID-4F (•; 10 ^mol/kg), IMID-4F
in the presence of rauwolscine (O; 25 |imol/kg) and vehicle (•) on (a) blood
glucose represented as % of baseline value (0 min) and (b) insulin (ng/ml)
over time in the anaesthetised rat. t indicates administration of drug. Error
bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference with treatment («=4-8; P<0.05; two way
RM ANOVA). " indicates a significant difference from initial within animal
baseline value (K=4-8; P<0.05; one way RM ANOVA).
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Figure 6.15 Effect of a single dose of IMID-26F (•; 10 umol/kg), IMID26F in the presence of rauwolscine (O; 25 ^mol/kg) and vehicle (•) on (a)
blood glucose represented as % of baseline value (0 min) and (b) insulin
(ng/ml) over time in the anaesthetised rat. t indicates administration of
drug. Error bars are ± S.E.M. and if not visible are contained within the
symbol (M=4-8; P>0.05; two way RM ANOVA). " indicates a significant
difference from initial within animal baseline value («=4-8; P<0.05; one
way RM ANOVA).
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w=4-8; P>0.05; two way RM ANOVA; one way RM ANOVA). However, IMID-26F
alone, caused a transient decrease in insulin levels from a initial value of 1.3 ± 0.2 ng/ml
to 0.5 ± 0.1 ng/ml at 5 minutes (Figure 6.15b; n=A; i><0.05; one way RM ANOVA).
IMD-26F, in the presence of rauwolscine, did not have a significant effect on insulin
levels over 1 hour (Figure 6.15b; n=4; P>0.05; one way RM ANOVA).
IMID-1M (10 urnol/kg) caused a gradual increase in blood glucose (max 175 ±
8 % at 240 min) that was significantly different from its within animal control after 120
minutes (Figure 6.16a; 77=4-7; P<0.01; one way RM ANOVA). Accordingly, this
increase in blood glucose was reflected by a significant decrease in insulin levels (from
1.1 ± 0.1 to 0.6 ± 0.1 ng/ml at 5 min; Figure 6.16b; n=3; P<0.05; one way RM
ANOVA).

Pretreatment of animals with rauwolscine (25 umol/kg) significantly

attenuated both the increase in blood glucose and reduction in insulin levels by IMID1M (Figure 6.16; «=3-7; P<0.05; two way RM ANOVA).
There were no significant acute or time dependent effects on blood glucose or
insulin levels by IMID-4F/2N (10 u.mol/kg) alone, or in the presence of rauwolscine (25
umol/kg), over the measurement periods when compared to either vehicle control or the
initial within animal control values (Figure 6.17; «=4-8; P>0.05; two way RM
ANOVA; one way RM ANOVA).
IMID-35MO (10 u.mol/kg), caused an immediate increase in blood glucose (max
158 ± 10 % at 90 min) which was sustained over 120 minutes (Figure 6.18a; «=4-8;
P<0.05; one way RM ANOVA). This increase was also reflected by a significant
decrease in insulin levels (max 1.0 + 0.6 ng/ml) at 5 minutes (Figure 6.18b; «=3;
P<0.05; one way RM ANOVA).

Pretreatment with rauwolscine (25 jimol/kg)

significantly attenuated the increase in blood glucose by IMID-35MO («=3-8; P<0.05;

220

Chapter Six In Vivo

(a)
200*O 175© c

#

S S 125H
— 100-

o S
.2 = 755025-

030 60 90 120 150 180 210 240 270

Time (min)

(b)
4-

en
c

3

3
V)

2-

c

10J
30

60

90

Time (min)

Figure 6.16 Effect of a single dose of IMID-IM (•; 10 |imol/kg), IMID-IM
in the presence of rauwolscine (O; 25 jimol/kg) and vehicle (D) on (a) blood
glucose represented as % of baseline value (0 min) and (b) insulin (ng/ml)
over time in the anaesthetised rat. t indicates administration of drug. Error
bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference with treatment («=4; P<0.05; two way RM
ANOVA). # indicates a significant difference from initial within animal
baseline value («=4; P<0.05; one way RM ANOVA).
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Figure 6.17 Effect of a single dose of IMID-4F/2N (•; 10 umol/kg), IMID4F/2N in the presence of rauwolscine (O; 25 (imol/kg) and vehicle (•) on
(a) blood glucose represented as % of baseline value (0 min) and (b) insulin
(ng/ml) over time in the anaesthetised rat. t indicates administration of
drug. Error bars are ± S.E.M. and if not visible are contained within the
symbol («=4; i>>0.05; two way RM ANOVA; one way RM ANOVA).
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Figure 6.18 Effect of a single dose of IMID-35MO (Hi; 10 nmol/kg), IMID35MO in the presence of rauwolscine (O; 25 ^mol/kg) and vehicle (D) on
(a) blood glucose represented as % of baseline value (0 min) and (b) insulin
(ng/ml) over time in the anaesthetir.ed rat. t indicates administration of drug.
Error bars are ± S.E.M. and if not visible are contained within the symbol. *
indicates a significant difference with treatment («=4-7; P<0.05; two way
RM ANOVA). * indicates a significant difference from initial within animal
baseline value («=4-7; P<0.05; one way RM ANOVA).
223

Chapter Six In Vivo

two way RM ANOVA). Also, rauwolscine (25 p.s?ol/kg) significantly antagonised the
reduction in insulin levels caused by IMID-35MO. (Figure 6.18b; n=4; P>0.05; one
way RM ANOVA).

6.3.3.2 One hour study
In this series of experiments the effect of the remaining eight imidazoline
analogues (10 umol/kg) upon insulin and blood glucose were examined for up to one
hour post administration.

Table 6.5 summarises the results of this study.

Administration of IMID-4M0 and IMID-4F/IN resulted in a significant prolonged
increase in blood glucose at 30 minutes which was sustained for the one hour test period
(/7=4; P<0.01; one way RM ANOVA).

These increases were also reflected by

significant decreases in insulin levels after 60 minutes for IMID-4M0 (0.6 ± 0.3 ng/ml)
and a prolonged decrease after 5 minutes for IMID-4F/IN (max 0.1 ±0.1 ng/ml at 60
min; n=4; P<0.05; one way RM ANOVA). IMID-4ME, IMID-35MO/IN, IMID-4F/O,
IMID-35MO/2N and IMID-26F/2N had no significant effect on blood glucose or insulin
levels over one hour («=4; P>0.05; one way RM ANOVA). IMID-35MO/O caused a
transient fall in insulin levels, apparent 5 minutes after administration («=4; P<0.01;
one way RM ANOVA), yet, no significant effect on blood glucose levels.
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Blood glucose (mmol/L)
Compound
Baseline

30 min

60 min

IMID-4ME

5.6 ± 0.5

4.9 ± 0.6

4.7 ± 0.3

IMID-4M0

5.7 ± 0.3

7.6 ± 0.6"

7.6 ± 0.2"

IMID-35MO/IN

5.4 ± 0.3

5.2 ± 0.2

6.2 ± 0.9

IMID-4F/IN

5.7 ± 0.4

7.1 ±0.4*

7.7 ± 0.6*

IMID-35MO/O

6.1 ±0.4

5.8 ± 0.5

6.4 ± 0.6

IMID-4F/O

6.0 ± 0.4

6.2 ±1.2

4.4 ± 0.3

IMID-35MO/2N

6.2 ± 0.2

6.2 ± 0.5

6.1 ±1.1

IMID-26F/2N

6.0 ± 0.3

5.6 ±0.1

6.0 ± 0.2

Insulin (ng/ml)
Compound
Baseline

5 min

60 min

IMID-4ME

0.9 ±0.1

0.5 ±0.1

1.0 ±0.2

IMID-4M0

1.1 ±0.4

0.6 ± 0.3

0.6±0.1*

IMID-35MO/IN

0.9 ± 0.2

0.6 ± 0.0

1.0 ±0.1

IMID-4F/IN

0.7 ±0.1

0.2 ± 0.0*

0.1 ±0.1*

IMID-35MO/O

1.3 ±0.2

0.6 ±0.1"

1.3 ±0.3

IMID-4F/O

0.6 ±0.1

0.3 ± 0.0

0.5 ±0.1

IMID-35MO/2N

1.6 ±0.4

1.5 ±0.3

1.4 ±0.5

IMID-26F/2N

1.6 ±0.5

1.1 ±0.6

1.2 ±0.1

Table 6.5 Table summarising the effects of the imidazoline analogues on blood glucose
and insulin levels in the anaesthetised rat. Measurements of blood glucose (mmol/L)
and insulin (ng/ml) were taken prior to administration of the imidazoline analogues (-15
min) and 30 and 60 minutes after for blood glucose and 5 and 60 minutes after for
insulin levels. * indicates significant difference from initial within animal baseline
values («=4; P<0.01; one way RM ANOVA with Bonferroni /-test).
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6.4 Discussion
In these studies the ability of the IMID compounds to effect MAP and heart rate
were characterised in pentobarbitone anaesthetised rats. In addition, as a number of the
imidazoline analogues have been shown to be potent antagonists at vascular KATP
channels, their actions at other KATP channels, namely pancreatic (5 cell KATP channels,
was also investigated.

6.4.1 Acute and time dependent changes in MAP and heart rate
Many of the clonidine derivatives examined in this study caused dose-dependent
reductions in both MAP and heart rate. The most potent of these were IMID-26F,
IMID-4F, IMID-4M0, IMID-35MO, IMID-35MO/2N and IMID-26F/2N, which caused
reductions in both MAP (46-78 %) and heart rate (31-59 %). Although the analogues
IMID-1M and IMID-4F/2N did not have substantial effects upon MAP they were
significantly more potent than many of the other IMID compounds in their ability to
induce reductions in heart rate (39-57 %).
Furthermore, when the time dependent effects of the IMID compounds (bolus
dose of 10 |imol/kg) were assessed over a four hour period, similar initial changes in
MAP to those observed acutely were observed. In addition, with the exception of
IMID-1M, which reduced MAP further over time, there were no time dependent
changes in MAP responses to the analogues. Likewise, changes in heart rate assessed
over time were similar to those determined acutely. In addition, apart from IMID-4F,
which had no effect on MAP in the four hour study, the reduction in heart rate by the
analogues was sustained over the four hours of measurement.
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In the shorter studies (one hour), the compounds IMID-4M0, IMID-4F/IN,
IMID-35MO/2N and IMID-26F/2N caused significant reductions in MAP at various
stages over the one hour of measurement. However, only the MAP reduction induced
by IMID-4F/IN was sustained over one hour. The compounds, IMID-4M0, IMID4F/IN and IMID-26F/2N, caused significant decreases in heart rate that were sustained
over the hour measurement period.
Glibenclamide and other sulphonylurea derivatives have been the mainstay of
treatment for type II diabetes mellitus over the last 30 years. Appropriately, they have
been shown to have no significant effects on MAP or heart rate (Arnala & Uusitupa,
1983; Belloni & Hintze, 1991; Murakami et al, 1992), an attribute that has made
suiphonylureas suitable for use in humans. In this study, glibenclamide (1 umol/kg)
also demonstrated no appreciable effects on MAP or heart rate. These findings suggest
that the effects of the IMID analogues upon both MAP and heart rate may be due to
activity at sites other than KATP channels.
As previously shown (Chapter 5), many of these compounds have affinity for aadrenoceptors. All of the imidazoline analogues, excluding the oxygen-substituted
derivatives, IMID-35MO/O and IMID-4F/O, significantly displaced binding of [3H]rauwolscine and [3H]-prazosin to rat cerebral cortex membranes. Secondly, given that
the IMID compounds are clonidine analogues, and clonidine has been found to
modulate MAP via activity at a2-adrenoceptors, it is possible their actions may be
comparable to clonidine.
It is well established that the response to clonidine on MAP is biphasic, with an
initial transient hypertension, followed by a prolonged hypotension being observed
(Schmitt et al, 1973). Clonidine was originally thought to induce hypotension via
inhibition of sympathetic tone by stimulation of 002-adrenoceptors in the medulla
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(Timmermans et al, 1981). Subsequently, studies by Emsberger (1987; 1988) found
that only imidazolines, and not other adrenergic agonists, caused hypotension. It was
later postulated that a novel imidazoline receptor might be involved (Emsberger et al,
1992a,b). However, this hypothesis was in direct opposition of studies that found
clonidine-induced

hypotension

was peripherally

mediated

via activation

of

postjunctional a2A-adrenoceptors in vascular smooth muscle (Pichler & Kobinger,
1978; Docherty & McGrath, 1980; Vayssettes-Courchay et al, 1996). A recent study
utilising D79N cc2A-adrenoceptor transgenic knockout mice found that OC2Aadrenoceptors played a crucial role, since both the hypotensive and bradycardic
responses to clonidine were almost abolished in these mice (Zhu et al, 1999),
suggesting that an imidazoline receptor was not involved.
In accordance with the literature, in this study, intravenous clonidine (1
umol/kg) caused an acute increase in MAP. However, in this study, clonidine did not
cause the associated hypotension up to four hours after drug administration. A study by
Wong (1993) found that high doses of clonidine (3-18 mg/kg) were unable to
significantly decrease blood pressure. Therefore, the relatively high dose of clonidine
used in the present study may be an explanation for the absence of hypotension.
Clonidine also causes a sustained reduction in heart rate both in vivo and in vitro
(Tsai & Lin, 1987; Aslanian & Renaud, 1989). There have been many explanations for
the bradycardia produced by clonidine. One of the first hypotheses was that the
systemic administration of clonidine resulted in baroreceptor reflex stimulation or
reduced peripheral noradrenaline release (Kobinger & Pichler, 1980). Some studies
have reported blockade of clonidine-induced bradycardia by 0C2-adrenoceptor
antagonists such as rauwolscine (Timmermans et al, 1981) and idazoxan (Aslanian &
Renaud, 1989).

In addition, vagotomy antagonises the bradycardia induced by
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clonidine (Tsai & Lin, 1987). Therefore, the bradycardia may be due to the central
actions of clonidine on the sympathetic nervous system resulting in no opposition of
vagal tone or, possibly, a direct action on vagal tone.
Pretreatment of animals with the ct2-adrenoceptor antagonist rauwolscine did not
affect the initial transient increase in MAP to clonidine in this study. This is in
agreement with other studies that found that the pressor effect of clonidine was not
influenced by rauwolscine, possibly due to its peripheral mechanism of action
(Timmermans et ai, 1984). In this study, clonidine also caused bradycardia, which is
also consistent with many previous studies. Rauwolscine did not significantly attenuate
this response. This is in agreement with studies that found rauwolscine and other 0:2adrenoceptor antagonists, at concentrations that significantly affected the hypotension
produced by clonidine, did not affect the bradycardia (Hannah et ai, 1983;
Timmermans et ai, 1984).
Therefore, it is possible that the observed effect of the IMID compounds on
cardiovascular parameters may be attributed to activity at a-adrenoceptors. Indeed, all
of the reductions in MAP by the imidazoline analogues were significantly attenuated by
rauwolscine, indicating that the hypotension was in all probability mediated by a.2adrenoceptors. The compounds, IMID-35MO/O and IMID-4F/0 did not significantly
affect MAP or heart in the anaesthetised rat. This was not surprising as in vitro studies
(Chapter 3) showed that they did not cause bradycardia in rat isolated atria and
radioligand binding studies (Chapter 5) showed that they did not exhibit any ai or <X2adrenoceptor activity. IMID-4F was the only compound in the four hour studies that
did not affect MAP. This compound also had a lesser effect on heart rate, indicating
IMID-4F may have a reduced efficacy at cc2-adrenoceptors, a detail that may be notable
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when observing its effects on blood glucose and insulin levels later in this discussion.
Otherwise, those that were identified as possessing a-adrenoceptor activity in
radioligand binding studies, and were not very potent in reducing MAP, may not have
sufficient efficacy to produce a substantial reduction in MAP, or they may act as
antagonists rather than agonists.
In contrast to its effects on MAP, rauwolscine did not significantly alter the
bradycardia of the majority of the compounds in the four hour study, with the exception
of IMID-1M.

A study by Timmermans and coworkers (1984) found that the

concentration of rauwolscine that attenuated the clonidine-induced hypotension was
insufficient in reducing the bradycardia. Therefore, it is possible that the concentration
of rauwolscine used in the present study was not high enough to see an effect on heart
rate and hence, the effects of the imidazoline analogues on heart rate may still involve
<X2-adrenoceptors.

6.4.3 Time dependent changes in blood glucose and insulin levels
It has been proposed that imidazolines may be used as a new oral treatment for
Type II diabetes instead of sulphonylureas based on two findings for the imidazoline,
efaroxan. One, insulin secretion was increased in the presence of the highest effective
dose of glibenclamide (Chan & Morgan, 1990). Two, in the presence of low glucose,
efaroxan does not stimulate insulin secretion, reducing the risk of hypoglycaemia, a
major life threatening side effect of sulphonylureas (Rustenbeck et ai, 1995). In
addition, the use of sulphonylureas and their prescribed amounts in the treatment of
diabetes is currently under debate due to seemingly increased levels of cardiovascular
mortality associated with their use (Leibowitz & Cerasi, 1996; Melander et al, 1998).
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The hypoglycaemic effects of sulphonylureas, such as glibenclamide, via their
actions at KATP channels in the pancreatic P cell have been well documented (Sturgess
et al, 1985; Trube et al, 1986; Ziinkler et al., 1988). In this study, glibenclamide also
produced a significant decrease in blood glucose associated with an increase in insulin
levels. Conversely, the ability of clonidine to inhibit insulin secretion in a dosedependent manner, via an action at inhibitory ct2-adrenoceptors, is well documented
(Leclercq-Meyer et al, 1980; Nakaki et al, 1980). In this study, clonidine also caused
an increase in blood glucose reflected by a decrease in insulin secretion. Together,
these results indicated that this assay was able t'j detect both increases and decreases of
blood glucose and insulin levels and provide 1.3 with a method of assessing the effects
of the novel imidazoline analogues on these parameters. In these experiments a 10 fold
higher concentration of the imidazoline analogues, compared to the concentrations of
glibenclamide and clonidine, was used to enhance the possibility of observing changes
in the parameters.
It has been known for some time that imidazolines such as phentolamine induce
the release of insulin via the closure of pancreatic (3 cell KATP channels (Plant &
Henequin, 1990), resulting from a direct interaction with the channel pore, KIR6.2
(Proks & Ashcroft, 1997). The present study focused upon the ability of the IMID
compounds to affect blood glucose and insulin secretion as a measure of their activity at
pancreatic KATP channels.
The ma: jrity of the imidazolines had either no effect on blood glucose and
insulin levels (IMID-4F/2N, IMID-4ME, IMID-35MO/IN, IMID-4F/O, IMID35MO/2N and IMID-26F/2N) or caused significant increases in blood glucose that were
associated with decreased plasma insulin levels (IMID-1M, IMID-35MO, IMID-4F/IN
and IMID-4MO). IMID-26F and IMID-35MO/O decreased insulin secretion without
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significantly affecting blood glucose. Although both reductions were significant they
were possibly not great enough to result in an increase in blood glucose. In the presence
of rauwolscine the increases in blood glucose and decrease in insulin levels by IMID1M and IM1D-35MO were no longer significant, indicating that they probably increased
blood glucose and decreased insulin secretion via an action at ot2-adrenoceptors. IMID26F and IMID-4F/2N did not significantly effect blood glucose alone or in the presence
of rauwolscine, indicating no appreciable effect at postjunctional cc2-adrenoceptors in
the pancreas.
The most interesting finding from this study was that IMID-4F, in the presence
of rauwolscine, significantly decreased blood glucose. This decrease in blood glucose
was reflected by a significant increase in insulin secretion. This finding suggests that
the ct2-adrenoceptor activity of IMID-4F masks the effect of IMID-4F at pancreatic Pcell KATP channels. This finding is similar to that of phentolamine, which was found to
significantly increase glucose-induced insulin release in the presence of rauwolscine
(Schulz & Hasselblatt, 1989).
The increase in insulin release by IMID-4F was maintained over the 60 minutes
of measurement. Although the dose of IMID-4F (10 umol/kg) was 10 fold higher than
that of glibenclamide (1 umol/kg), the increase in insulin levels was not only higher
than that observed with glibenclamide but was sustained over a longer period. This
provides some evidence that imidazolines may be longer acting than sulphonylureas, a
desirable action in the treatment of diabetes.
Although it may be assumed that the observed effects of IMID-4F, upon insulin
and blood glucose, were due solely to inhibition of pancreatic KATP channels, the way in
which imidazolines regulate insulin secretion appears to be much more complicated

L
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than once thought. Together with their actions at KATP channels, actions by many
imidazolines at sites additional to KATP channels have been reported. For example, the
imidazoline derivative RX871024 has been found to activate PKA and PKC, which
sensitises the exocytotic machinery of the pancreatic p cell (Zaitsev et al, 1996). It has
also been found to stimulate somatostatin and suppress glucagon release (Efanova et al,
1998a). There is also evidence that RX871024 changes the oxidation/reduction state of
the pancreatic P cell, which induces Ca2+ mobilisation from intracellular stores, possibly
via cytochrome P-450 (Efanova et al., 1998b). In addition, in cells depolarised with 25
mM KCL in the presence of diazoxide (200 uM), conditions that negate the effects of
KATP

channels and membrane potential, RX871024 was still able to induce insulin

secretion (Zaitsev et al, 1999). Taken together, these findings indicate that either
KiR6.2 plays a larger role in the regulation of insulin secretion than was first thought or
that other binding sites are involved. This binding site may be an imidazoline binding
site other then l\ or h. and has been proposed as I3 (Eglan et al, 1998). Therefore, it is
possible that IMID-4F increases insulin secretion in ways that are additional to an affect
on pancreatic KATP channels.
To complicate matters further, a recent finding that not all imidazolines exhibit
exactly the same characteristics (Rustenbeck et al, 1999) means that imidazolines can
no longer be considered as having homogenous actions. Therefore, IMID-4F may
exhibit none, one or all of these additional actions. However, an investigation into the
possible actions of IMID-4F on other parameters was beyond the scope of this thesis.
The results of this study indicate that the ability to lower blood glucose did not
depend on the vascular KATP channel activity of the analogues. Compounds of equal
potency to IMID-4F, IMID-26F and IMID-4F/2N, did not affect blood glucose alone,
either when administered alone or in the presence of rauwolscine. Rather, it seems that
233
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the efficacy of the compounds for ct2-adrenoceptors, or possibly the way in which the
compounds access the binding site on KIR6.2, which is thought to be intracellular (Proks
& Ashcroft, 1997), may regulate their activity. It is also possible that IMID-4F may
have actions in addition to an action at pancreatic KATP channels. Another possibility is
that these compounds are more selective for vascular KATP channels tban pancreatic
KATP

channels. In the pancreas, imidazolines are thought to act at the channel pore,

KIR6.2

(Proks & Ashcroft, 1997) while in the vasculature the channel pore is thought to

be KIR6.1 (Yamada et ah, 1997). This raises the possibility that the imidazoline
derivatives examined in this thesis are more selective for KIR6. 1.

6.4.4 Conclusions
In summary, many of the imidazoline analogues assessed in this study caused
dose-dependent reductions in MAP and heart rate. Studies which assessed the four hour
effects of these compounds also found that many of the effects were prolonged over
time. In addition, in studies designed to assess the activity of these compounds as
possible hypoglycaemic agents, the majority of the compounds either increased or had
no effect on blood glucose. The advantage of a lack of effect of these compounds at
pancreatic KATP channels is that they may be selective for vascular KATP channels.
However one compound, IMID-4F, in the presence of rauwolscine, significantly
lowered blood glucose suggesting a possible effect at pancreatic KATP channels.
In conclusion, these compounds as they are, do not appear to be good
alternatives to sulphonylureas in the treatment of diabetes. Therefore, additional studies
including diabetic animals and glucose tolerance tests, did not seem warranted.
Imidazoline compounds without a-adrenoceptor activity would presumably not
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decrease MAP and heart rate or increase blood glucose and decrease insulin levels. For
this reason development of imidazoline compounds without a-adrenoceptor activity is
highly desirable for use in the treatment of Type II diabetes.
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Chapter Seven General Discussion

The primary aims of this thesis were to design, synthesise and characterise the
functional and electrophysiological properties of a novel series of imidazolines and
examine their ability to antagonise KATP channels. Additional aims were to investigate
their selectivity and identify their site of action. These aims were examined using in
vitro, radioligand binding and in vivo studies with the purpose of identifying a selective
KATP channel

antagonist (see Figure 7.1 for summary).

Several structural modifications of the imidazolidine, clonidine, resulted in the
synthesis of 14 novel imidazolines which were studied throughout this thesis. The
structural modifications resulted in clonidine analogues with benzyl substitutions on
either the central nitrogen of clonidine or an imidazoline nitrogen, benzyl substitutions
on both the central and an imidazoline nitrogen or an oxygen substitution in the
imidazoline ring. In addition, the benzyl substitutions had varying substituents
including fluoro-, methoxy-, or methyl-groups attached.
In this study, IMID-1M, the 'parent' compound, had a benzyl substitution with
no substituents attached to the central nitrogen (Figure 2.1). IMID-1M was a potent
KATP

channel antagonist.

Adding fluoro-groups (IMID-4F & IMID-26F), or two

inethoxy-groups (IMID-35MO) did not increase or decrease the ability of the
compounds to antagonise KATP channels. However, adding a methyl- (IMID-4ME) or
methoxy- (IMID-4M0) substituent decreased the ability of the compounds to
antagonise KATP channels. All of the mono-substituted compounds possessed weak
bradycardic actions and none possessed actions at calcium channels.
In radioligand binding studies, all these compounds were found to have weak
ai- and 0C2-adrenoceptor activity. In addition, IMID-1M possessed weak muscarinic
activity which was unaffected by the addition of a methyl-group (IMID-4ME).
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Table 7.1 Table summarising the effect of the imidazoline compounds examined throughout this thesis using in vitro, radioligand
binding and in vivo studies.
*/
NA

indicates potent activity identified
SS
indicates moderate activity identified
indicates weak activity identified
X
indicates no activity identified
indicates that compounds were not assessed for this activity.

KATP antag.

the ability of the compounds to antagonise vascular

KATP channels

in pig isolated coronary arteries

i HR

the ability of the compounds to decrease heart rate (HR) in rat isolated spontaneously beating atria

Ca2+ channel

the ability of the compounds to cause vasorelaxation of pig isolated coronary arteries

cti

the ability of the compounds to displace binding of [3H]-prazosin to oti-adrenoceptors in rat cerebral cortex membranes

ot2

the ability of the compounds to displace binding of [ 3 H]-rauwolscine to cvadrenoceptors in rat cerebral cortex membranes

Muse.

the ability of the compounds to displace binding of [ 3 H]-QNB to muscarinic receptors in rat cerebral cortex membranes

Ca 2+ channel

the ability of the compounds to displace binding of [ 3 H]-PN200-l 10 to calcium channels in rat cerebral cortex membranes

KATP opener

the ability of the compounds to displace binding of [ 3 H]-P1075 to the opener site of the SUR in bovine smooth muscle cells

K ATP antag.

the ability of the compounds to displace binding of [ 3 H]-glibenclamide to the antagonist site of the SUR in rat cerebral cortex
membranes

I MAP

the ability of the compounds to decrease mean arterial pressure (MAP) in the anaesthetised rat

1 HR

the ability of the compounds to decrease heart rate (HR) in the anaesthetised rat

t BG

the ability of the compounds to increase blood glucose (BG) in the anaesthetised rat

•i Insulin

the ability of the compounds to decrease plasma insulin levels in the anaesthetised rat

T Ins. + rauw

the ability of the compounds to increase plasma insulin levels in the presence of rauwolscine in the anaesthetised rat

Radioligand Binding

In vitro
Compound
antag.

Ca 2+
channel

a,

a2

Muse.

In vivo

Ca 2+
channel

K ATP
opener

I

I

t

i

antag.

MAP

HR

BG

Insulin

tins.
+ rauw

IMID-1M

•••

Y

X

Y

Y

Y

X

X

X

Y

• •

••

••

X

IMID-26F

YYY

Y

X

•

Y

X

X

X

X

Y

••

X

Y

X

IMID-4F

YYY

Y

X

Y

X

X

X

X

Y

• •

X

X

YY

IMID-4ME

YY

Y

X

•

Y

Y

X

X

X

'

•

X

X

NA

IMID-4MO

Y

Y

X

•

'

X

X

X

X

YY

YY

'

NA

YYY

Y

X

Y

Y

X

X

X

X

YY

YY

YY

Y

X

YY

Y

Y

Y

Y

X

Y

X

X

Y

Y

X

X

NA

IMID-4F/IN

Y

Y

X

Y

X

X

X

X

X

'

NA

IMID-35MO/O

Y

x

Y

X

X

X

Y

X

X

X

X

X

Y

NA

IMID-4F/O

Y

Y

X

X

X

X

X

X

X

X

X

NA

IMID-35MO/2N

YYY

YY

NA

NA

NA

X

X

YY

YY

X

X

NA

IMID-4F/2N

YYY

YY

•

X

s

YY

X

X

X

IMID-26F/2N

YYY

YY

NA

X

YY

YY

X

X

NA

IMID-35MO
IMID-35MO/IN

NA

NA
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In contrast, the addition of fluoro- or methoxy-groups abolished the weak
activity at muscarinic receptors. None of the mono-substituted compounds had any
activity at the L-type calcium channel or the opener or inhibitor sites of the KATP
channel. The latter finding indicated that these compounds were not acting at the SUR
and were in all probability acting at the pore of the KATP channel, the KIR subunit, in a
similar fashion to other imidazolines (Proks & Ashcroft, 1997; Mukai et ah, 1998).
In vivo characterisation of these compounds revealed they all had similar actions
on MAP and heart rate. All of the compounds decreased MAP, with the methoxysubstituted compounds having a more pronounced effect.

Similarly, all of the

compounds moderately decreased heart rate, although it appears that a methylsubstituent slightly decreases this activity. IMID-IM and the methoxy-derivatives
increased blood glucose levels, which was associated with decreased insulin levels. The
fluoro- and benzyl- derivatives did not affect blood glucose, however, IMID-26F did
cause a decrease in insulin levels while IMID-4F and IMID-4ME did not. It is possible
that the decrease in insulin levels was not enough to significantly affect blood glucose.
Treatment with rauwolscine to reduce the cc2-adrenoceptor activity of these compounds
abolished the increases in blood glucose and decreases in insulin levels to IMID-IM and
IMID-35MO. However, treatment with rauwolscine revealed that IMID-4F decreases
blood glucose in the presence of 012-adrenoceptor blockade. This decrease was reflected
by an increase in insulin levels. It is possible that these changes in blood glucose and
insulin levels are due to IMID-4F possessing actions at pancreatic p cell KATP channels.
Altering the position of the benzyl-substitution from the central nitrogen of
clonidine to one of the imidazoline nitrogen? (IMID-35MO/IN and IMID-4F/IN),
decreased the potency of these compounds as KATP channel antagonists. Both possessed
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weak bradycardic actions, as did the mono-substituted compounds, but in contrast to
those compounds IMID-35MO/IN had weak antagonist actions at calcium channels.
The imidazoline-substituted compounds, IMID-35MO/IN and IMID-4F/IN, had
weak a\- and ci2-adrenoceptor activity and no muscarinic activity, again similar to the
mono-substituted compounds. The vasorelaxant activity of IMID-35MO/IN, identified
in the in vitro studies, was most probably a result of calcium channel blockade as
calcium channel activity was detected in radioligand binding studies. No activity at
KATP

channel regulation sites on the SUR was observed.
IMID-35MO/IN and IMID-4F/IN had only minor effects on MAP and heart rate

when assessed in vivo. Both compounds had weak actions on heart rate while only
IMID-35MO/IN affected MAP. In contrast, only IMID-4F/IN caused changes in blood
\

glucose and insulin levels. Therefore, changing the substitution from the central
nitrogen to the imidazoline nitrogen decreased activity at KATP channels, conferred
calcium channel activity to IMID-35MO/IN and decreased the effects of these
compounds on MAP and heart rate in vivo.
Substituting an oxygen molecule for a nitrogen in the imidazoline ring of IMID4F and IMID-35MO produced compounds IMID-4F/O and IMID-35MO/O,
respectively. These oxygen-substituted imidazolines were much less potent as KATP
channel antagonists. Substituting an oxygen did not alter the bmdycardic activity for
IMID-4F/0 but did for IMID-35MO/O, which showed no bradycardic activity.
However, this substitution gave these derivatives weak calcium channel actions in vitro
which was confirmed via their displacement of calcium channel binding.
In contrast to all of the other compounds in this study, IMID-35MO/O and
IMID-4F/O did not have any actions at a-adrenoceptors in radioligand binding
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experiments, indicating that changes in the imidazoline ring may reduce a-adrenoceptor
activity.
IMID-35MO/O and IMID-4F/0 had little or no effect on any of the parameters
examined in vivo. The changes in heart rate, blood pressure, blood glucose and insulin
levels caused by the mono-substituted and imidazoline ring substituted imidazolines are
most likely due to their ct2-activity. As there was no evidence IMID-35MO/O and
IMID-4F/0 had any ct2-activity, it is not surprising that the oxygen-substituted
compounds had no substantial effects upon these parameters. Overall, these compounds
are similar in their actions and there was no great difference between the methoxy- or
fluoro-substituents.
The final structural modification of these compounds involved substituting
benzyl groups with various substituents on both the central and imidazoline nitrogens of
clonidine. The compounds synthesised were the bis-substituted compounds, IMID35MO/2N, IMID-4F/2N and IMID-26/2N. These compounds were the most potent
KATP

channel antagonists. However, they also had the greatest non-specific effects. All

caused bradycardia but in contrast to all the other compounds, at the highest
concentration tested, they caused total abolition of the beating of atria in vitro. They
also had actions at calcium channels resembling the oxygen-substituted compounds and
IMID-35MO/IN, which was also supported by their displacement of calcium channel
binding. Together these results indicate that altering the imidazoline ring may confer
calcium channel activity to imidazolines.
As the compounds, IMID-35MO/2N and IMID-26F/2N were included late in
this study, no radioligand binding for muscarinic receptors, a.\- or a2-adrenoceptovs was
performed.

However, IMID-4F/2N displaced binding for all these receptors.

In

addition, the fluoro-substituted bis compounds, IMID-4F/2N and IMID-26F/2N,

I
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displaced binding at the opener site of KATP channels. It is possible that the size of these
compounds produces a physical effect at the SUR.
The results obtained from the in vivo studies indicate that these compounds
probably have o^-activity due to their moderate effects of reducing both MAP and heart
rate. None of the bis-substituted compounds affected blood glucose or ir.»ulin levels.
Therefore, although these compounds are slightly more potent as KATP channel
antagonists when compared to the mono-substituted compounds the actions of these
compounds on the heart are undesirable.

Conclusions
In this thesis, the examination of novel imidazolines resulted in the identification
of several potent KATP channel antagonists that may ultimately prove useful in the study
of vascular KATP channels due to their apparent vascular selectivity. These compounds
appear to inhibit KATP channels by inhibiting the channel pore, the KIR subunit. In
addition, although these compounds possessed actions at other receptor sites, they were
approximately 3 00 fold more potent at KATP channels, indicating that at the correct
concentration they may be selective in their antagonism of KATP channels.
These studies have shown that small structural modifications of imidazolines
can result in substantial changes in activity at various receptors. Imidazolines that are
selective for KATP channels either in the vasculature, heart or the pancreas would be
useful in the treatment of conditions such as hypertension, cardiac arrhythmia or
diabetes mellitus (Type II). Therefore, further studies assessing additional structural
modifications may prove valuable in identifying selective imidazolines with potent
actions at KATP channels.
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Al.l Receptor antagonism
A fundamental concept of pharmacology is that of antagonism. This involves
the effect of one drug (the agonist) being either reduced or completely eliminated in the
presence of another (the antagonist) usually by either a block of the receptor or the
receptor-effector linkage. An antagonist has no intrinsic activity itself but acts by
inhibiting the activity of the agonist. To assess an antagonist, a concentration-response
curve to the given agonist is generated in the absence and presence of differing
concentrations of the antagonist. A graph is then generated to illustrate the results and
it is from this graph that the antagonist can be assessed, firstly by the extent of the shift
of the agonist concentration-response curve and secondly by the type of shift.
The extent of the shift given the concentration of antagonist lets us determine
the potency, which is very useful in assessing the most effective antagonist at a given
receptor. The type of shift seen can help allude to the nature of the antagonism. There
are 2 general types of antagonism, competitive and non-competitive, which will now be
briefly discussed.

Al.1.1 Competitive antagonism
Characteristics

of

reversible

competitive

antagonism

involve:

(1)

surmountability, which is seen by a parallel shift of the concentration-response curve
with no reduction in maximal response, (2) the generation of a Schild plot which is
close to linear.

From the Schild plot a pA2 is determined as the -log of the

concentration of an antagonist that produces a twofold shift to the right in the
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concentration-response curve. And, (3) the antagonist can be washed out A graph
illustrating this type of antagonism can be seen in Figure Al.la.
The principal behind this type of antagonism is that the dissociation rate of the
antagonist molecules is high enough, so that with the addition of the agonist, a new
equilibrium is quickly determined. Sulphonylureas, such as glibenclamide are a type of
KATP channel

antagonist that displays this type of antagonism (Challinor & McPherson,

1993).

Al.1.2 Non-competitive antagonism
In contrast to competitive antagonists, non-competitive antagonists are nonsurmountable which is seen, in theory as no rightward shift in the concentrationresponse curve at the same time as a reduction in the maximal response. However, in
practice, this is not always seen, since 'spare receptors' are sometimes present. This
allows an increase in antagonist concentration that results in a shift to the right with no
decrease in maximum with only higher concentrations resulting in a reduction in
maximum. A graph illustrating this type of antagonism can be seen in Figure Al.lb.
The principal behind this type of antagonism is that the antagonists dissociate
either very slowly or not at all from the receptors. A non-competitive antagonist is
sometimes referred to as an irreversible competitive antagonist. However, the term
competitive implies that the agonist and antagonist are competing for the same site
which is not always the case, therefore to avoid this confusion they will be termed noncompetitive antagonists throughout this thesis. Imidazolines are a type of KATP channel
antagonist that displays this type of antagonism (Challinor & McPherson, 1993).
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Figure A 1.1 Theoretical concentration-response curve obtained in the
absence (•) and presence of 1 (D), 10 (•) and 100 (O) JIM of a a)
competitive antagonist and b) non-competitive antagonist.
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ERRATA
Page xiii (Abbreviations) insert:
5HT

5-Hydroxytryptamine

EDHF

Endothelium-derived hyperpolarizing factor

TPP

Tetraphenylphosphonium

NO

Nitric Oxide

cGMP

Cyclic Guanosine Monophosphate

Page 6, Figure 1.1 legend: insert CNG = cyclic nucleotide-gated channels
Page 24, Paragraph 3, Line 1: "the role KATP" should read "the role of KATP"
Page 36, Table 1.3: "TPP" should read "Tetraphenyl phosphonium"
Page 45, Paragraph 2, Line 14: "site in concentration-dependent" should read "site in a
concentration-dependent"
Page 51, Paragraph 3, LinelO: "posses" should read "possess"
Page 65, Scheme 2.2: "bis-subsituted" should read "bis-substituted"
Page 85, Line 9: After "and cut into 4 mm long segments." insert "The lumen of all rings was
gently rubbed with a wooden rod to remove the endothelium."
Page 92, Paragraph 2, Line 18: "concentrations of the either" should read "concentrations of
either"
Page 95, Paragraph 2, Line 8: After "50% of the KPSS contraction" insert "(18.8 + 0.5 g;
«=75)."
Page 101, Figure 3.7: "concentrations used were 0.1 (•), 0.3 (•), 3 (O), 10 (•) and 30 (V)
uM" should read "concentrations used were 0.3 (D), 1 (•), 3 (O), 10 (T) and 30 (V) \iMn
Page 104, Table 3.1: IMID-4F, "3 uM" should read "1 uM"
Page 113, Line 5: insert "more than" before "224, 295, 269"
Page 121, Paragraph 2, Line 6: insert "greater than or equal to" before "224, 295, 269".
Page 149, para 2: "The haem group present..." should read "the haem group within soluble
guanylate cyclase binds to nitric oxide and the enzyme is activated"
Page 181, Paragraph 2, Line 18: "indicate that that the" should read "indicate that the"
Page 186, Paragraph 1, Line 12: "the average of systolic and diastolic blood pressure" should
read " diastolic pressure plus a third of systolic minus diastolic pressure"
Page 209, Paragraph 2, Line 9: MAP should read heart rate
Page 216, Paragraph 1, Line 2: remove "one way RM ANOVA"
Page 220, Paragraph 4, Line 4: "(1.0 ± 0.6 ng/ml)" should read "(1.5 ± 0.6 ng/ml)"
Page 229, Paragraph 3, Line 6: "heart in" should read "heart rate in"

