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A B S T R A C T 

Acetylcholine-mediated relaxation of blood vessels from eNOS-/- was insensitive 

to a combination of cyclooxygenase, nitric oxide synthase, and soluble guanylyl cyclase 

inhibitors and possessed the characteristics of being mediated by an EDHF. Potassium 

induced a dose-dependent vasorelaxation which was endothelium-independent and 

unaffected by either L-NNA or indomethacin in saphenous arteries and mesenteric 

arterioles from eNOS-/- or +/+ mice. Barium and ouabain partially blocked potassium-

induced, but had no effect on acetylchoiine-induced vasorelaxation in saphenous arteries. 

Acetylcholine-induced relaxation was blocked by a combination of charybdotoxin and 

apamin which had no effect on K~-induced relaxation. Acetylcholine-induced relaxation 

could not be mimicked by elevating extracellular IC in saphenous arteries, but K7 may 

contribute to EDHF-mediated relaxation of mesenteric arterioles. 

Although acetylcholine-induced relaxation was blocked by a combination of 

charybdotoxin and apamin. the combination of scyllatoxin and iberiotoxin did not mimic 

the inhibitory effect of the apamin/charybdotoxin combination. Tubocurarine alone 

completely blocked acetylcholine-induced vasorelaxation in eNOS-'- mice. These data 

indicate that acetylcholine-induced EDHF-mediated relaxation in the mesenteric 

arterioles from eNOS-/- involved the activation of tubocurarine and 

apamin'charybdotoxin sensitive K-channels. 

The release and/or cellular action of the putative EDHF was inhibited by a 

combination of apamin and charybdotoxin and thus assumed to involve calcium-activated 

charybdotoxin- and apamin- sensitive potassium channels. Patch clamp studies of 

myocytes from the mesenteric arterioles revealed differences in whole cell current 

hi 



density between myocytes obtained from eNOS-/- versus eNOS+/+ mice that may reflect 

differences in potassium channel subtype and may contribute to the alterations in 

endothelial-dependent vasorelaxation that have previously been reported in eNOS -/-

mice. Single channel analysis of myocytes from mesenteric arterioles revealed a large 

conductance calcium-activated potassium channel which was sensitive to iberiotoxin. 

charybdotoxin and TEA. Tubocurarine blocked this channel from the cytosolic side but 

not when applied extracellularly. .An apamin and charybdotoxin-sensitive current could 

not be detected in the myocytes. These data indicate that the apamin and charybdotoxin-

sensitive component of the EDHF response observed in the mesenteric arteriole does not 

reflect the cellular action of EDHF at the level of the vascular smooth muscle cell and 

that, most likely, the site of action of apamin and charybdotoxin is on the endothelium. 

IV 
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C h a p t e r 1: I n t r o d u c t i o n 

1.1 Nature of endothelium-derived relaxing and hyperpolarizing factors: 

Endothelium-derived relaxing factor, or EDRF. originally described by Furchgott 

and Zawadzki in 1980, was later identified as nitric oxide. NO. by Palmer (Palmer et ah, 

1987) and is now known to play an important role as a key paracrine regulator of vascular 

tone as well as many other physiological functions (Moncada et al., 1991). However, in 

many vessels and notably in the resistance vessels, the pharmacological inhibition, or 

genetic "knockout," of the synthesis of NO, or pharmacological inhibition of the other 

identified endothelial-cell derived vasodilator factor, prostacyclin. (PGI?) does not greatly 

affect the endothelium-dependent relaxation response to either chemical (i.e. acetylcholine, 

ACh; bradykinin, BK) or mechanical (shear stress) stimulation. Thus, whereas the 

identified EDRFs are endothelium-derived NO, sometimes referred to as EDNO, and 

endothelium-derived PGI2. or EDPGI2, there is extensive literature on EDRFs that reveals 

that there is considerable species and tissue variation in the contribution of an NO- and 

PGI2-independent but endothelium-dependent vasodilatation. This literature strongly 

suggests that considerable heterogeneity exists in the nature of the putative mediator and/or. 

as will be discussed later, heterogeneity in the nature and of the cellular mechanisms 

involved in mediating endothelium-dependent vasodilatation (Ding et al.. 2000a. McGuire 

et al.. 2001). Since the cellular action of this putative non-NO/PGI2 mediator has been 

associated with endothelium-dependent hyperpolarization (EDH) of the vascular smooth 

muscle cell (VSMC), the factor has been named the endothelium-derived hyperpolarizing 

factor or EDHF (Chen et al.. 1988). However, earlier studies, in canine femoral arteries. 
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had implied that there was a third pathway that mediated endothelium-dependent relaxation 

(De Mey et al.. 1982) and that endothelium-dependent relaxations are accompanied by 

hyperpolarization of the VSMC (Bolton et al, 1984); this phenomena has subsequently 

been observed in blood vessels from many species. After the introduction in 1989 (Rees et 

al, 1989) of L-arginine analogues as inhibitors of NO production, it became apparent that 

endothelium-dependent relaxation often could not be completely inhibited, or remained 

comparatively unchanged, even in the presence of inhibitors of both cyclooxygenase and 

nitric oxide synthase and the concept of the existence of another endothelium-derived 

mediator of vasorelaxation became firmly entrenched. 

There have been several recent extensive reviews on the nature and on the 

physiological contributions and pathophysiological significance of changes in the release of 

endothelium-derived relaxing factors in disease states (Edwards and Weston, 1998; Triggle 

et al. 1999; Ding et al 2000a; Feletou and Vanhoutte, 2001; McGuire et al, 2001) It is 

evident that, although significant progress has been made, the cellular basis of EDH and the 

nature of EDHF are still unknown and. indeed, the existence of EDHF remains 

controversial (Campbell and Harder. 2001). Figure 1.1 A provides a diagrammatic 

representation of the contribution of EDRF, PGI2 and EDHF to the regulation of vascular 

tone (Figure 1.1 A). 

The nature of the cellular process(es) that mediate EDH is an important area of 

research because a change in membrane potential of just a few millivolts (mV) can result in 

a substantial change in vessel diameter (Nelson and Quayle. 1995; Brayden and Nelson. 

1992); thus it can be predicted that the release of an EDHF. a putative endogenous opener 



of K channels, will make an important contribution to the regulation of vascular tone and a 

dysfunction in the EDHF-mediated system may initiate/contribute to cardiovascular 

disease. Furthermore, hyperpolarization of the smooth muscle will, in comparison to 

cellular events mediated by second messengers, produce a rapid effect on blood flow. In 

addition, since the contribution of EDHF to endothelium-dependent vasodilatation is most 

apparent in resistance vessels, it might be anticipated that any intervention that leads to a 

diminution in the synthesis and release of EDHF, could critically affect the regulation of 

organ blood flow thus contributing to pathophysiological states, such as hypertension and 

the vascular complications of diabetes. There is also evidence that EDHF-mediated 

vasodilatation is negatively regulated by NO and this may reflect an inhibitory effect of NO 

on the hypothetical "EDHF synthase". 

In the following sections I will discuss the evidence for and against EDH being 

mediated by: 

I Residual NO, 

II L-citrulline. 

Ill Carbon monoxide, 

IV An arachidonic acid product: 

i prostacyclin. 

ii an epoxyeicosatreinoic acid. 

iii an endogenous cannabinoid. 

V A small increase in extracellular potassium. 

VI Myoendothelial cell gap junctions. 



4 

VII Adenosine, 

VIII Hydrogen peroxide. 

1.1.1 NO can mediate EDH: 

Cohen et al. (Cohen et al., 1997) investigated the contribution of NO to EDH in the 

rabbit carotid artery and raised the possibility that, since NO itself can, in some vessels. 

directly or indirectly mediate hyperpolarization, EDHF may be NO (Figure LIB). A 

number of other investigators have reached the same conclusion (Simonsen et al., 1999; Ge 

et al., 2000). Cohen and colleagues (Cohen et al., 1997) used an NO microsensor to 

directly measure NO synthesis, and a two-channel myograph for the simultaneous 

measurement of tension and membrane potential. In the latter study Cohen et al., (Cohen et 

al.. 1997) demonstrated that, in rabbit carotid artery tissues pre-contracted and depolarized 

with phenylephrine, the application of acetylcholine released NO and caused concentration-

dependent hyperpolarization and relaxation that was not completely inhibited by pre-

treatment of the tissue with just a single nitric oxide synthase (NOS) inhibitor. Nw-nitro-L-

arginine methyl ester (L-NAME), 30uM. The addition of a second NOS inhibitor, N'°-

nitro-L-arginine (L-NNA), 300uM. although further reducing synthesis, did not completely 

eliminate the synthesis of NO. These data challenged the interpretation of data from 

studies wherein it has been concluded that the NOS (and COX) inhibitor-insensitive 

component of an endothelium-dependent relaxation reflected a novel. NO- and PGL-

independent, mechanism. Kemp and Cocks (Kemp and Cocks. 1997) have hypothesized 

that endothelium-dependent vasodilators, such as acetylcholine, may be able to stimulate 

the synthesis/release of NO from a non-L-argmine source. Thus, in some blood vessels. 
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such as the rabbit carotid, human coronary resistance arteries and rat superior mesenteric 

artery, a NOS inhibitor-insensitive production of NO ("residual NO") mediates the EDH 

(Vanheel and Van de Voorde, 2000). Alternatively, in some vessels, high concentrations, or 

combinations, of NOS inhibitors are required to inhibit the NOS-mediated synthesis of L-

arginine derived NO. 

It has been reported that NO may also directly or indirectly activate K-channels in 

vascular smooth muscle cells (VSMC). Thus, Bolotina et al. (Bolotina et al.. 1994) and 

Mistry and Garland (1998) have described an NO-mediated and a soluble guanylyl cyclase 

(sGC)-independent stimulation of charybdotoxin-sensitive K+ channels in the rabbit aorta 

and rat mesenteric arterioles respectively. Bolotina et al. (1994) demonstrated that 0.2 -

5.0 uM NO increased the open probability of single Kca channels in cell free excised 

inside-out membrane patches from rabbit aortic smooth muscle cells and, when sGC was 

inhibited by methylene blue, NO still elicited relaxation of ring preparations of rabbit 

thoracic aorta, that had been precontracted with phenylephrine, by a process that was 

inhibited by charybdotoxin. Mistry and Garland (1998) reported that high concentrations 

of NO (45 or 67 uM) increased iberiotoxin-sensitive whole cell currents in amphotericin B-

perforated patches of VSMC from rat secondary and tertiary branches of rat mesenteric 

arteries. Furthermore, in inside-out patches from VSMC from the same vessels NO 

produced an increase in BKca activity. It is possible, as suggested by both Bolotina et al. 

(1994) and Mistry and Garland (1998) that the ability of NO to directly activate BKCa 

results from nitrosylation of the channel as Bolotina et al. (1994) indicated that the effects 

of NO couid be prevented by treatment with N-ethylmaieimide (NEM) which modifies 
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protein sulphydryl groups. Support tor this hypothesis has also been provided by studies in 

airway smooth muscle (Abderrahmane et al., 1998). NO has also been shown to activate 

KaTP channels in rat mesenteric arteries (Garland and McPherson, 1992) and rabbit 

mesenteric arteries (Murphy and Brayden. 1995) and BKca in rabbit middle cerebral 

arteries (Dong et al.. 1998); in the human umbilical artery NO mediates vascular relaxation 

via K-channel and sGC-independent mechanism(s) (Lovren and Triggle, 2000). Cohen et 

al. (1997) also demonstrated that the relaxation and hyperpolarization of the rabbit carotid 

artery caused by the NO-donor, SIN-1 (3-morpholinosydnonimine hydrochloride), could be 

correlated with the concentration of NO released from the SIN-1 and that the concentration-

response curves for hyperpolarization and relaxation were very similar. However, it is 

important to note that a number of studies have demonstrated that the hyperpolarization 

mediated by NO requires a higher concentration than that required to mediate relaxation 

(40-fold higher in guinea-pig coronary arteries. Parkington et al., 1995). 

In order to more clearly demonstrate the contribution of a non-NO mediator of 

EDH. it is important to consider the use of NO-scavenging compounds, such as carboxy-

PTIO. hydroxocobalamin. oxyhaemoglobin, or free radical generating compounds, such as 

xanthine-xanthine oxidase, or use genetic "'knockouts" of the endothelial cell (EC) nitric 

oxide synthase (Huang et al., 1995: Waldron et al., 1999a: Ding et al.. 2000b). 

1.1.2 L-citrulIine as an EDHF: 

L-citmlline. at concentrations as low as 0.1 picomole. has been reported to relax 

rabbit vascular tissue, activate particulate guanylyl cyclase, increase cGMP levels and open 

apamin-sensitive K-channels and presumably small conductance Ca"+-activated K-(SKca) 



channels (Ruiz and Tejerina, 1998). These data suggest that L-citrulline. which is often 

considered to be a by-product of NO-synthesis, may function in a complimentary fashion 

alongside NO and also serve as an EDHF (Figure 1.IB). A recent report by Marx et al. 

(2000) indicated, however, that L-citrulline did not produce relaxation either in rat or rabbit 

thoracic aorta. Marx et al (2000) followed a similar protocol as outlined by Ruiz and 

Tejerina (1998) and Marx et al. argue that the differences in the data may be linked to 

methodological differences in the two studies related to the chemical composition and 

frequency of changing of the physiological saline solution and the stability of the 

vasoconstrictor (Marx et al, 2000). 

1.1.3 Is heme oxygenase an EDHF synthase? 

Carbon monoxide can be produced in vivo from heme by the enzyme heme 

oxygenase (HO) and. like NO, can activate sGC (Brune and Ullrich, 1987). The inducible 

HO-1 isoform has been shown to be expressed in vascular smooth muscle and hypothesized 

to be regulated by hypoxia (Morita et al.. 1995). Furthermore, exogenously applied CO 

increased cGMP levels in primary cultures of rat aorta smooth muscle cells (Morita et al 

1995). Using Western blot and immunohistochemistry analysis the non-inducible HO 

isoform, HO-2, has been shown to be localized to the endothelial cells in porcine distal 

pulmonary arteries and the HO inhibitor, tin protoporphyrin 9 (SnPP-9). demonstrated to 

inhibit the L-NAME-insensitive relaxation-response to ACh (Zakhary et al.. 1996). These 

data suggest that CO may be a mediator of acetylcholine-induced. NOS inhibitor-

independent, and endothelium-dependent relaxation. However. CO-mediated 

vasorelaxation is dependent on activation of sGC (Brune and Ullrich. 1987) and. therefore. 



should be inhibited by the sGC inhibitor. ODQ. CO, like NO, has been shown to open K-

channels and hyperpolarize smooth muscle (Farrugia et al., 1993) and, conceivably, could 

serve as an EDHF. However, the contribution of HO-2-generated CO to endothelium-

dependent relaxation may only be significant with very high concentrations of 

acetylcholine (Zakhary et al. 1996) and. thus, CO is unlikely to be a "universal" EDHF. In 

addition, CO is not a very potent activator of sGC or vasodilator (Furchgott and 

Jothianandan, 1991) and thus high local concentrations would need to be synthesized and 

released endogenously if CO was to fulfill the requirements of being a non-NO EDHF. 

Furthermore, the specificity of SnPP-9 for HO-2 versus NOS is only about 10-fold 

(Zakhary et al 1996) and. in view of the data presented by Cohen et al (1997), it is 

conceivable that the additional inhibition resulting from the combination of SnPP-9 with L-

NAME results from inhibiting the synthesis of residual NO. Although it seems unlikely 

that CO functions as an EDHF it may. by binding to the heme moiety of NOS. inhibit NO 

synthesis in pathophysiological states, such as hypoxia (Morita et al. 1995). 

1.1.4 An arachidonic acid product as an EDHF: 

Prostacyclin: 

PGF. via an increase in cAMP. can relax and hyperpolarize VSM. Iloprost. a stable 

analogue of PGI2. has been shown to hyperpolarize VSM (Siegel el al.. 1992). In rat tail 

arteries iloprost-mediated relaxation was shown to be sensitive to glibenclamide, TEA and 

iberiotoxin. thus suggesting a role for KaTP and BKca channels, and was also inhibited by 

protein kinase A inhibitors, such as Rp-8-CPT-cAMPS (Schubert et al.. 1997). In addition. 

Schubert et al (1997); reported that with the whole-cell configuration iloprost enhanced an 
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outward current in rat tail artery VSMC that was calcium- and voltage-dependent and 

largely inhibited by iberiotoxin. Li et al. (Li et al., 1997) studied the effects of iloprost on 

K-currents in cell-attached and inside-out configurations of vascular smooth muscle cells 

isolated from bovine small coronary arteries and reported a concentration-dependent 

increase in K<jr. but not BKca channels whereas NO was shown to activate both Kca and Kdr. 

and 11,12-epoxyeicosatreinoic acid (EET) only Kca. Dong et al. (1998) reported that, in the 

rabbit middle cerebral artery, the PGl2-induced relaxation was partially mediated by the 

activation of iberiotoxin-sensitive calcium-activated K.4- channels (presumably large 

conductance BKca channels) and 4-aminopyridine (4-AP)-sensitive voltage-gated K* 

channels (presumably delayed rectifier. K<jr). The guinea-pig coronary artery has also been 

reported to hyperpolarize in response to PGI? (Parkington et al., 1993). In C57BL/6J 

control, wild type, mouse skeletal muscle (gracilis muscle) arterioles flow-induced 

vasorelaxation is reduced by about 40% by indomethacin. but was unaffected by 

iberiotoxin; the remaining dilation was L-NAME-sensitive and. presumably, mediated by 

EDNO (Huang et al., 2001). In male control mice. Huang et al. (2000) demonstrated that 

acetylcholine-induced dilatation was entirely dependent on NO. Of interest, however, was 

that Huang et al. (2001) also reported that in female eNOS knockout mice, generated from 

129 and C57BL/J6 parents, flow-induced dilatation was unaffected by indomethacin. but 

was completely inhibited by the large conductance calcium-activated K-channel. BKca, 

inhibitor iberiotoxin, and cytochrome P450 (CYP) inhibitors, miconazole and 6(2 

proparglyoxyphenyi)hexanoic acid (PPOH). Thus, in female eNOS knockout mice, the 

loss of eNOS-derived NO results not only in the loss of EDNO. but also in the loss of the 
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contribution of an indomethacin-sensitive EDRF, presumably PGI2, as well as the 

compensatory increase in the release of a CYP-derived product, purified by HPLC and 

identified by mass spectrometry, to be an EET(s), that mediates flow-induced 

vasorelaxation by an iberiotoxin-sensitive mechanism. Thus, PGT can mediate EDH and 

may be a candidate for an EDHF that, in a species, sex and tissue-specific manner, activates 

iberiotoxin-, glibenclamide- and 4-AP-sensitive K-channels. It is also possible that EDHF 

may be mediated via prostanoid-independent but cAMP/PKA-dependent phosphorylation 

events as has been recently reported by Taylor et al. (2001) in rabbit superior and iliac 

arteries. 

Cytochrome P450 products (epoxyeicosatreinoic acids): 

A number of enzymes can metabolize arachidonic acid into products that affect the 

vasculature and a number of recent reviews have stressed the importance of metabolites of 

arachidonic acid generated by cytochrome P450 (CYP) enzyme activity as being key 

signaling modulators of vascular tone and as candidate molecules for EDHF, notably in the 

coronary circulation (Pratt et al., 2001; McGiff et al., 1996; Campbell and Harder. 1999). 

Considerable evidence has accumulated in support of the hypothesis that an epoxygenase 

(CYP) product of arachidonic acid, such as 5,6. 11.12, or 14.15-epoxyeicosatrienoic (EET) 

(Pratt et al.. 2001) is an EDHF. In addition, via a lipoxygenase-like reaction, cis. trans-

conjugated dienols products such as 11,12.15-trihydroxyeicosatreinoic acids (THETAs), 

may be EDHFs in at least some vascular beds, such as the rabbit aorta (Pfister et al.. 2001). 

Strong evidence in support of a role for an arachidonic acid product in EDH was 

provided by a study with porcine coronary arteries where a transferable "EDHF" could be 
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detected by bioassay and it's ability to hyperpolarize detector rat aortic smooth muscle cells 

(Popp et al, 1996). Popp et al, also demonstrated that the effects of this putative factor 

were inhibited by CYP inhibitors, clotrimazole and 17-ODYA, and that the CYP product 

5,6-epoxyeicosatrienoic (5,6 EET) acid induced a comparable hyperpolarization of smooth 

muscle cells; the induction of CYP activity by beta-naphthoflavone significantly enhanced 

the EDH response. 20-OH-AA, and related compounds, cause vasoconstriction of cerebral 

and renal vessels (Imig et al., 1996) and inhibit large conductance calcium-activated K+ 

channels, BKca, enhancing Ca2+ entry by depolarization of VSMC (Zou et al, 1996). EETs 

may thus be considered to be physiological antagonists of HETES (Figure 1.1C). 

The transfection of porcine coronary arteries with antisense oligonucleotides 

against 2C8/34 isoform of CYP attenuated EDHF-mediated coronary vasodilatation and 

this data is very suggestive that a CYP product is an EDHF (Fisslthaler et al, 1999). Data 

from the same laboratory from studies with the hamster gracilis muscle resistance vessels 

also supports the hypothesis that EDHF is a CYP product (Bolz et al.. 2000). It is argued 

that EETs play a key role in the regulation of renal and coronary artery tone and the 

evidence in favour of an EET being EDHF is also the strongest in these vessels (Harder et 

al. 1995a,b: McGiff et al., 1996). Furthermore, if an EET does serve as an EDHF and 

hyperpolarizes smooth muscle via opening BKCa channels, it would provide an endothelial 

cell-derived antagonist for the action of the vascular smooth muscle derived arachidonic 

acid product, 20-HETE, which has been hypothesized to be an inhibitor of BKca channels 

(Zou et al.. 1996). However, the hypothesis that a CYP product functions as an EDHF has 

been challenged for several reasons. First of all. in most vessels, it is the combination of 
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apamin and charybdotoxin. that inhibit, respectively, the small conductance Kca(SKca) 

channel and the intermediate conductance and big conductance Kca channels as. well as 

some Kv channels (Kvl.2 and K.vl.3) (Sprunger et al., 1996; Ohno-Shosaku, et al., 1996), 

that inhibits EDHF-mediated hyperpolarization and relaxation (Edwards et al., 1998). 

Secondly, many of the CYP inhibitors used have considerable non-specific actions, notably 

on K-channels. Edwards et al. (1996; Iftinca et al, 2001) have reported that miconazole and 

other imidazoles are non-specific inhibitors of CYP and also block K-channels. In 

addition. Edwards et al. (1996) reported that the suicide substrate of CYP, 17-ODYA, 

showed greater specificity towards CYP but, nonetheless, potentiated current flow through 

BKca. These data clearly indicate the need to verify the specificity of the pharmacological 

probes used in such studies. Furthermore, although the data presented by Fisslthaler et al. 

(Fisslthaler et al., 1999) can be interpreted as supportive of a role for a CYP product being 

an EDHF. the data could also be interpreted as reflecting an autocrine function of an 

endothelium-derived CYP product that enhances the synthesis/release, perhaps via 

increasing endothelial cell Ca"+. of a non-arachidonic acid EDHF that mediates the 

hyperpolarization/vasodilatation of VSMC. Such a hypothesis has been advanced for EETs 

(Graier et al., 1995) and also anandamide (Mombouli et al.. 1999). However. Pratt et al. 

(2001) do provide strong evidence that an EET. notably 11.12-EET. is the EDHF in bovine 

coronary arteries. Nonetheless, a striking feature of EET-tnediated vascular smooth muscle 

relaxation is the considerably lower potency of EETs versus bradykinin as vasodilators. 0.6 

uM versus 1 nM respectively (Pratt et al.. 2001). Although this data does not necessarily 

argue against a role for an EET as a potential EDHFs. it is rather surprising that the 
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endothelium-derived mediator of EDH would have such a low potency when compared 

with that of the endothelium-dependent vasodilator. However, potency may be vessel 

dependent as Zhang et al. (2001) have reported that in canine and porcine coronary 

microvessels (50-140 micron diameter) EETs and also epoxyeicosaquatraenoic acids, 

EEQs. which are synthesised from eicosapentaenoic acid by the same CYP epoxygenase 

that generates EETs from arachidonic acid and epoxydocosatetraenoic acids (EDTs), relax 

the vessels with EC50 values of 3-120 pM. With myocytes from 150-300 micron rat 

coronary arteries considerably higher concentrations of EETs (50 nM of 13,14 -EDT and 

11,12-EET) were required to activate BKca channels under inside-out patch clamp 

conditions (Zhang et al., 2001). The data presented by Zhang et al. (2001) demonstrates 

that EET homologs have low structural specificity for mediating vascular relaxation and 

BKca channels and this is suggestive that their cellular actions are non-specific. 

Arachidonic acid products may also modulate EDH via an action on myoendothelial 

cell gap junctions and this hypothesis is expanded upon in the section on myoendothelial 

gap junctions. 

Anandamide as an EDHF: 

Another arachidonic acid product is the endogenous cannabinoid, or 

"endocannabinoid", anandamide (N-arachidonylethanolamine). which is formed via the 

action of a transacylase enzyme. Randall et al. (1996) reported that in the isolated perfused 

mesenteric arteriole bed anandamide was a potent vasorelaxant. Furthermore, the NO-

independent action of the endothelium-dependent vasodilator, bradykinin. was inhibited by 

a putatively selective cannabinoid receptor (CBi) antagonist. SR141716A. as well as when 



vascular tone was elevated with high extracellular K+, suggesting that anandamide is an 

EDHF. However, this hypothesis has not received a great deal of support. For instance, 

anandamide does not seem to have the same physiological and pharmacological properties 

as does EDHF (see Plane et al, 1997; White and Hiley 1997; 1998; Zygmunt et al, 1997; 

Chataigneau et al., 1998). Of interest is that Mombouli et al. (1999) reported that 

anandamide mobilizes endothelial cell Ca2+ from a caffeine-sensitive store via a CBi 

receptor-insensitive mechanism. Thus, anandamide may serve in an autocrine function as a 

regulator of endothelial cell calcium and may influence the production of EDHF, but may 

not necessarily itself be an EDHF. 

1.1.5 An increase in extracellular K+: 

A substantive literature supports the hypothesis that small changes in KT0 result in 

vasodilatation. Thus, the activation of VSMC Na+, K+-ATPase as the cellular basis for 

mediating the relaxant effects of acetylcholine in small (<500um) canine coronary arteries 

has been reported and ouabain, as well as potassium-free physiological saline, has also been 

shown to inhibit the hyperpolarization, but not the relaxation, initiated by acetylcholine in 

canine coronary arteries (Feletou and Vanhoutte, 1988). Furthermore, several studies have 

demonstrated that the activation of Na", KT - ATPase will lead to vasodilation and/or 

hyperpolarization of smooth muscle (for instance, see McCarron and Halpern. 1990). 

Somewhat higher increases in K.+0 than are needed to activate the Na~, K+-ATPase lead to a 

reduction in inward rectification allowing the K,r channel to carry more outward current 

(McCarron et al.. 1990: Knot et al.. 1996). An increase in K+0 from 6 to 16mM has been 

reported to result in a sustained dilation of pressurized coronary and cerebral arteries from 
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the rat and these dilations were sensitive to block by barium (IC50, 3-8 uM) (Knot et al., 

1996). In this concentration range barium has been shown to selectively block K,r channels 

(Quayle et al., 1993). The density of K,r has been demonstrated to be much greater in the 

smaller branches of guinea pig vessels (Quayle et al., 1996) and cerebral vessels from gene-

targeted mice lacking the K,r2.1 fail to dilate to raising K~0 from 6 to 15 mmol/L (Zaritsky et 

al., 2000). Overall these data are suggestive that K+, via activation of Kjr, can function as a 

regulator of vascular tone and are supportive of the hypothesis that K4" may be an EDHF 

(Figure 1.1D). 

Since an increase in K^0 relaxes vascular smooth muscle, a role for K* as (an) 

EDHF is an attractive hypothesis that would place K+, together with NO, as a cell-

signalling mediator that likely evolved as an early regulator of vascular function. Evidence 

that K+ may be an EDHF was provided by Edwards et al. (1998) who measured potassium. 

Ko, in the extracellular space between endothelial and vascular smooth muscle cells in rat 

hepatic artery with a K~- sensitive microelectrode and reported an acetylcholine-mediated 

increase in Ko from 4.6 to 11.6mM. Because of the similarity of K*-induced vasodilation to 

that mediated by EDHF in other vessels, Edwards et al. (1998) concluded that K+ might be 

the "universal EDHF". An increase in extracellular potassium was also shown to mimic the 

effect of acetylcholine (Edwards et al. 1998) and glass microelectrode recording of 

changes in membrane potential of both endothelial and vascular smooth muscle cells were 

provided in support of this hypothesis. Acetylcholine was shown to hyperpolarize both 

vascular and endothelial cells and the hyperpolarization of the endothelium, but not 

vascular smooth muscle, was inhibited by a combination of apamin and charybdotoxin. In 
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contrast, vascular smooth muscle, but not endothelial, cell hyperpolarization was inhibited 

by a combination of ouabain and barium (30 uM). These data lead to the conclusion that 

apamin-sensitive small conductance calcium-activated K+ channels (SKca) and 

charybdotoxin-sensitive intermediate conductance calcium-activated K+ channels (IKca) on 

endothelial cells regulate the release of EDHF and the ouabain-sensitive electrogenic 

Na+,K+-ATPase and inward rectifying KT channel (K,r) on the vascular smooth muscle 

mediate the vascular actions of EDHF (Edwards et al, 1998) (See Figure 1 .ID). The 

conclusion was that EDHF is endothelium-derived K7 that exits endothelial cells as a result 

of acetylcholine-mediated opening of apamin/charybdotoxin-sensitive K+ channels. The 

increase in extracellular K+ activates Na+. BC-ATPase and opens Kir on VSMCs. An 

increase in K*0 by 5 aiM mimicked the effects of acetylcholine, and comparable data was 

reported for the rat mesenteric artery preparation. 

The hypothesis that K+ is EDHF has been vigorously debated. First of all the 

cellular origin of the increase in Kf0 is unknown. Given the comparatively small size of the 

endothelial cells it might well be argued that VSMC would more likely contribute to an 

increase in K+0 than would EC. Secondly, some studies have demonstrated that raising K 0 

may not necessarily relax pre-contracted vessels (Lacy et al., 2000; Ding and Triggle. 

2001) and that, in comparison to acetylcholine-mediated relaxation, the relaxation mediated 

by Kf is transient (Lacy et al., 2000). However, the site of action of K+0may be the K,r on 

endothelial ceils and the resultant increase in the synthesis and release of an unidentified 

EDHF (Dora and Garland. 2001: Doughty et al., 2001). The most prominent K-channel in 

endothelial cells, notably in cultured endothelial cells, is the K,r (Droogmans and Nilius. 
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2001; Triggle. 2001). K,r(K,r2.1) channels have been shown to be expressed in both rat 

mesenteric smooth muscle (Bradley et al.. 1999), as well as rat mesenteric arteriole 

endothelial cells (Hinton et al., 2000) and thus K+ may activate K-channels on both cell 

types. 

The data that I present in this thesis was derived from studies of C57BL6/SV129 

mice lacking eNOS-/- and, together with data from several laboratories, challenges the 

hypothesis that "Kr" is the universal EDHF. Thus, Ding et al. (Ding et al., 2000b) reported 

that saphenous arteries vessels from both eNOS expressing (eNOS+/+) and eNOS lacking 

(-/-) C57BL6/SV129 mice when pre-contracted with phenylephrine relax to both 

acetylcholine and K+. However, acetylcholine-mediated relaxations were insensitive to 30 

uM barium and 10 uM ouabain, but were inhibited by a combination of charybdotoxin and 

apamin. On the other hand, relaxation mediated by exogenously applied K+were inhibited 

by a combination of barium and ouabain, but were insensitive to a combination of apamin 

and charybdotoxin. Previously we reported that an "upregulation'' of EDHF takes place in 

mesenteric resistance vessels from eNOS-/- mice (Waldron et al.. 1999). The contribution 

of K* to endothelium-dependent vasodilatation may be vessel dependent, which, in itself, is 

very interesting as it would suggest vessel heterogeneity with respect to the contribution of. 

potentially, distinct EDHFs in different vascular beds. For instance, in first order 

mesenteric arterioles from C57BL6/SV129 mice, we have reported that barium alone 

pardally blocked both acetylcholine and K^ evoked relaxations; however, a combination of 

barium and ouabain totally blocked K*. but not acetylcholine, evoked relaxations (Ding et 

al.. 2000b). Studies of guinea-pig third order mesenteric artery and the middle cerebral 
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artery by Dong et al. (2000) provided contrasting data. In neither vessel did the addition of 

low concentrations of K+ evoke relaxation and although ouabain greatly attenuated EDHF-

mediated relaxation in the mesenteric arteries, it enhanced relaxation in the cerebral vessels. 

These data suggest that, whereas an increase in extracellular K+ may be a contributing 

factor to EDHF-mediated relaxation in some vascular beds, K~ is unlikely to be the 

primary mediator of EDH in all vessels, such as the mouse saphenous artery or the guinea-

pig mesenteric and middle cerebral vessels. The ability of YJ to relax vessels may be 

determined by the level of contraction and depolarization of vascular smooth muscle (Dora 

and Garland, 2000; Dora and Garland, 2001), however, it has also been reported that, even 

under comparable levels of contraction, some vessels fail to relax to K+(Dong et al., 2000; 

Ding et al.. 2000c). Doughty et al. (2000 ) have also demonstrated in pressurized rat 

mesenteric small arteries that, although both K* and EDHF dilate the vessels, the 

pharmacological profile of the vasorelaxation-response to K+ is quite different and that it is 

therefore unlikely that K+ is EDHF. at least in rat mesenteric smail arteries. Doughty et al. 

(2000) also demonstrated that dilation to raised K+ only occurred in a small proportion of 

arteries and, furthermore, the depression of KT-induced vasorelaxation by barium was only 

observed in endothelium-intact vessels. In 2001, Doughty et al. (2001) reported that 

blockade of volume-sensitive CI" conductance with 5-nitro-2-(3-phenylpropylamino) 

benzoic acid revealed the endothelium and barium-sensitive K-induced vasodilatation in 

pressurized rat mesenteric arterioles and this was inhibited by the gap junction inhibitor. 

18a-glycyrrhetinic acid. These data lead to the conclusion that K*-induced vasodilatation 

results from activation of K,r channels in endothelial cells and the hyperpolarization is 
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transferred to the VSMC via myoendothelial gap junctions. Jiang and Dusting (2001) have 

also demonstrated that in rat renal vessels K+-mediated relaxation, at least in some vessels, 

is endothelium-dependent and this data is in agreement with a report from Dora and 

Garland (2001). These reports are in accordance with the observation, as discussed above. 

that K,r2.1 may be expressed in both vascular (Bradley et al, 1999) and endothelial cells 

(Hinton et al, 2000) 

In conclusion. Edwards et al (Edwards et al, 1998) and Ding et al. (Ding et al, 

2000) have provided supportive evidence in mesenteric vessels of rat and mouse, and 

possibly, guinea-pig (Dong et al, 2000) for Kirand, possibly, K+ contributing to the effects 

of EDHF. The study by Beny and Schaad (Beny and Schaad, 2000) used Kryptofix to 

scavenge extracellular K+ and reported that this agent, but not the gap junction inhibitor 

18ct-glycyrrethinic acid, abolished the endothelium-dependent relaxations produced by 

substance P and bradykinin that was resistant to indomethacin and L-NNA and provides 

support for the hypothesis that an increase in KT0 may serve as an EDHF in porcine 

coronary arteries. 

1.1.6 Myoendothelial cell gap junctions: 

Endothelium-dependent hyperpolarization (EDH) may be mediated by 

myoendothelial cell gap junctions (Chaytor et al, 1998). Gap junctions, via intercellular 

hemi-channels. provide electrotonic coupling of cells by allowing the passage of inorganic 

ions and of small water-soluble molecules (<1000Da), including cAMP. cGMP. inositol 

trisphosphate. but not peptides/proteins (Figure LIE). Gap junction channels have. 

however, a variety of properties that make them atypical to classical ion channels and 
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demonstrate long open time and open probability with poor selectivity, although they do 

show some selectivity for cations over anions (Wang and Veenstra, 1997). Connexins are 

the principal proteins that make up the gap junction with each connexin molecule 

possessing four transmembrane domains, six connexin subunits forming a connexon and 

the gap junction is established by the docking of the two-connexon hemichannels supplied 

by the two interacting cells. Thirteen rodent connexins have been identified to date (Kumar 

and Gilula, 1996). Connexin 43 has been described as the dominant gap junction protein 

present in both VSMC and EC (Christ et al., 1996). However, Van Kempen and Jongsma 

(van Kempen and Jongsma, 1999) used immunohistochemical techniques to study the 

distribution of connexins 37, 40 and 43 in bovine, micropig and rat aorta and coronary 

vessels and concluded that connexin 40 is the constitutive connexin that was found between 

VSMC and EC with connexin 43 only between VSMC and connexin 37 between EC. 

Although connexin 45 deficient mice show defects in the development of the vasculature 

(Kruger et al., 2000), the role of connexin 45 in the regulation of VSMC-EC 

communication has not yet been reported. Species and vessel differences in the distribution 

of connexins do exist and the co-localization of connexin 40 and 43 has also been reported 

in both EC and VSMC (Little et al.. 1995). The conductance properties of heteromeric gap 

junction channels that are formed when more than one type of connexin forms the gap 

junction are reported to be intermediate between those of the homomeric junction and, if 

expression of connexins varies between vascular beds, there is the potential for 

specialization of function existing within the circulation (Brink. 2000). 
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Welsh and Segal (2000) have demonstrated an important role for a CYP metabolite 

in mediating endothelium-dependent vasodilatation to acetylcholine in vivo in hamster 

cheek pouch arterioles which are of similar size as the hamster retractor muscle feed artery 

(60 versus 40 um respectively). Arachidonic acid products of CYP, including anandamide. 

have also been shown to inhibit gap junction cell-cell communication in a number of cell 

types (Boger et al., 1999) possibly via a guanylate cyclase dependent process (Miyachi et 

al, 1994). Prostaglandins have also been shown to enhance gap junction formation in 

tracheal smooth muscle (Agrawal and Daniel, 1986). 

Myoendothelial gap junctions occur in greater density in resistance compared to 

conduit arteries (Sandow and Hill, 2000) and this may explain the predominance of EDH in 

the resistance vasculature. Sandow and Hill (Sandow and Hill, 2000) have provided 

anatomical support for this hypothesis with a serial-section electron microscopic study of 

proximal versus distal rat mesenteric arteries and demonstrated a significantly greater 

density of myoendothelial gap junctions in the distal arteries. Sandow and Hill (2000) 

reported that, at the level of the internal elastic lamina in the distal arteries, there were 

approximately two myoendothelial gap junctions per smooth muscle cell and although 

these junctions were very small the close association between myoendothelial and 

endothelial-endothelial ceil gap junctions supports the hypothesis that EC can electrically 

influence VSMC. Sandow and Hill (2000) argue that, given the dimensions and anatomical 

arrangement of the gap junctions within the distal vessel, one EC could drive 15 to 18 

VSMCs. Elegant studies by Emerson and Segal (Emerson and Segal, 2000a,b: 2001) have 

illustrated the importance of the EC iayer as the electrical pathway for the endothelium-



dependent hyperpolarization signals to VSMC. Emerson and Segal (Emerson and Segal, 

2000a) reported that the conduction of the acetylcholine-mediated hyperpolarization and 

vasorelaxation of the hamster retractor muscle feed artery was interrupted by damage to the 

EC. but not the smooth muscle cell layer. Emerson and Segal (2000b) have also 

demonstrated, by microelectrode impalement of both endothelial and VSM cells of hamster 

retractor muscle feed arteries, that the two cell types are electrically coupled. Thus, in the 

hamster retractor muscle feed artery, electrical signals conducted along the endothelium can 

be directly transmitted to the VSMC layer and mediate vasodilatatory responses to 

acetylcholine. In addition Emerson and Segal (2001) have reported that in the hamster feed 

artery direct electrical hyperpolarization of endothelial cells evoked vasodilatation that was 

insensitive to atropine and NOS inhibitors, but was eliminated by EC damage induced by 

an air bubble. Segal and Duling (Segal and Duling, 1986) have also reported bi-directional 

conductance of acetylcholine-mediated vasorelaxation in microvessels. Thus, differences 

exist between endothelial and vascular smooth muscle cell communication despite the 

similarity in size (hamster cheek pouch versus hamster retractor muscle feed artery) and 

reflect the heterogeneity of signalling mechanisms that likely determine the EDH 

phenomena in the vasculature. 

Despite the ultrastructural data presented by Sandow and Hill (2000) and the 

functional data from Emerson and Segal (2000). data using pharmacological probes 

remains controversial as many of the studies of the role of myoendothelial gap junctions 

have used gap junction uncouplers of questionable specificity. Agents such as heptanol are 

notoriously nonselective (Chaytor et al.. (997) and the lipophilic saponins, such as 
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carbenoxolone and 18a- and 18p-glycyrrhetinic acids, derived from the licorice root 

Glycyrrhizia glabra, that have been reported to inhibit intercellular gap-junctional 

communication (Taylor et al, 1998; Chaytor et al, 1999; Edwards et al, 1999), also have 

non-specific actions in a dose and tissue-dependent manner (Taylor et al. 1998). 

In an attempt to design more specific inhibitors of gap junction proteins, Griffith 

and his colleagues synthesized an inhibitor based on the amino acid sequence of a portion 

of the second extracellular loop of the fourth transmembrane connexin segment of connexin 

43 (Chaytor et al, 1997; 1998; Dora et al, 1999). The peptide. Gap 27, has 11 amino acids 

(SRPTEKTIFII) and when used at a concentration of 300 uM it perturbs channel integrity 

by, it is assumed, competing with the docking sites on the connexins and thereby 

preventing connexin-connexin interactions in pre-existing gap junctions (Chaytor et al, 

1997). The specificity of action of Gap 27 is inferred by two sets of data obtained with the 

rabbit thoracic aorta and superior mesenteric artery: 1/ Gap 27 did not modify force 

development initiated by phenyleprine nor relaxation mediated by NO or sodium 

nitroprusside, 2/ The "control" peptide. Gap 20. which possesses homology with a sequence 

of the intracellular loop of connexin 43. was inactive (Chaytor et al, 1997). Block of cell-

cell transfer of Lucifer yellow, a small flourescent tracer (MW 457 Da), by Gap 27 has 

been reported by Dora et al. (Dora et al, 1999) in a study with cultured COS-7 cells. 

Lucifer yellow has been used as a tracer of junctions between EC, but is a poor tracer for 

VSMC in hamster cheek pouch arterioles (Little et al. 1995b). The contribution of gap 

junctions to the mediation of EDH may depend on the mechanism whereby the EC is 

activated. Gap 27 inhibited acetylcholine, but not A23187, evoked hyperpolarization of 



rabbit superior mesenteric artery suggesting that A23187-mediated endothelium-dependent 

relaxation requires chemical transmission whereas relaxation to acetylcholine involves gap 

junction communication (Hutcheson et al., 1999). Peptides against other connexins, 

7'40Gap 26, 43Gap 26.40Gap 27 and 37A"Gap 27, have also been produced and the data 

suggests that they too are blockers of EDH particularly when used in combination (Chaytor 

et al., 2001). Thus, in the rat hepatic artery, Gap27 peptides specific for connexins 37, 40 

and 43 are ineffective when administered alone against the EDHF-mediated response in the 

rat hepatic artery; however, when Cx37, 40 and 43 Gap27 were applied in combination a 

significant inhibition of the EDHF-mediated relaxation was evident. These data indicate 

that several connexins are involved in mediating the gap junction component of EDH in the 

rat hepatic artery (Chaytor et al., 2001). 

The study by Sandow and Hill (Sandow and Hill. 2000) provided ultrastructural data 

indicating that there are few gap junctions between smooth muscle cells and this additional 

data supports the importance of myoendothelial gap junctions. Furthermore, most of the 

studies with the Gap 27 peptide have been with conduit vessels and as pointed out by 

Fleming et al. (2000), none of the pharmacological probes used to date, including Gap 27. 

can selectively inhibit myoendothelial cell communication without affecting 

communication between smooth muscle ceils. The lack of such specific inhibitors is a 

major deterrent to elucidating the true contribution of myoendothelial communication to 

EDH and additional studies are clearly required before we can determine the contribution 

of myoendothelial cell gap junctions to EDH. The likelihood for heterogeneity between 

vessels is stressed by Edwards et al. (Edwards et al.. 1999) who have shown that the 



25 

apparent contribution of myoendothelial cell communication via gap junctions varies 

considerably from one vessel bed to another. For instance, although species and tissues 

differences may be of importance even in the same size vessels from the same species 

differences in the role of myoendothelial gap junction have been reported (see Emerson and 

Segal. 2000a, b. 2001; Welsh and Segal. 2000) 

1.1.7 Adenosine opens Kca channels and may function as an EDHF: 

Adenosine is an important endogenous vasodilator in the coronary circulation 

(Berne, 1980). The role of the endothelium in mediating the effects of adenosine is unclear 

as A?b receptors (associated with coupling to Gs and the activation of adenylyl cyclase) 

have been demonstrated on endothelial cells (Iwamoto et al., 1994). Recently, however, it 

has been reported that relaxation of human coronary resistance-like arteries via adenosine is 

mediated in an endothelium-independent manner via A2b receptor activation and is linked 

to the opening of a K channel (Kemp and Cocks. 1999). 

1.1.8 Hydrogen peroxide as an EDHF: 

Hydrogen peroxide (H2O2) may be produced in the endothelium from superoxide 

anions via superoxide dismutase. Of interest is that in situations where the eNOS substrate. 

L-arginine, or cofactor. BH4, has been depleted eNOS can generate superoxide anions 

(Stroes et al, 1998). H202 has been shown to activate Ca_+ -activated K^-channels in 

VSMC (Barlow et al.. 1998: Hayabuchi et al. 1998) as well as endothelial cells (Bychkov 

et al, 1999) and also relax and hyperpolarize endothelium-denuded porcine coronary 

arteries (Beny and von der Weid. 1991) thus leading to the suggestion that H2O2 may be an 

EDHF (Beny and von der Weid. 1991). Although in the Beny and von der Weid (1991) 
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study it was concluded that H2O2 was not the EDHF in porcine coronary arteries and a 

similar conclusion has been reached for human radial arteries (Hamilton et al., 2001), a 

contribution of H2O2 to EDH in the mouse vasculature has been described by Matoba et al., 

(2000). In the latter investigation Matoba et al. (2000) studied acetylcholine-mediated 

relaxation in the aorta and relaxation and hyperpolarization of small mesenteric arterioles 

from eNOS-/- mice and demonstrated that catalase, an enzyme that dismutates H202 to 

water and oxygen, inhibited EDHF-mediated hyperpolarization and relaxation. 

Furthermore, using confocal microscopy and the H202-sensitive fluorescent dye. 

dichlorodihydrofluorescein diacetate (DCF), H2O2 production could be demonstrated in the 

endothelium and this was enhanced, in a catalase-sensitive manner, by acetylcholine 

treatment of the tissue (Matoba et al, 2000). The hyperpolarization and relaxation actions 

of H2O2 were almost completely inhibited by the K+-channel inhibitor tetrabutylammonium. 

but only partially by the combination of apamin and charybdotoxin and. thus, the 

pharmacological profile of H2O2 as a putative EDHF in the mesenteric circulation of eNOS-

/- mice is different from that described by Ding et al. (2000). I have performed preliminary 

studies (n= 4 from 3 animals) to determine the effect of catalase on acetylcholine-mediated 

relaxation in first order mouse mesenteric arterioles from eNOS-/- mice and determined 

that catalase did not significantly inhibit acetylcholine-mediated relaxation (see Chapter3). 

Further studies are necessary in order to access the contribution of H^to EDH. 
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Figure 1.1: 

A. Endothelium-dependent vasodilators, such as acetylcholine, as well as shear stress 

(stretch) activate endothelial cell (EC) plasma membrane receptors (R) and open a non

selective cation channel(s) leading to the entry of extracellular calcium (Ca2+). as well 

as the release of Ca2+ from intracellular store. The increase in intracellular Ca2""" leads to 

the activation of endothelial nitric oxide synthase (NOS), cyclooxygenase (COX), the 

putative endothelium-dependent hyperpolarization factor(s) EDHF synthase and the 

synthesis of nitric oxide (NO), prostacyclin (PGI2) and EDHF respectively. NO and 

PGL mediate relaxation of vascular smooth muscle cells (VSMC) via cyclic GMP and 

AMP-dependent mechanisms respectively and EDHF via, directly or indirectly, 

opening of a VSMC K-channel(s). 

B. Prostacyclin can, via the activation of adenylyl cyclase and the generation of cyclic 

AMP and protein kinase A, contribute to VSMC hyperpolarization by increasing the 

probability of opening of K-channels: notably. KATP but also, in some tissues. BKcaand 

Kv. NO has also been demonstrated to both indirectly, via the generation of cyclic 

GMP. and directly, activate KATpand BKca channels and also Na-K-ATPase. L-

citrulline has been proposed to be an EDHF and, in some vessels, to activate SKca. 

C. Arachidonic acid (AA) can be metabolized via an epoxygenase (cytochrome P450 

isozyme. CYP2) to produce epoxyeicosatrienoic acids (EETs) that, directly or indirectly. 

have been shown to increase the probability of opening of large conductance calcium-

activated K-channels (BKCa). EETs may function as autocrine and/or paracrine 
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mediators: in VSMC they hyperpolarize the cell and decrease the probability of opening 

of voltage-operated Ca2+ channels (VOCC). 20- and 19-hydroxyeicosatetraenoic acid 

(20-. 19-HETE). which are produced in VSMC and, possibly EC. contract VSMC 

putatively via an increase in the probability of opening of VOCC and/or closure of 

BKca- The endogenous cannabinoid, anandamide, is also synthesized from AA via a 

transacylase. Anandamide activates cannabinoid receptors (CBi) in both EC and VSMC 

and has been reported to hyperpolarize VSMC. 

D. An increase in intracellular Ca2+ in EC activates and increases the opening probability of 

opening of apamin-sensitive small conductance Kca(SKca) and charybdotoxin-sensitive 

intermediate conductance (IKca) channels in EC leading to the efflux of K+ from the EC 

and an increase in extracellular K+. A small increase in extracellular K+ leads to the 

hyperpolarization of VSMC via the activation of ouabain-sensitive Na/K- ATPase and 

an increase in the open probability of barium-sensitive K,r channels and a lowering of the 

resting membrane potential (RMP) of VSMC. 

E. Myoendothelial gap junctions, depicted as six connexin subunits from each cell docking 

to form either a homomeric and heteromeric connexon. provide the means by which 

electrical coupling between endothelial and vascular smooth muscle cells can take place 

and change membrane potential (Amp). Connexons may also allow low molecular 

weight water soluble molecules, including cGMP, to pass between cells and contribute 

to endothelium-dependent hyperpolarization. 
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1.2 Ca-activated K channels: 

1.2.1 Ca-dependent K channels in EDHF-mediated relaxation 

Hyperpolarization of vascular smooth muscle cells mediated by EDHF can be 

attributed to an increase in cell membrane conductance to potassium ions as it is associated 

with an increased potassium efflux (Chen et al., 1988). The nature of potassium channels 

activated by EDHF is not fully understood and may differ between different blood vessels 

and animal species. A key pharmacological signature of EDHF is that EDH and 

vasorelaxation can be blocked by the combination of charybdotoxin and apamin in most 

vascular beds, suggesting that Kca, and most likely SKca and IKca. channel(s) are involved. 

It has been argued that the cellular site of action of apamin and charybdotoxin is the 

endothelial cell (Edwards et al., 1998: Doughty et al.. 1999); however, because of the 

heterogeneity in the pharmacological characteristics of EDHF, this may not be universally 

true. Hyperpolarization of endothelial cell membranes will increase the electrical driving 

force for Ca:+ influx into the cell and increase the synthesis/release of EDRFs (Luckhoff 

and Busse. 1990). Thus, if the apamin- and charybdotoxin-channels are indeed only 

associated with the endothelial cell then their inhibitory effect on EDH of VSMC is 

indirect. 

1.2.2 Classification of Ca-dependent K channels: 

There are three primary groups of Kca channels that have been described: the large 

conductance (BK) channels (or maxi K channels), the small conductance (SK) channels and 

intermediate conductance (IK) channels. The primary characteristics of Kcachannels are 

that their activation is Ca-dependent and reversible. 



31 

Four electrophysiological, pharmacological and molecular biological characteristics 

can be used to classify KCa channels. First, the conductance properties of the channel serve 

as the primary means of classification. The single channel conductance is defined as the 

single channel current amplitude divided by the driving force (membrane potential minus 

the reversal potential). Most measurements are done with symmetrical [K] on either side of 

the membrane. The second basis for classification of the channels is the use of various 

specific and non-specific pharmacological blockers of the channels. Several toxins have 

varying levels of selectivity for the classes of Kca channels that they bind. The third 

method of characterization is based on the kinetic analyses including the open and closed 

probabilities and their rate constants. The fourth approach for characterizing the channels 

is based upon the molecular biological classification of the channels and the amino acid 

sequence and structure of the various Kca channels. 

BKca channels 

BKca channels are thought to play an important role in the maintenance of 

membrane potential in small myogenic vessels (Nelson and Quayle. 1995). The direct 

and/or indirect activation of BKca channels by NO and EDHF has been determined by 

selective inhibition of endothelium-dependent relaxation by iberiotoxin and /or 

charybdotoxin (Bolotina et al., 1994: Mistry and Garland, 1998; Tnggle. 2001). 

The range of conductances reported for the BKca channels ranges from 130-300 pS 

using symmetrical KT (Latorre et al., 1989). While the gating mechanism for the Kca 

channels is generally thought to be the binding of Ca, the BKca channels also show a 

definite voltage-dependence (Barrett et al., 1982). Increasing the voltage in the positive 
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direction increases the channel open probability; the probability of the channel opening 

increases e-fold per 11-15mV in cultured muscle cells (Barrett et al., 1982). 

Iberiotoxin is the most suitable blocker because it has no known effects on other K 

channels (Hinrichsen, 1993). Charybdotoxin has been known to affect Kv (Kvl.2 and 1.3) 

channels, as well as intermediate conductance Kca channel (Sprunger et al., 1996; Ohno-

Shosaku, et al., 1996; Nelson and Quayle, 1995; Cook and Quast, 1990). In a study 

(Zygmunt and Hogestatt, 1996) with the rat hepatic artery it was demonstrated that the Kv 

inhibitor, 4-aminopyridine, failed to substitute for charybdotoxin thus suggesting that Kv 

channels are also not involved in mediating EDH. Furthermore, dendrotoxin, an inhibitor 

of Kvl.2 (Sprunger et al., 1994), failed to substitute for charybdotoxin as an inhibitor of 

EDHF in the rat hepatic arteries (Zygmunt et al., 1997). Dendrotoxin also failed to inhibit 

the EDHF-mediated relaxation of the isolated perfused rat mesenteric artery (Adeagbo and 

Triggle 1993). Another very potent inhibitor of Kvl .3 channels, margatoxin, has been 

reported to produce, in the presence of apamin. a significant inhibitory effect on the EDHF-

mediated response in the rat hepatic artery; however, the inhibition was small compared to 

apamin plus charybdotoxin (Zygmunt et al, 1997). Overall these data suggest that 

charybdotoxin is targeting an IKCa. Tetraethylammonium (TEA) ions can block the channel 

when applied to either the internal or external face of the channel, but it is much more 

effective on the external side (Hinrichsen. 1993). 

cDNAs encoding a- and p-subunits of BKca channels were cloned from vascular 

smooth muscle (McCobb et al.. 1995). The a-subunits are clearly related to that of Kv 

channels with a positively charged voltage-sensor element on the fourth trasmembrane 
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segment and the highly conserved pore-forming region. The long C-terminus tail region 

contains four hydrophobic segments which are well-conserved as the Ca sensor. 

SKca 

SKca channels are defined as those Kca channels with conductances less than 20pS 

in symmetrical 140 raM KG solutions. In single channel studies SKca currents are very 

often obscured by BKca channel currents. However, in more negative potentials, SKCa 

channels are far more calcium-sensitive than the BKca channels with the majority of them 

being activated by less than 1 uM Ca. This makes the SKca channels approximately ten-

times more sensitive to Ca as compared to the BKca channels at negative potentials (Blatz 

and Magleby, 1987). However, at positive potentials, the two channel types demonstrate 

similar calcium sensitivities. 

The SKca channel has been cloned by Kohler et al. (1996) and a-subunits exhibit six 

transmembrane domains with the only notable homology with other potassium channels 

residing in the pore region. Although SKca channels exhibit no voltage dependence, the 

fourth transmembrane domains contains several positively charged residues, reminiscent of 

the voltage sensor found in voltage-gated ion channels (Jan and Jan, 1989). The channels 

are heteromeric complexes that comprise pore-forming a-subunits and the Ca-binding 

protein calmodulin which binds to the SKca channel through the calmodulin-binding 

domain located in an intracellular region of the a-subunit (Schumacher et al., 2001). 

The bee venom toxin apamin is well established as a specific inhibitor of the SKca. 

Scyllatoxin is also a SKca channel inhibitor. Although scyllatoxin has no amino acid 

homology with apamin. the action of these two toxins is very similar. Using I-apamin. 
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binding studies show scyllatoxin can inhibit the binding of apamin to rat brain 

synaptosomal membranes with a Ki of 75pM (Chicchi et al., 1988). TEA has little or no 

effect on the activity of the SKca channels. Tubocurarine has also been shown to block 

hSKl and rSK2 with IC>o values of 27 uM and 17 u.M when measured at +80 mV 

(Strobaeak et al, 2000). 

IKCa 

IKca are a loosely defined group of Kca channels with conductances between those 

of the BKca and SKca channels. This is a very diverse group of ion channels and requires 

further study to better define the relationship of the IKca channels to the BKca and SKca 

channels. 

The conductance of the IKca channels ranges between 25 and 135pS. These 

channels can be further subdivided based on voltage sensitivity. The IKca channels would 

also appear to have a slightly increased sensitivity for Ca compared to the BKca channels. 

but not to the same level of sensitivity as the SKca channels. 

TEA appears to block the IKca of rat brain at low mM concentrations (Reinhart et 

al., 1989), but it has no effect on the channels in rabbit portal vein (Inoue et al., 1985). 

Charybdotoxin is also known to block some IKca (Reinhart et al.. 1989). In bovine aortic 

endothelial cells, tubocurarine has been reported to reduce, in a voltage-independent 

manner, unitary current amplitude of the IKca channel, with half-maximum reduction at 

4.4mM(Cai at al.. 1998). 

Recently, a cioned cDNA with homology to the SK channels (also termed SK4) has 

been shown to represent an IK channel (Ishii et al.. 1997) 
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Atypical Kcu channels 

A novel Kca channel(s) with a different sensitivity to iberiotoxin, charybdotoxin and 

apamin may be expressed in the microvasculature (Zygmunt et al., 1997). Atypical 68pS 

Kca K-channels that were blocked by externally applied TEA, charybdotoxin and 50nM 

apamin and were also voltage-sensitive have been described in vascular smooth muscle 

myocytes isolated from rat 15 to 40u.m diameter pre-glomerular arterioles (Gebremedhin et 

al, 1996). In mouse ileum smooth muscle cells 0.5 uM apamin not only inhibited 10 pS 

TEA-resistant SKca, but also the TEA-sensitive (2 mM external TEA) 39 pS IKca channel 

(Vogalis and Goyal, 1997). My myograph data with the two SKca channels inhibitors, 

scyllatoxin and apamin (Auguste et al.. 1990; Latorre et al., 1989), is suggestive of the 

existence of a novel Kca channel as the profile of action of these toxins was different at 

least in mouse mesenteric arterioles. It is relevant to summarize some of the data that I will 

present later in my thesis as it provides evidence for the possible existence of novel Kca 

channel in the microvasculature. In my studies I observed that pre-treatment with apamin 

alone, but neither tubocurarine nor scyllatoxin alone, raised basal tone in mouse mesenteric 

arterioles. Apamin had the same action in both eNOS-/- and +/+ mice and it is thus unlikely 

that the increase in tone results from a reduction in the synthesis/release of NO. at least in 

vessels from eNOS-'-. Thus an action of apamin on VSMC SKca channels could be 

hypothesized. Neither tubocurarine nor scyllatoxin mimicked apamin and this might 

suggest a novel apamin-sensitive channel is expressed and functional in mouse mesenteric 

arteriole VSMC. Corriu et al. (1996) have reported very similar data to mine in a study of 

membrane potential changes in VSMCs of guinea-pig carotid artery preparations that had 
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been pretreated with a combination of L-NNA and indomethacin. Corriu et al. (1996) 

demonstrated that, in endothelium-intact vessels, apamin alone, but neither scyllatoxin nor 

charybdotoxin, produced a small but significant depolarization of the VSMC. These data 

are comparable with my results with apamin. Of additional interest was that the 

combinations of apamin and charybdotoxin, as well as scyllatoxin and charybdotoxin, 

produced a significant depolarization of both endothelium-intact and denuded vessels 

(Corriu et al., 1996). However, I did not see an effect of apamin plus charybdotoxin in the 

denuded vessels whereas Corriu et al. (1996) reported a significant depolarization of 

approximately 6mV. Overall my data infers that the apamin-sensitive channels are 

associated with the endothelial cell, but I cannot completely rule out the possibility that 

mechanical removal of the endothelium may have damaged the underlying VSMC layer to 

a sufficient extent that the VSMC-mediated effects of apamin are masked. 

1.3 Summary 

The evidence in the literature suggests that there may be multiple cellular 

mechanisms that contribute to EDH. Notably in. but not necessarily limited to, larger 

vessels it is possible that NO may be the primary contributor to EDH and it is thus very 

important to ensure that NO (and POT) synthesis is completely inhibited before concluding 

that a novel molecule, or cellular process, mediates EDH. With decreasing vessel diameter 

the contribution of myoendothelial gap junctions to EDH likely increases; however, the 

lack of specific inhibitors of endothelial-vascular cell connexins has hampered definitive 

conclusions. In coronary vessels a CYP metabolite of arachidonic acid, probably an EET, 



37 

may contribute to EDH. In the mesenteric vasculature small increases in extracellular K+ 

may also contribute to EDH. In other vascular beds the nature of EDHF remains unknown. 

Whether a unique EDHF molecule exists remains a possibility; however, given the 

heterogeneity of how different vascular beds respond to the same stimuli it is possible that 

the EDH phenomena could be entirely explained on the basis of the action of the currently 

described EDRFs and myoendothelial gap junctions. 

1.4 Objectives of current study: 

• Determine the contribution of EDHF to endothelium-dependent relaxation in 

blood vessels from mice. 

• Determine whether the contribution of EDHF is altered in blood vessels 

from mice not expressing eNOS. 

• Test the hypothesis that an increase in extracellular K~ may be an EDHF in 

mouse vessels. 

• Investigate the nature and, if possible, the cellular location (i.e. endothelial 

versus vascular smooth muscle cell) of the K-channels that are involved in 

mediating EDH in mouse blood vessels. 
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C h a p t e r 2: M e t h o d o l o g y 

2.1 Animal Models: 

As discussed in Chapter 1 a number of investigators have advanced the idea that 

there may be a third route for mediating endothelium-dependent relaxation; however, the 

hypothesis that an EDHF may mediate the phenomenon of EDH was first advanced in 1988 

by Chen et al. Despite intensive investigation the identity of EDHF, as well as the cellular 

processes that mediate EDH, is still unknown. My studies have focused on the use of eNOS 

knockout (-/-) mice and a brief justification of my approach is provided below. 

2.1.1 The limitations of pharmacological tools: 

Cohen et al., (1997) have reported that it is not possible to completely inhibit the 

synthesis of NO with just one NOS inhibitor. Cohen et al, (1997) demonstrated that L-

NAME (30 uM) partially reduced the release of NO and caused a similar reduction in 

smooth muscle cell relaxation and hyperpolarization. In order to determine if the residual 

relaxation response to acetylcholine was mediated by a non-NO endothelium-derived 

mediator or. despite treatment with L-NAME. NOS inhibitor-resistant eNOS. a second 

NOS inhibitor, L-NNA (300 uM) was added in the pre-ireatment drug regimen. Pre-

treatment with the two NOS inhibitors further reduced, but did not eliminate. NO release. 

Cohen et al. (1997) measured NO release using an electrochemical porphyrinic microsensor 

and chemiluminescence techniques to measure NO. and smooth muscle relaxation and 

hyperpoiarization to measure tissue relaxation. This study by Cohen et al (1997) indicated 
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that the release of NO by acetylcholine is only partially inhibited by inhibitors of NO 

synthase; even when high concentrations of NOS inhibitors are used. 

The putatively selective soluble guanylyl cyclase inhibitor, 1H (1,2,4-) oxadiazolo 

(4,3-a) quinoxalin-1-one (ODQ) has, however, been shown to inhibit other heme containing 

enzymes (Feelisch et al, 1999), and a number of cytochrome P450 inhibitors (such as the 

antimycotic imidazolines) also inhibit K-channels (Edwards et al, 1996; Iftinca et al, 

2001). Furthermore, ODQ may only inhibit the effects of NO free radical, NO', but not 

other forms of NO and there is increasing evidence that other species of NO, notably the 

nitroxyl anion, NO", may also be synthesised by NOS (Wanstall et al. 2001). 

2.1.2 Use of genetic "knock-outs": 

Homologous recombination, or gene targeting, using embryonic stem cells, 

provides a powerful approach for the study of all aspects of physiology, in terms of 

mammalian physiology and gene targeting it has become necessary to study the mouse: 

however, the vascular biology of the mouse has not been extensively studied (see Faraci 

and Sigmund, 1999). Genetic knockouts of endothelial nitric oxide synthase (eNOS) 

provide a useful "'tool"' to study the role of a non-NO mediator as a candidate for EDHF. 

The first report of mice lacking the gene for endothelial nitric oxide synthase (eNOS-/-) 

was made by Huang et al. (1995) and the phenotype of the mouse, as predicted, was an 

elevated blood pressure and the thoracic aorta lacked an endothelium-dependent relaxation 

response to acetylcholine. Comparable studies, to help elucidate the contribution of PGR 

however, have not been performed with a cyclooxygenase (COX) "knock-out"" mouse. 



Figure 2.1: The endothelial-cell derived vasodilators NO, PGI2 and EDHF provide a 

balance against the vasoconstrictor effects of the endothelium-derived vasoconstrictor. The 

contributions of these endothelium-dependent mediators vary in a species and tissue 

dependent manner, however, in most tissues the role of NO is significant and, likely, may 

also inhibit the synthesis of other endothelium-derived relaxing factors. The use of the 

eNOS "knock out" (-/-) mouse offers a model wherein the contribution of EDHF and PGT2 

may be upregulated to compensate for the loss of NO. 
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Similarly, the use of other genetic models whereby the synthetic pathway for the 

putative EDHF (EDHF synthase) has been "knocked out" or genetically modified may also 

eventually provide insights into the identification of EDHF. Thus, it may be anticipated that 

in vessels where the enzymes for the synthesis of NO and EDHF are expressed the absence 

of eNOS would result in the up-regulation of the expression and synthesis of EDHF (Figure 

2.1). Of interest is that the knock out of eNOS may have unexpected consequences as 

Huang et al (2001) reported that in female eNOS-/- mice the indomethacin-sensitive flow-

induced relaxation is lost and relaxation is entirely mediated by a CYP and BKca-dependent 

EDHF-type mechanism. 

2.1.3 The eNOS knock out (eNOS-/-) mouse as a tool to study EDHF (Fig. 2.1): 

It is well established that NO plays an important role in the regulation of 

endothelium-dependent relaxation. Although the assumption is that eNOS is responsible 

for the production of endothelial-derived NO, the contributions of the other two isoforms of 

nitric oxide NOS: neuronal (nNOS) and inducible (iNOS), should also be considered. For 

instance in pial vessels from eNOS-/- mice, neuronal NOS derived NO compensates for the 

lack of endothelial NOS-derived NO (Meng et al.. 1996). In contrast, acetylcholine 

induces relaxation of small peripheral arteries isolated from mice lacking eNOS and this 

relaxation is insensitive not only to indomethacin and NOS inhibitors but also to the 

guanylyl cyclase inhibitor ODQ and possesses the characteristics of being mediated by an 

EDHF (Waldron et al.. 1999). Studies of blood vessels from animals overexpressing, 

underexpressmg or lacking the genes for a particular protein can be very valuable for the 

better understanding of the regulation of vascular function. The importance of the use of 
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"knock outs" in EDHF research is highiighted by data from our laboratory (Waldron et al, 

1999; Ding and Triggle, 2000; Ding et al, 2000b). The use of "knock outs" can also help 

overcome the limitations of pharmacological tools and this is well-illustrated by the earlier 

discussions on the difficulty in the pharmacological inhibition of nitric oxide synthase and 

ruling out the contribution of NO to endothelium-dependent relaxation (see Vanheel and 

Van de Voorde. 2000). However, the thoracic aorta from eNOS-/- does not respond to 

acetylcholine indicating that eNOS-derived NO is the sole EDRF at least that mediates the 

effects of acetylcholine (Huang et al 1995: Waldron et al, 1999). A limitation of the use of 

knockouts reflects the limitations imposed by the small size of the mouse and that, until 

recently, there had been very few studies of mouse blood vessels. Faraci and Sigmund 

(1999) provide an excellent overview of the use of genetically altered mice for vascular 

biology research. 

Homozygous eNOS knockout mutant mice, generated by homologous 

recombination have been previously described (Huang et al, 1995). Our laboratory has 

used eNOS-/- mice from two sources. The mice I used to test the hypothesis that small 

changes in extracellular K* may contribute to EDH and also for the whole cell patch clamp 

studies were obtained from Dr Paul Huang and bred at the University of Calgary. The mice 

I used for the wire myograph protocols to assess the action of the different IC channel 

blockers were purchased from Jackson's lab. The mice from both sources are hybrid mice 

of C57BL/6 background and 129 ES. 

The 129 strains are divided into three sub-strain families. They can be quite 

different from each other, which would explain some unexpected results if the ES cell line 

donor strain is in a different sub-strain family of C57BL6/SV129. 
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The advantages of using hybrid mice include genetic and phenotypic uniformity, 

hybrid vigor and providing greater viability for deleterious mutations. Although the genetic 

background of the mice was similar, the phenotypes as reflected by some of the functional 

characteristics of the blood vessels did vary. 

2.2 Isolated Tissue Studies: Organ bath methodology. 

Studies of endofhelium-intact whole tissue are essential in order to demonstrate that 

there is an endothelium-dependent relaxation. It is important that isolated blood vessels are 

dissected under conditions wherein tissue viability is maintained. Mice were killed by 

cervical dislocation. Saphenous and mesenteric arteries were removed and kept in Krebs* 

solution (composition. mM): NaCl, 120; NaHC03, 25; KC1, 4.8; NaH2P04, 1.2; MgS04. 

1.2; dextrose. 11.0; CaCl2, 1.8; bubbled with 95%02 and 5%C02. All experiments were 

performed at 37°C. In some experiments, the endothelial cell layer was removed by gently 

rubbing the intimal surface of the rings with a wire. Confirmation that the endothelium was 

functionally absent was obtained by lack of a relaxation response to acetylcholine (lOuM). 

2.2.1 Pressurized vessels: 

Utilizing the isolated pressurized artery technique, vessels with a resting diameter as 

small as 40 to 60 urn can be cannulated on glass micropipettes of appropriate diameter. (40 

urn or less) and vasoreactivity can then be measured using an inverted microscope and a 

camera linked to a video screen. In my studies first order mesenteric arterioles were 

mounted on glass micropipettes in a Living Systems pressure myograph (Figure 2.2A) and 

placed on the stage of a Nikon Diaphot. The vessel was placed in a superfusion chamber 
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and supervision of 5ml min"1 and the lumen was pressurized to a physiologically 

appropriate level of 60mmHg and the perfusion rate was 50ul min"1 and then placed on the 

stage of an inverted microscope. The diameter was measured by videomicroscopy and the 

basal lumen diameter of the vessels used in these studies was 250 jam. 

Vasoreactivity was assessed by measuring changes in the internal arteriolar 

diameter that was monitored on a video screen (Duling, 1981). Drugs were usually applied 

abluminally although intraluminal application is also possible but, with intraluminal 

application, the intraluminal physiological flow rate will be low. 

The advantage of the pressurized isolated vessel is that the preparation more closely 

reflects the in vivo situation. Thus, under pressurized conditions, the vascular smooth 

muscle cells will be moderately depolarized with resting potentials ranging from —40 to -60 

mV, whereas the resting potentials of VSM cells typically range from -60 to -75 mV in 

unpressurized small arterioles (Davis and Hill. 1999). Under pressurized conditions 

vasoconstriction results and '"myogenic tone"' develops. Pressure-induced membrane 

depolarization increases intracellular Ca2+and activates Kca channels and this process plays 

a very important role in the control of myogenic tone (Nelson and Quayle. 1995). 

Furthermore, the level of membrane depolarization may affect, as a result of the differential 

activation of tissue kinases, tissue responses to vasodilators such as NO. PGF and EDHF. 

2.2.2 Wire myograph: 

The wire myograph facilitates the study of vasoreactivity and can be used for blood 

vessels as small as about 100 urn. A disadvantage of this technique is that for the study of 

EDHF in smaller vessels there is the risk that the wires that are inserted into the lumen of 
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the vessel may damage the endothelial cells and reduce the release of endothelium-derived 

vasoactive factors. 

In the current study, first and second order mesenteric arterioles and also saphenous 

arteries from eNOS+/+ and -/- were first dissected free of adherent fat and connective 

tissues, cut into 2mm rings and mounted on a Mulvany-Halpern-type myograph as 

previously described (Mulvany and Halpern, 1977) (see Fig. 2.2B). The passive tension-

internal circumference was determined by stretching to achieve an internal circumference 

equivalent to 90% of that of the vessel under a transmural pressure of lOOrnmHg (see Ding 

and Triggle, 2000; Ding etai, 2000b; Waldron et al, 1999). Figure 2.2C indicates that, in 

both wire myograph and pressurized myograph protocols, the acetylcholine-mediated 

dilation showed identical insensitivity to the combination of 100 uM L-NNA and 10 uM 

indomethacin and no reduction of the maximal response or sensitivity to acetylcholine was 

detected. 

I chose to study small mesenteric arteries (arterioles) because there is an extensive 

literature concerning EDHF that has focused on, primarily, mesenteric vessels from 

rodents. The saphenous artery was chosen for comparison purpose as it represents a 

skeletal muscle vessel and preliminary "screening" studies also indicated that 

acetylcholine-mediated relaxation was, in part, mediated by an EDHF. 
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Figure 2.2: Schematic diagram of pressurized and wire myograph. 

(A). Vessels were cannulated on glass micropipettes and superfused at a constant flow rate 

of 5ml min"1 with Krebs' buffer solution aerated with 95% O2 and 5% CO2 placed on the 

stage of an inverted microscope and luminaliy perfused at a constant rate of 50ul min"1 

pressurized to 60mmHg. (B) Wire myograph. Arteries were cut into 2mm rings and 

mounted on a Mulvany-Halpem-type myograph. (C) Represents concentration-relaxation 

curves to acetylcholine in phenylephrine precontracted endotheiium-intact mesenteric 

arterioles from eNOS -/- in the absence or presence of nitric oxide synthase (L-NNA) plus 

cyclooxygenase (indomethacin) inhibitors, using wire and pressurized myographs. Data are 

shown as means ± s.e. mean (n=5-6). 
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2.3 Electrophysiology: patch clamp recording 

2.3.1 Background 

The success of "patch clamp" studies for the characterization of the channels 

involved in the regulation of synthesis, release and action of EDHF depends on being able 

to isolate cells that can reproducibly demonstrate ion channel activity. As discussed in 

Chapter 1, NO, PGI2 and EDHF can activate one or more different types of smooth muscle 

K channels depending on the species and the vessels used. Any given relaxing factor can 

sometimes activate more than one channel, or several K channels are activated by the 

simultaneous release of different relaxing factors. In my studies different patch 

configurations were used; Fig. 2.3 shows the different configurations of the patch technique 

that I used. Ion channels of membrane can be studied in cell-attached patches (a tight seal 

is formed, but the whole cell remains attached to the patch) (Fig. 2.3A), in the whole-cell 

configuration (in which the patch is ruptured so that the ensemble activity of the ion 

channels is recorded) (Fig. 2.3B), or in the inside-out configuration (the cytoplasmic side of 

the membrane is facing the bath solution) (Fig. 2.3C). 

A single ion channel has closed and open states. A particular species of ion channel 

will have a characteristic probability of being in the open state depending on voltage. 

intracellular calcium or specific regulators. Channels may also display sub-conductance 

states that suggest differential channel activities. Furthermore, the conductance of the 

channel can be calculated by plotting the linear current-voltage relationship between -40 to 

+40 mV in symmetrical 140 mM KT and measuring the slope: a certain conductance is 

characteristic of each species of ion channel. The activity of a particular ion channel is 
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Figure 2.3: Three types of patch clamp configuration are illustrated. (A) Cell-attached 

configuration. After a small-tipped glass pipette is pressed against the cell membrane. 

negative pressure is applied to the interior of the pipette to draw a small patch of membrane 

into its tip to produce a high-resistance "gigaseal". (B) Whole-ceil configuration. After a 

gigaseal is formed, strong suction is applied to the patch pipette to break the membrane 

patch and allow the lumen of the pipette to be continuous with the cytosol of the cell. This 

technique allows recording of the whoie-cell current. (C) Inside-out configuration. After a 

gigaohm seal is formed, the pipette is lifted to tear off the patch of membrane from the cell 

with the cell remaining attached to the bottom of the chamber. The small patch of 

membrane is electrically isolated from the rest of the cell membrane. 



recorded for a period of time and then it is possible to ascertain the probability of opening 

and closing, and the conductance. 

2.3.2 Cell isolation: 

Our recent studies have focused on mouse mesenteric arterioles and the techniques 

have been described (Ding and Triggle, 2000). In brief, first order mesenteric arteries from 

eNOS+/+ and -/- were first dissected free of adherent fat, connective tissues. This process 

was carried out in Ca2+-free medium of the following composition (mM): 120 NaCl, 3 

NaHC03, 4.2 KC1, 1.2 KH2P04, 0.5 MgCl2, 10 glucose. A Ca2+-free medium has been 

suggested to facilitate dispersion by separation of the outer portion of the basal lamina of 

the surface membrane and by favouring disruption of desmosomes connecting adjacent 

cells (Leblanc and Wan, 1993). The vessels were then incubated in a nominally calcium-

free medium for 30 min. Single smooth muscle cells were enzymatically dissociated with 

lmg/ml collagenase (Type IV) and 0.2-0.5Lt/ml elastase in 10 uM Ca2+ medium for 12 min. 

at 37°C. After digestion, the arterioles were rinsed three times in fresh 10 uM Ca2" medium 

and triturated with a fire-polished Pasteur pipette to yield single smooth muscle cells. Cells 

were kept in the ice-cold solution. Only cells of a spindle-shaped, optically refractive, and 

relaxed nature were used in my studies. The ability of cells to contract to phenylephrine 

was also confirmed in preliminary studies. 

2.3.3. Whole-cell recording: 

The whole-cell configuration allows recording of the macroscopic currents that flow 

through ion channels in the cell membrane. 
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Data recording: 

Recordings were performed at room temperature using an Axopatch 200A 

amplifier, filtered at 1kHz, digitized (3-10kHz) and stored on computer. Voltage clamp 

protocols were applied using pClamp 6. Pipettes were prepared from borosilicate glass 

(outer diameter 1.5 mm, inner diameter 1.17 mm; Sutter Instrument, USA) and fire 

polished with a resistance of approximately 3-5MQ when filled with pipette solution. 

Solutions: 

The standard bath solution contained the following (mM): 120 NaCl, 3 NaHCO*3, 

4.2 KC1, 1.2 KH2P04, 0.5 MgCl2, 10 glucose, 1.8 CaCl2 and 10 N-(2-hydroxyethyl) 

piperazine-N'-(2-ethanesulfonic acid (HEPES), pH 7.4. The pipette solution contained the 

following (mM): 110 potassium gluconate, 30 KC1, 0.5 MgCl2, 10 HEPES, 5 Na2ATP and 

1 GTP. 

Data analysis: 

Whole-cell current records were displayed and analysed using pCLAMP. In our 

laboratory, current-voltage (I-V) relation for end-pulse current amplitude was measured at 

the end of 250ms command pulses to voltages. Macroscopic current values were 

normalized to cell capacitance to determine current density, which is able to compare the 

cell currents with different sized cells and expressed in pA/pF. Cell capacitance was 

determined by integration of the capacity transient evoked by 20mV steps from -60 to -40 

mV. The average values of membrane capacitance of the mesenteric myocytes from eNOS-

/- and eNOS+/+ were 19.5+0.8 pF and 19.0+1.0 pF, respectively (n=33 and 10). Pipette 

potential and capacitance were nulled. A I OmV junction potential (the difference between 



51 

the tip potential of 10 pipettes nulled in pipette solution and then immersed in bath 

solution) was employed to correct all whole-cell voltage clamp protocols. 

This technique allows recording of the whole-cell current and also allows some 

control over the intracellular content of the cell, i.e. a substance can be introduced into the 

cell by diffusion from the pipette solution. The disadvantage will be dialysis-induced run 

down of some channels because of exchange of cytoplasmic and pipette fluid. 

2.3.4 Single channel analysis: 

Individual openings of single channel proteins can be recorded with high resolution 

and the activity of a single channel can be monitored in cell-attached patches or excised, 

inside-out patches. 

Data recording: 

In my studies, single cells were voltage clamped to record the single channel current 

using the cell-attached configuration and inside-out configuration. Currents using cell-

attached configuration were recorded after a gigaohm seal is formed, a small patch of 

membrane was electrically isolated from the rest of the cell membrane. To obtain the 

inside-out configuration the patch of membrane was torn off from the cell by rapidly lifting 

the pipette. Voltage clamp protocols were applied using pCLAMP 8.0 software. Single 

channel current records were displayed and analysed using pCLAMP. Pipettes with 3-5MX2 

were used. After a gigaohm seal was formed, the single channel currents were recorded 

continuously for 3 min. The digitization and filter frequency rates were 5kHz and 1kHz, 

respectively. 
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Solutions: 

The pipette solution for 1-0 configuration contained the following (mM): 140 KC1, 

1 MgCl2, 10 HEPES and 1.8 CaCl2, pH 7.4. The bath solution contained the following 

(mM): 140 KC1, 1 MgCl2; 10 HEPES and a range of various concentrations of CaCl2 

(O.luM Ca2+, luM Ca2+, lOuM Ca2+ and lOOuM Ca2"), and had apH of 7.2. The free 

[Ca2+] in the solution was calculated using a computer program provided by Dr. Kentish 

(Kentish et al, 1986). To make O.luM Ca2+, luM Ca2+ and lOuM Ca2+. lOmM EGTA was 

added as well as 3.5, 8.43 and 9.83mM CaCl2, respectively. The free Ca concentration was 

monitored by fura-2 and was within the appropriate range. The pipette and bath solution 

for cell-attached mode contained same components as bath solution used in whole-cell 

mode. 

Data analysis: 

Amplitude histograms can be used to analyse the single channel open state 

probability (P0). The total number of channels (N) times Pq of the single channels. 

expressed as NPo determined from the amplitude histograms according to the following 

equation: 

NP0=(Ai+2A2+3A3+.. .+nA n)/(A0+A|+A2+A3+.. .+A „) 

where Ao, A, A?, and A n are the areas under each histogram peak with the channels closed. 

one open, and simultaneous openings of two to n channels, respectively (see Leblanc and 

Wan. 1993). 

The cell-attached configuration is useful to study ion channels under physiological 

conditions as it results in little perturbation and allows for the continuous synthesis of the 



second messengers necessary to maintain signaling activity in the cytoplasm. The 

disadvantages of the cell-attached configuration are: 1/ it is difficult to determine the 

transmembrane voltage because of the unknown resting membrane potential of the cell, and 

21 the solutions on both sides of the membrane cannot be changed. "Inside-out" 

configuration is relatively straightforward and the internal composition of the solution can 

be easily altered. For example, in our protocols we used different bath concentrations of 

Ca2+ to characterize the Ca2+ dependence of the BKca channel (Fig. 2.3). In addition, using 

the "inside-out" configuration eliminates the uncertainty about resting membrane potential 

in the cell-attached mode, because actual transmembrane voltage is the voltage applied 

through the pipette. 

2.4 Materials and drugs 

All drugs were obtained from Sigma, except for scyllatoxin which was obtained 

from Alexis. All drugs were dissolved in distilled water except for indomethacin and ODQ 

which were dissolved in 95% ethanol and DMSO, respectively. 

2.5 Statistical analysis 

Data are expressed as pDi values and pD? is defined as the negative logarithm to 

base 10 of the EC50 values. In all experiments, n equals the number of animals used in these 

experiments. Relaxation is expressed as percentage of phenylephrine- or cirazoline-induced 

tone ± s.e.mean. The significance of differences between mean values was calculated by 

Student's /-test. Statistical significance of differences between the means of data groups 

was performed using ANOVA for curve analysis. Significance was assumed if P<0.05. 
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C h a p t e r 3: R e s u l t s 

3.1 Upregulation of EDHF but not PGI; in eNOS-/- mouse 

3.1.1 Non-NO, non-PGI? induced relaxation can be demonstrated in both isolated 

mesenteric arterioles and saphenous arteries in eNOS-/- mouse: 

Mesenteric arterioles 

Concentration-response curves to acetylcholine in mesenteric vessels from eNOS-/-

mice were endothelium-dependent and were insensitive to nitric oxide synthase plus 

cyclooxygenase inhibition, and also nitric oxide synthase plus cyclooxygenase and 

soluble guanylyl cyclase inhibition (Fig. 3.1). In contrast, in vessels from eNOS+/+ 

mice, both nitric oxide synthase and cyclooxygenase inhibition and the combination of 

nitric oxide synthase, cyclooxygenase. and soluble guanylyl cyclase inhibition 

significantly reduced acetylcholine-induced vasorelaxation. 

In endothelium-intact mesenteric arteries from eNOS+/+ mice precontracted with 

phenylephrine (1 uM), acetylcholine induced a concentration-dependent relaxation 

response with the maximal relaxation reaching 86.8±7.2 of the phenylephrine-induced 

contraction (Fig. 3.1). In the presence of the cyclooxygenase inhibitor, indomethacin. 

(IOuM) and the nitric oxide synthase inhibitor. Nw -nitro-L-arginine. (L-NNA), (lOOuM). 

the relaxation was 48.4±1.6% (P<0.05). The relaxation was significantly inhibited to 

25.4±5.i% by the combination of the putatively specific soluble guanylyl cyclase 

inhibitor. lH-(1.2,4)oxadiazolo(4,3-a)quinoxalin-l-one, (ODQ), (IOuM). indomethacin 

and L-NNA (P<0.05) (Fig. 3.1). In eNOS- - mice, in contrast to the wild type +/+ mice. 
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Figure 3.1: Concentration-relaxation curves to acetylcholine in phenylephrine 

precontracted endotheliuni-intact second order mesenteric arteries from eNOS-/- and 

mice in the absence or presence of either nitric oxide synthase (L-NNA) plus 

cyclooxygenase (indomethacin) or nitric oxide synthase, cyclooxygenase and soluble 

guanylyl cyclase (ODQ) inhibitors. Data are shown as means ± s.e. mean (n=6-7). 
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the maximal relaxation induced by acetylcholine was 75.7±4.9 (P>0.05). However, the 

combination of L-NNA and indomethacin or L-NNA, indomethacin plus ODQ did not 

affect acetylcholine-induced relaxation with maximum relaxation of 65.6±2.4. 59.0=4.3 

respectively (P>0.05) (Fig. 3.1). 

Saphenous arteries 

In endothelium-intact saphenous arteries from eNOS+/+ mice precontracted with 

phenylephrine (luM), acetylcholine induced a concentration-dependent relaxation 

response with a pDi value of 7.3±0.04 and maximal relaxation of 91.3±1.9% of the 

phenylephrine-induced contraction. The cyclooxygenase inhibitor indomethacin (IOuM) 

or NO synthase inhibitor. L-NNA (TOOuM) attenuated acetylcholine-induced relaxation 

to 80.0±8.0% or 64.9±6.3%. respectively (PO.05) (n=6). In the presence of 

indomethacin and L-NNA. the relaxation was attenuated to 51.4±7.1% with a pD: value 

of 6.8=0.05 (PO.05). The relaxation was significantly inhibited to 20.0=3.7% with a 

pD: value of 6.3=0.04 by the combination of ODQ (IOuM), indomethacin and L-NNA 

(PO.05) (Fig. 3.2a). 

In contrast to eNOS+/+ mice, the maximal relaxation induced by acetylcholine in 

eNOS-/- mice was 65.7=5.1% (pDi value of 6.6=0.05). Moreover, the combination of L-

NNA and indomethacin. or L-NNA. indomethacin plus ODQ, neither affected 

acetylcholine-induced relaxation (pD? value of 6.7=0.04. 6.6=0.07) nor maximum 

relaxation (55.7=2.3, 57.5=4.2% respectively) (P>0.05) in vessels from eNOS-/- mice 

(Fig. 3.2b). Based upon our observation that acetylcholine-mediated relaxation was 
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the maximal relaxation induced by acetylcholine was 75.7=4.9 (P>0.05). However, the 

combination of L-NNA and indomethacin or L-NNA, indomethacin plus ODQ did not 

affect acetylcholine-induced relaxation with maximum relaxation of 65.6±2.4, 59.0±4.3 

respectively (P>0.05) (Fig. 3.1). 

Saphenous arteries 

In endothelium-intact saphenous arteries from eNOS+/+ mice precontracted with 

phenylephrine (luM), acetylcholine induced a concentration-dependent relaxation 

response with a pD? value of 7.3±0.04 and maximal relaxation of 91.3=1.9% of the 

phenylephrine-induced contraction. The cyclooxygenase inhibitor indomethacin (IOuM) 

or NO synthase inhibitor, L-NNA (lOOuM) attenuated acetylcholine-induced relaxation 

to 80.0=8.0% or 64.9=6.3%. respectively (PO.05) (n=6). In the presence of 

indomethacin and L-NNA. the relaxation was attenuated to 51.4=7.1% with a pD: value 

of 6.8=0.05 (PO.05). The relaxation was significantly inhibited to 20.0±3.7% with a 

pD; value of 6.3=0.04 by the combination of ODQ (IOuM). indomethacin and L-NNA 

(PO.05) (Fig. 3.2a). 

In contrast to eNOS-/- mice, the maximal relaxation induced by acetylcholine in 

eNOS-/- mice was 65.7=5.1% (pD: value of 6.6=0.05). Moreover, the combination of L-

NNA and indomethacin. or L-NNA. indomethacin plus ODQ, neither affected 

acetylcholine-induced relaxation (pD: value of 6.7=0.04. 6.6=0.07) nor maximum 

relaxation (55.7=2.3. 57.5=4.2% respectively) (P>0.05) in vessels from eNOS-/- mice 

(Fig. 3,2b). Based upon our observation that acetylcholine-mediated relaxation was 
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Fig 3.2 Acetlylcholine-induced vasorelaxation of phenylephrine (0.1-luM) precontracted 

saphenous arteries isolated from (a) eNOS+/+ mice (n=10) and (b) eNOS-/- mice (n=10). In 

the presence of indomethacin (IOuM) and L-NNA (IOOLIM) or the combination of ODQ 

(IOuM), indomethacin and L-NNA, the relaxation was attenuated in eNOS+/+ mice 

(P<0.05). However, the combination of L-NNA and indomethacin or L-NNA, 

indomethacin plus ODQ did not significantly affect acetylcholine-induced relaxation in 

eNOS-/- mice (P>0.05). Data are means ± s.e.mean. 
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almost totally abolished by the combination of cyclooxygenase, NO synthase and 

guanylyl cyclase inhibitors, these data indicate that in mouse saphenous arteries, nitric 

oxide and PGL are important in mediating endothelium-dependent relaxation in 

eNOS+/+ mice, whereas a non-NO/PGI2 factor(s) and/or myoendothelial communication 

is entirely responsible for mediating endothelium-dependent vasorelaxation in eNOS-/-

mice. 

3,1.2 PGI2 did not play an important role in eNOS-/- mouse 

In endothelium-intact saphenous arteries from eNOS-/- mice precontracted with 

phenylephrine (luM), acetylcholine induced a concentration-dependent relaxation 

response with a pD2 value of 6.85±0.06 and maximal relaxation of 55.03±4.8% of the 

phenylephrine-induced contraction (Fig. 3.3). In the presence of the cyclooxygenase 

inhibitor indomethacin (10uM), acetylchoiine-induced relaxation with a pD2 value of 

6.86±0.06 and maximal relaxation of 54.2=4.3% (P>0.05) (n=6). 

3.2 Increased sensitivity to PE and KC1 in eNOS-/- mouse 

Femoral arteries isolated from eNOS-/-and +/+ mice contracted to KG with pD2 value of 

1.5=0.9 vs 1.6±0.7, and there was no significant difference (P>0.05) (Fig 3.4a). However. 

when contracted with phenylephrine, the pD2 values were 5.9±0.1; 5.9=0.1 and 5.6=0.1: 

5.87±0.1 for eNOS-/- in the absence or presence of L-NNA and eNOS+/+ in the absence 

or presence of L-NNA. respectively (Fig 3.4b). In the absence of L-NNA, femoral 

arteries from the -/- mice were significantly more sensitive to phenylephrine than tissues 

from eNOS+/+ (PO.05); however, the sensitivity of tissues from eNOS+/~ 
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Fig 3.3 Acetlylcholine-induced vasorelaxation of phenylephrine (luM) precontracted 

saphenous artenes isolated from eNOS-/'- mice (n=5). In the presence of indomethacin 

(lOuM) the acetylcholine-induced relaxation was not significantly attenuated in eNOS-/-

mice (P>0.05). Data are means = s.e.mean. 
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Fig 3.4 Concentration-response curves to KCI (a) and phenylephine (b) in the absence and 

presence of L-NNA in femoral arteries from eNOS+/+ and -/- mice. 
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tissues increased such that the difference in sensitivity between eNOS+/+ and -/- was lost 

after pretreatment with L-NNA (P>0.05). 

3.3 The role of K in EDHF-induced relaxation in eNOS-/- mice 

Considerable tissue and species variability, as well as differences reflecting 

experimental protocol procedure, are noted in the literature with respect to the 

identification of the K+ channels that mediate the effects of EDHF on vascular smooth 

muscle. Thus, Adeagbo and Triggle (1993) in a study with the isolated perfused rat 

mesenteric bed. concluded that apamin-sensitive Ca2+-activated K+ channels mediated the 

effects of EDHF on vascular smooth muscle. Activation of the Na7K+ ATPase pump by 

EDHF in canine coronary arteries (Feletou and Vanhoutte. 1988) has also been proposed 

to explain EDH. Recently, acetylcholine-mediated endothelium-dependent 

hyperpolarization of rat hepatic and mesenteric arteries was reported to be mediated by 

endothelial cell-derived K* exiting the cell following the opening of calcium-activated 

charybdotoxin- and apamin- sensitive potassium channels (Edwards et al, 1998). 

However, KT may not be the universal EDHF because data from guinea-pig carotid and 

porcine coronary arteries indicate differences between the vasorelaxation and 

hyperpolarization attributed to EDHF and tissue responsiveness to either 5 or 1 OmM K" 

(Qmgnard et al. 1999). 

In the current study, I have investigated K7-induced relaxation of mesenteric 

arterioles and saphenous arteries from eNOS-'- and eNOS+/+ mice and compared the 

relaxation with that produced by acetylcholine. 
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3.3.1 Experimental procedure 

After a 45 minute equilibration period, endothelium-dependent relaxations to 

acetylcholine were studied in tissues precontracted with 0.3-1 uM phenylephrine. The 

first series of experiments compared acetylcholine-induced relaxation with that produced 

by increasing the extracellular potassium concentration. The contribution of EDHF to the 

acetylcholine-induced relaxation was determined in tissues pretreated for 30 minutes with 

L-NNA (lOOuM) and indomethacin (IOuM). The second series of experiments was 

performed to compare acetylcholine and potassium-induced relaxation in the presence of 

barium, the KiR inhibitor and ouabain, the Na~TC ATPase inhibitor. All experiments 

were performed in the presence of L-NNA (100 uM) and indomethacin (IOuM). The 

third series of experiments was designed to determine if potassium-induced relaxation is 

endotheiium-dependent. The objective of the fourth series of experiments was to 

determine the effects of the calcium-activated potassium channel (Kca) inhibitors, 

charybdotoxin and apamin. on acetylcholine- and IC-induced vasodilation in eNOS--

and +/+ mice. Finally. 1 compared acetylcholine and IC-induced relaxation in mesenteric 

arterioles versus saphenous arteries. The relaxation-response curve to added KG was 

determined in both endothelium-intact and denuded-tissues which were precontracted 

with 0.3uM phenylephrine and based upon this response curve, it was determined that the 

addition of 1 OmM KG (on top of the 4.8mM already in the Krebs solution) gave the 

maximal relaxation. Thus, a single concentration of potassium was used to evaluate the 

effects of rjotassium-induced relaxation. 
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3.3.2 Potassium can induce relaxation in blood vessels from eNOS+/+ and -/- mice 

An increase in extracellular K+ by adding an additional 2-15 mM KCI (final bath 

concentration of 6.8-19.8mM K") induced a dose-dependent relaxation in saphenous 

arteries in both eNOS+/+ and -/- mice with maximum relaxation of 68.5=4.0, 74.5±6.3 % 

and pD2 value of 4.9±1.4, 6.1=0.6 respectively (P>0.05) (Fig. 3.5). Maximal responses 

were induced by the addition of 10-12mM KCI for a final bath concentration of 14.8-16.8 

K1". In subsequent experimental protocols, the addition of lOmM KCI to the tissue bath 

was used to study the pharmacological properties of K^ induced vasorelaxation. 

Acetylcholine-induced relaxation in eNOS+/+ mice was sensitive to L-NNA and 

indomethacin with a maximum relaxation of 38.4=2.7% compared to almost 100% 

relaxation under control conditions, but K"-induced relaxation was insensitive to a 

combination of L-NNA and indomethacin in both eNOS+/+ and -/- mice with maximal 

relaxations of 64.3=7.0% compared to 68.8=6.7% in +/+ mice, and 66.7=6.9% compared 

to 73.4±4.8% in -/- mice in the absence of L-NNA and indomethacin (P>0.05) (Fig. 3.6). 

Endotheiium-denuded preparations were also used to determine if the relaxation-induced 

by acetylcholine and potassium was endothelium-dependent. After removal of the 

endothelium, acetylcholine-induced relaxation was abolished, but K^-induced relaxation 

remained: 50.5=9.2% in eNOS4-^ mouse saphenous arteries and 69.5=6.5% in eNOS-'-

mice and compared to endothelium intact preparations: the difference was not significant 

(P>0.05) (Fig. 3.7). 
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Fig. 3.5 Saphenous arteries induced by increasing extracellular K by the addition of 2-

15mM KCI (for a final bath concentration of 6.8-19.8 mM K+) in both eNOS+/+ and -/-

mice (P>0.05) (n=7). Data are means ± s.e.mean. 
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eNOS(+/+) eNOS(-/-) 

Fig. 3.6 % Relaxation induced by lOOuM ACh or an addition of lOmM KC! to 

saphenous aneries was compared for control condition and in the presence of L-NNA and 

indomethacin. Acetylcholine-, but not K-. induced relaxation in eNOS+/+ mice was 

sensitive to L-NNA and indomethacin. Both ACh- and K- induced relaxation were 

insensitive to L-NNA and indomethacin in eNOS- - mice i P>0.05) (n=6). Data are means ± 

s.e.mean. 
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K 

Fig. 3.7 ACh- and IC-induced vasorelaxation responses were compared in 

endothelium-intact and endothelium-denuded preparations. After removal of endothelium. 

acetylcholine-induced relaxation was abolished, but IC-induced relaxation was 

endothelium-independent (P>0.05) (n=8). Data are means = s.e.mean. 
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3.3.3 IC-induced relaxation in saphenous arteries is sensitive to the K)R inhibitor 

Ba2+ and the Na"/K7 ATPase inhibitor ouabain. 

lOmiM potassium-induced relaxation of mouse saphenous arteries was partially 

inhibited in the presence of 30uM Ba2+ or IOuM ouabain in eNOS+/+ mice with maximal 

relaxations of 34.5=5.5 and 42.6±6.5%, respectively (Fig. 3.8). In eNOS-/- mice, Ba2" or 

ouabain inhibited IC-induced relaxation to comparable levels as exhibited in tissues from 

eNOS+/+ mice (36.5±5.1 and 37.9±7.2%, respectively). The combination of Ba2" and 

ouabain almost totally abolished lOmM K+-induced relaxation in both eNOS+/+ and -/-

mice (maximal relaxations were 7.6=3.0 and 4.3±1.4%, respectively) (P<0.05). In 

contrast, barium, ouabain, and the combination of barium and ouabain produced only a 

comparably smaller inhibition of acetylcholine-induced relaxation, in the presence of L-

NNA and indomethacin. in eNOS+/+ mice with maximum relaxations of 36.0=8.5%, 

37.6=5.5%, 38.0=8.8% from 51.4=7.1% and pD2 value of 6.3±0.09, 6.6=0.05. 6.50=0.03 

(Fig. 3.9). However, in mouse saphenous arteries from eNOS-/-. acetylcholine-induced 

relaxation was insensitive to either barium or ouabain alone, or the combination of 

barium and ouabain, with maximum relaxation 50.7=8.4%. 55.0=6.6%. 50.0=7.7% and 

pD: value of 6.7±0.03. 6.6=0.03, 6.4=0.05 (P>0.05) respectively. 

3.3.4 Acetylcholine-, but not IC- induced relaxation in saphenous arteries is 

abolished by a combination of apamin and charybdotoxin. 

Acetylcholine, in the presence of L-NNA and indomethacin. and IC-induced relaxations 

were also compared in the presence of the following potassium channel inhibitors: 

charybdotoxin and apamin. Exposure of the vessels to lOOnM charybdotoxin elicited a 
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eNOS(+/+) eNOS(-/-) 

Fig. 3.8 lOmM potassium-induced relaxation of saphenous arteries was partially 

inhibited in the presence of 30uM Ba"~ or IOuM ouabain in eNOS+/+ and eNOS-/- mice 

(P<0.05) vs control (n=7). However, the combination of Ba2~ and ouabain almost totally 

abolished lOmM K-induced relaxation in both eNOS+/+ and -/- mice (P<0.05) (n=7). Data 

are means ± s.e.mean. 
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Fig. 3.9 Acetylcholine-induced vasorelaxation in the presence of barium, ouabain, 

and the combination of barium and ouabain in saphenous arteries isolated from (a) 

eNOS+/+ mice (n=7) and (b) eNOS-/- mice (n=7). Control responses were obtained in the 

presence of indomethacin and L-NNA which were included throughout the entire 

experiment. Acetylcholine -induced relaxations were insensitive to either barium, ouabain 

alone or the combination of barium and ouabain in both eNOS+/+ and eNOS-/- mouse 

saphenous arteries (P>0.05). Data are means ± s.e.mean. 



contraction that was equal to that produced by 10 pm phenylephrine; however, apamin 

did not produced a comparable response. Furthermore, the addition of charybdotoxin to a 

tissue contracted with a sub-maximai concentration of phenylephrine resulted in an 

additional contraction. Neither charybdotoxin (lOOnM) nor apamin (luM) alone 

significantly affected the vasorelaxation induced by acetylcholine: maximal relaxations 

of 61.5±6.5%, 50.5=7.2% and pD2 values of 6.4±0.1, 6.3±0.05 in eNOS+/+ mice (Fig. 

3.10) and maximal relaxations of 67.3±6.7%. 42.7±4.5% and pD2 value of 6.4+0.1, 

6.2±0.1 in eNOS-/- mice (P>0.05). However, a combination of apamin and 

charybdotoxin completely abolished the acetylcholine-induced relaxation in both 

eNOS+/+ and -/- mice with maximal relaxation responses of 10.1±5.0% and 3.0±1.7% 

respectively (P<0.05). In the presence of charybdotoxin and apamin. the relaxation 

produced by lOmiVl K7 was unaffected with maximal relaxation responses of 70.4% and 

74% in eNOS+/+ and -/- mice. 

3.3.5 Contribution of K7 to the EDHF-mediated response is tissue- and strain-

dependent 

In mesenteric resistance arterioles, K+ also induced a concentration-dependent 

relaxation in both eNOS+/+ and -/- mice. The acetylcholine-induced relaxation was not 

attenuated in the presence of ouabain (with maximum relaxations of 41.5=7.6% and 

73.5+7.6% and pD2 values of 6.3=0.1 in and 6.70±0.1 in eNOS+/+ and -/- mice 

respectively); however, unlike in saphenous arteries, the relaxation was significantly 

inhibited by 30uM Ba2r with maximum relaxations of 24.7+5.4%. 31.3±3.1% and pD2 
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Fig. 3.10 Acetlylcholine-induced vasorelaxation in the presence of potassium channel 

inhibitors ChTX (lOOnM), apamin (luM), and the combination of ChTX and apamin in 

saphenous arteries isolated from (a) eNOS+/+ mice (n=5) and (b) eNOS-- mice (n=5). 

Control responses repeated those obtained in the presence of indomethacin and L-NNA 

which were included throughout the entire protocol. Neither ChTX nor apamin alone 

significantly affected the relaxation to ACh. However, a combination of apamin and ChTX 

completely abolished the acetylcholine-induced relaxation in eNOS+/+ and eNOS-- mice 

(PO.05). Data are means = s.e.mean. 
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values of 6.1=0.08 and 6.2±0.08 in eNOS+/+ and -/- mice, respectively (PO.05) (Fig. 

3.11). 

As in saphenous arteries, lOmM IC-induced relaxation of mesenteric arterioles 

was inhibited in the presence of Ba2", from 73.1=4.2% to 43.0=15.5% in eNOS+/-r mice 

and 73.8±4.4% to 53.3=3.3% in eNOS-/- mice. Ouabain also inhibited K+-induced 

relaxations to 32.5±6.5% in eNOS+/+ mice and 32.5=2.2% in eNOS-/- mice and the 

combination of barium and ouabain totally abolished relaxation with maximum relaxation 

of 1.9=1.4% in eNOS+/+ and 0.7±0.6% in eNOS-/- mice respectively, (PO.05) (Fig. 

3.12). 

CD-I mice were used as an additional control as a number of studies have 

indicated that not all blood vessels relax when extracellular K is elevated (Lacy et al.. 

2000). In CD-I mice, IC did not induce relaxation in mesenteric arterioles (Fig. 3.13). 

3.4 K channel blockers and acetylcholine-induced relaxation 

We have demonstrated that EDHF-mediated relaxation in mouse saphenous 

arteries is inhibited by the combination of apamin and charybdotoxin (Chapter 3.3.4). 

The aim of the present study was to determine whether, in mouse mesenteric arterioles. 

other Kca blockers could, in combination with charybdotoxin. substitute for apamin as 

inhibitors of EDHF-mediated relaxation. 

3.4.1 K channel blockers 

Acetylchoiine-mediated relaxation of eNOS-/- and +/+ mouse first order 

mesenteric arterioles, pre-contracted with cirazoline and in the presence of L-NNA and 
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Fig. 3.11 Acetlylcholine-induced relaxation in mesenteric arteries isolated from (a) 

eNOS+/+ mice (n=7) and (b) eNOS-/- mice (n=7). In the presence of L-NNA and 

indomethacin, maximum acetylcholine-induced relaxation was partially inhibited in 

eNOS+/+ mice (P<0.05), but was not significantly altered in eNOS-/- mice (PX).05). The 

acetylcholine-induced relaxation was not attenuated in the presence of ouabain in either 

eNOS+/+ or -/- mice, however, the relaxation was significantly inhibited by Ba2+ in both 

eNOS+/+ and eNOS-/- mice (PO.05). Data are means ± s.e.mean. 
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Fig. 3.12 In mesenteric arteries, lOmM potassium-induced relaxation was partially 

inhibited in the presence of Ba2+ or ouabain from eNOS+/+ and eNOS-/- mice but almost 

completely inhibited by the combination of barium and ouabain (P<0.05) (n=6). The 

control protocol reflects the presence of indomethacin and L-NNA which were included 

throughout the entire experimental protocol. Data are means ± s.e.mean. 
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Fig. 3.13 The original trace of myograph data. In CD-I mice. K cannot induce relaxation in 

mesenteric arteriole. 
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indomethacin, was compared following pre-incubation of the tissues for 30 minutes with 

the following potassium channel inhibitors: charybdotoxin, apamin, tubocurarine, 

scyllatoxin and iberiotoxin. 

Exposure of the vessels to luM apamin alone and the combinations of apamin 

plus iberiotoxin (lOOnM) or apamin plus charybdotoxin (lOOnM) elicited contractions in 

mesenteric arterioles from both eNOS+/+ and -/- mice (Fig. 3.14). In eNOS+/+ mice, the 

contractions were: 13.7±5.1%, 59.6±13.6 and 80.6±15.7% respectively (PO.05) of that 

produced by lOOnM of the (Xi adrenoceptor agonist, cirazoline; however, neither 

charybdotoxin alone nor when combined with scyllatoxin or tubocurarine produced a 

comparable response. In eNOS-/- mice, apamin treatment resulted in a contraction of 

14.8±11.0%, and the combinations of apamin with iberiotoxin and charybdotoxin 

5.5±2.8% and 46.0±13.5% respectively. Contractions mediated by the K+-channel 

blockers were not sustained and gradually returned, over an approximately 20 minute 

time period, to base line. 

In eNOS-7- mice neither charybdotoxin (lOOnM) nor apamin (luM) alone 

significantly affected the vasorelaxation induced by acetylcholine (Fig.3.15, Table 1). 

The combination of apamin and charybdotoxin significantly inhibited maximal relaxation 

responses and pD- values of the acetylcholine-induced relaxation (P<0.05). 

In mesenteric arterioles from eNOS+N- mice pre-treatment with charybdotoxin or 

apamin alone produced no significant inhibition of the maximal acetylcholine-induced 

vasorelaxation response when compared to control (P>0.05) (Fig.3.15, Table 2), but did 

significantly shift the dose-response curve for acetylcholine as reflected by the pD: 
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Fig 3.14 Increase of basal tone in the presence of K+ channel blockers in mouse mesenteric 

arterioles (n=8). (a) In vessels from eNOS-/- mice, apamin, the combination of apamin with 

iberiotoxin (IbTX) and charybdotoxin (ChTX) induced contraction. The combination of 

apamin and ChTX caused significant increased tone compared to apamin alone (* P<0.05). 

(b) In vessels from eNOS +/+ mice, apamin, the combination of apamin with IbTX and 

ChTX also induced contraction. The combination of apamin with both IbTX and ChTX 

caused significant increased tone compared to apamin treatment with alone (* P<0.05). 



e N O S - / - b . e N O S + / + 

i '00-1—i , 1 , 1 • r 
8 7 6 5 8 7 6 5 

[ACh](-logM) [AChj(-logM) 

• L-NNA/indomethacin 

• L-NNA/indomethacin/apamin 

A L-NNA7indomethacin/ChTX 

T L-NNA/indomethacin/apamin/ChTX 

ioo 4 - — i . 1 ' r——1 1 r 
9 3 7 6 5 

[NO](-logM) 



79 

Fig 3.15. Concentration-response curves illustrating acetylcholine- and NO-induced 

vasorelaxation of cirazoline precontracted mouse mesenteric arteries in the presence of 

apamin and ChTX (n=6). 

(a) In vessels from eNOS-/- mice neither apamin (luM) nor ChTX (lOOnM) significantly-

reduced acetylcholine-induced vasorelaxation (P>0.05). The combination of apamin and 

ChTX significantly inhibited the acetylcholine-induced vasorelaxation (* P<0.05). 

(b) In vessels from eNOS+/+ mice apamin and ChTX produced a significant right-ward 

shift in the acetylcholine-induced response curve (* PO.05). The combination of apamin 

and ChTX significantly inhibited the acetylcholine-induced relaxation (* PO.05). 

(c) In vessels from eNOS+/+ mice the combination of apamin and ChTX. but not apamin 

alone, significantly inhibited the NO-induced relaxation (* PO.05). 
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Table 1. The maximal relaxation and pD: to acetylcholine in mesenteric arterioles from 

eNOS-/- mice: effect of NOS, C O X and sGC, as well as K-channel inhibitors. 

Max Relaxation PD; 

Control 97.0±1.6% 7.0+0.3 

L-NNA/ indomethacin 78.0±7.7% (P<0.05) 6.0±0.2 (PO.05) 

ODQ/L-NNA/ indomethacin 55.8±10.0%(P<0.05) 5.9±0.1 (PO.05) 

ODQ/L-NNA/ indomethacin (2nd)* 42.7±14.5%(P<0.05) 5.9+0.3 (PO.05) 

L-NNA/indomethacin 72.5±5.8% 6.5±0.1 

Apamin/L-NNA/indomethacin 65.3±10.3%(P>0.05) 6.0+0.1 (PO.05) 

ChTX/T-NNAyindomethacin 59.3=8.1% (P>0.05) 6.0±0.1 (PO.05) 

Apamin/ChTX/L-NNA/indomethacin 43.3±3.7%(P<0.05) 5.8+0.1 (PO.05) 

Control 88.3+1% 6.7+0.1 

Apamin/ChTX 65.3±7.3%(P>0.05) 6.2+0.1 (P>0.05) 

L-NNA/indomethacin 8l.9±5.1% 6.4+0.1 

IbTXy L-NNA/indomethacin 40.3x11.1% (PO.05) 6.1+0.1 (PO.05) 

IbTX'apamin/L-NNA/indomethacin 42.3±7.2% (PO.05) 5.6=0.1 (PO.05) 

L-NNA/indomethacin 82.9+4.4% 6.5+0.1 

Scyllatoxin/L-NNA/indomethacin 82.8±4.5% (P>0.05) 6.5-0.1 (P>0.05i 

Scyilatoxin/ChTX/L-NNA/indomethacin 62.2±10.1% (P>0.05) 6.2±0.1 (PO.05) 

L-NNA/ indomethacin 85.8=4.1% 6.6=0.1 

Tubocurarine/L-NNA'indomethacin 78.2±12% (P>0.05) 6.6=0.1 (P>0.05) 

Tubocurarine/ChTX/L-NNA/indomethacin 26.3=6.3% (PO.05) 5.7+0.1 (PO.05) 

Data are expressed as pD: values and pD: is defined as the negative logarithm to base 10 

of the EC50 values. Relaxation to acetylcholine is expressed as percentage of cirazoline-

induced tone ± s.e.mean. The statistical differences between mean values was calculated 

by Student's /-test. Statistical significance of differences between the means of data 

groups was performed using A N O V A for curve analysis. Significance was assumed if 

PO.05. * reflects a time-dependent control conducted 30min after first crc. 
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Table 2. The maximal relaxation and pDito acetylcholine in mesenteric arterioles from 

eNOS-'- mice: effect of NOS, COX and sGC. as well as K-channel inhibitors. 

Max Relaxation pD: 

Control 85.0±5.5% 6.0±0.1 

L-NNA/indomethacin 84.3-7.3% (P>0.05) 6.3x0.2 (P>0.05) 

ODQ/L-NNA/indomethacin 76.4=3.8% (P>0.05) 6.2±0.1 (P>0.05) 

L-NNA/indomethacin 73.1±6.0% 5.9±0.1 

Apamin/L-NNA/indomethacin 77.2±8.1%(P>0.05) 5.8±0.1 (P>0.05) 

ChTX'L-NNA/indomethacin 59.7+9.2% (P>0.05) 5.6±0.1 (P>0.05) 

Apamin/ChTX/L-NN AJ indomethacin 30.9±8.0% (P<0.05) 5.4±0.1 (P<0.05) 

L-NNA/indomethacin 79.8±6.2% 6.4+0.1 

IbTX/L-NNA/indomethacin 61.8+9.4% (P>0.05) 6.2+0.1 (P>0.05) 

IbTX'apamin/L-NNA/indomethacin 53.6±6.5%(P<0.05) 5.8±0.1 (P<0.05) 

L-NNA/ indomethacin 73.0±7.3% 6.2±0.1 

Scyllatoxin/L-NNA/indomethacin 58.2±5.4% (P>0.05) 6.0+0.1 (P>0.05) 

Scyllatoxin/ChTX'L-NNAy'indomethacin 38.4=8.1% (P<0.05) 5.7+0.2 (P<0.05) 

L-NNA/indomethacin 69.3=7. i % 6.0=0.1 

Tubocurarine/L-NNA/indomethacin 15.2±3.3%(P<0.05) 6.0+0.2 (P<0.05) 

Tubocurarine/ChTX/L-NNA/indomethacin 10.7±6.3%(P<0.05) 5.8=0.1 (P<0.05) 

Data are expressed as pD: values and pD: is defined as the negative logarithm to base 10 

of the EC50 values. Relaxation to acetylcholine is expressed as percentage of cirazoline-

induced tone ± s.e.mean. The statistical differences between mean values was calculated 

by Student's /-test. Statistical significance of differences between the means of data 

groups was performed using A N O V A for curve analysis. Significance was assumed if 

P<0.05. 
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Table 3. The maximal relaxation to NO and pD2 values in mesenteric arterioles from 

eNOS-r/+ mice: effect of NOS, C O X and sGC, as well as K-channel inhibitors. 

L-NNA/indomethacin 

Apamin/L-NNA/ indomethacin 

Apamin/ChTX/L-NNA/indomethacin* 

L-NNA'indomethacin 

IbTX/L-NNA/indomethacin 

IbTX/apamin/L-NNA/indomethacin 

L-NNA/indomethacin 

Tu boc urarine/L-NN A/ i ndomethac in 

Tubocurarine/ChTX/L-NNA/indomethacin 

Max Relaxation pD2 

85.4±0.1% 

89.0±2.3% (P>0.05) 

68.4±6.9% (P<0.05) 

7.0±0.1 

6.8+0.1 (P>0.05) 

6.5±0.2 (P<0.05) 

93.0±2.51% 

92.3±2.7% (P>0.05) 

92.0±2.3% (P>0.05) 

7.2±0.1 

6.3±0.1 (P<0.05) 

6.7±0.1 (P<0.05) 

94.0±2.1% 

94.7±2.8% (P>0.05) 

75.3±14.4%(P<0.05) 

7.1+0.3 

7.2±0.2 (P>0.05) 

6.7±0.1 (P<0.05) 

Data are expressed as pD2 values and pD2 is defined as the negative logarithm to base 10 

of the EC50 values. Relaxation to NO is expressed as percentage of cirazoline-induced 

tone ± s.e.mean. The statistical differences between mean values was calculated by 

Student's f-test. Statistical significance of differences between the means of data groups 

was performed using A N O V A for curve analysis. Significance was assumed i f P<0.05. * 

at 10"6M NO. 
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values (PO.05). In the presence of L-NNA and indomethacin the combination of 

apamin and charybdotoxin significantly inhibited the acetylcholine-induced relaxation 

(PO.05). 

In eNOS+/+ mice, pre-treatment with apamin alone did not significantly inhibit 

either the maximal relaxation response to NO or the pD2 (Fig.3.15, table3). However, 

pre-treatment of the tissues with the combination of apamin and charybdotoxin 

significantly reduced both maximal vasorelaxation and the pD2 (PO.05). 

Tubocurarine 

In eNOS-/- mice. 100u.M tubocurarine alone almost completely abolished the 

acetylcholine-induced relaxation (PO.05) (Fig.3.16, Table 1). However, in eNOS+/+ 

mice, pre-treatment with tubocurarine alone produced no inhibition with maximal 

vasorelaxation and pD2 value, but the combination of charybdotoxin and tubocurarine 

almost completely abolished the acetylcholine-induced relaxation (PO.05) (Fig.3.16. 

Table 2). In addition pre-treatment with tubocurarine alone did not inhibit either 

maximal vasorelaxation to NO or pD2 (Fig.3.16. Table 3). Furthermore, the combination 

of charybdotoxin with tubocurarine did not inhibit the maximal vasorelaxation response 

to NO (P>0.05), but the combination significantly reduced the pD2 (PO.05). 

Scyllatoxin 

In eNOS-/- mice, pre-treatment with lOOnM scyllatoxin alone resulted in no 

significant inhibition in either maximal or pD2 values for acetylcholine-induced 

relaxation when compared to relaxation-responses to acetylcholine obtained in the 

presence of L-NNA and indomethacin (P>0.05) (Fig.3.17. Table 1). However. 
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Fig 3.16 Concentration-response curves showing acetylcholine- and NO-induced 

vasorelaxation in the presence of tubocurarine and ChTX (n=6). 

(a) In vessels from eNOS-/- mice tubocurarine (lOOuM) alone significantly inhibited 

acetylcholine-induced vasorelaxation (* P<0.05). 

(b) In vessels from eNOS+/+ mice the combination of tubocurarine and ChTX, but not 

tubocurarine alone, significantly inhibited acetylcholine-induced vasorelaxation (* 

P<0.05). 

(c) In vessels from eNOS+/+ mice the combination of tubocurarine and ChTX, but not 

tubocurarine alone, significantly inhibited the NO-induced relaxation (* P<0.05). 



scyllatoxin, combined with charybdotoxin, produced significant reduction in both and 

maximal relaxation and pD2 (P<0.05). 

Pre-treatment with scyllatoxin alone in the presence of L-NNA and indomethacin 

in eNOS+/+ mice resulted in no significant inhibition in either maximal or pD2 values 

(P>0.05) (Fig.3.17, Table 2). Scyllatoxin alone, and combined with charybdotoxin 

produced a significant shift in the pD2 value (P<0.05) but produced no inhibition of the 

maximal vasorelaxation response to acetylcholine (P>0.05). 

Iberiotoxin 

In eNOS-/- mice, pre-treatment of the tissues with lOOnM iberiotoxin alone 

resulted in no significant inhibition compared to the vasorelaxation mediated by 

acetylcholine elicited in the presence of L-NNA and indomethacin (P>0.05). Iberiotoxin 

combined with apamin resulted in a significant inhibition of both maximal vasorelaxation 

and pD2 (PO.05) (Fig.3.18. Table 1). 

Pre-treatment with iberiotoxin alone in mesenteric arterioles from eNOS+/+ mice 

resulted in the significant inhibition of both maximal vasorelaxation and the pD2 value 

(PO.05). The combination of iberiotoxin and apamin inhibited both the maximal 

vasorelaxation response and pD2 values (PO.05) (Fig.3.18. Table 2). 

In mesenteric arterioles from eNOS+/+ mice, in the presence of L-NNA and 

indomethacin, NO-mediated dose-dependent vasorelaxation. In the presence of 

iberiotoxin. and the combination of iberiotoxin and apamin. the maximal vasorelaxation 

responses to NO were not significantly different from control (P>0.05) (Fig.3.18, Table 

3). However, the pD2 values reflect a significant shift from control (PO.05). 



87 

a . e N O S - / - b . e N O S + A 

0-t 

20-

c 
.2 4°' 
OB 
X 
•2 60-1 

80-

20 

40-

60-

30 

100 • i • — r — — i — - — i — i — i — • — i — • — r 
8.0 7.5 7.0 6.5 6.0 5.5 5.0 

100' l • i • i • i ' l • i • i 
8.0 7.5 7.0 6.5 6.0 5.5 5.0 

[ACh](-logM) [ACh](-logM) 

• L-NNA/indomethacin 

• L-NNA/indomethacin/scyilatoxin 

A L-NNA/indomethacin/scyllatoxin/ChTX 

Fig 3.17. Concentration-response curves showing acetylcholine-induced vasorelaxation 

in the presence of scyllatoxin and ChTX (n=6). (a) In vessels from eNOS-/- mice 

scyllatoxin (lOOruVl) alone had no significant inhibitory effect on acetylcholine-induced 

vasorelaxation (P>0.05), but the combination of scyllatoxin and ChTX significant 

inhibited the relaxation (* P<0.05i. (b) In vessels from eNOS +/+ mice the combination 

of scyllatoxin and ChTX. but not scyllatoxin alone, significantly inhibited acetylcholine-

induced vasorelaxation (* P<0.05). Data are means = s.e.mean. 
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Fig 3.18. Concentration-response curves illustrating acetylcholine- and NO-induced 

vasorelaxation in the presence of IbTX and apamin (n=6). 

(a) In vessels from eNOS-/- mice the combination of IbTX (lOOnM) and apamin, but not 

IbTX alone, significantly inhibited acetylcholine-induced vasorelaxation (* P<0.05). 

(b) In vessels from eNOS+/+ mice IbTX alone significantly inhibited acetylcholine-

induced vasorelaxation (* P<0.05). 

(c) In vessels from eNOS+/+ mice IbTX alone significantly inhibited the NO-induced 

relaxation (* P<0.05). 
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In the presence of ODQ the pD2 (PO.05), but not the maximal response (P>0.05,) 

of the NO-induced relaxation was significantly different from the control (Fig.3.19. Table 

3). 

3.4.2 Role of the endothelium 

In the absence of the endothelium (n=5 tissues from 3 animals) neither apamin 

nor apamin plus charybdotoxin-induced tone in mouse mesenteric arterioles from eNOS-

/- mice (data not presented). 

3.5 Gap junction inhibitors and EDHF-induced relaxation in eNOS-/- mice 

In the presence of the gap junction inhibitor 18p-glycyrrhetinic acid, 

acetylcholine-induced relaxation of first order mouse mesenteric arterioles with maximal 

relaxation of: 68.3±7.0% with pD2 value of 6.2±0.2 vs. control 84.3+7.3% with pD2 

6.1±0.2 (P>0.05) (Fig. 3.20). However, pretreating with carbenoxolone, reduced the 

acetylcholine-mediated maximal relaxation to 56.4±6.8% (PO.05) with a pD2 value of 

6.1+0.3 (P>0.05) (Fig. 3.20). 

3.6 Catalase on EDHF-induced relaxation in eNOS-/- mice 

In the presence of H202 inhibitor catalase. acetylcholine-induced relaxation was 

reduced from a maximum of 80.5±3.3% with pD2 value of 5.9±0.1 to 54.5±11.3% and 

pD2of6.1±0.1 (P>0.05) (Fig. 3.21). 



91 

-9 -8 -7 -6 -5 

[ N O ] ( - l o g M ) 

Fig. 3.19. In vessels from eNOS+/+ mice sGC inhibition had a significant effect on NO-

mediated relaxation (* PO.05). 
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Fig. 3.20: Concentration-response curves of acetylcholine-induced vasorelaxation in 

vessels from eNOS-/- mice in the presence of gap junction inhibitor 180-GA and 

carbenoxolone (n=5). Carbenoxolone. but not 18(3-GA significantly inhibited ACh-induced 

relaxation. 
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Fig. 3.21: Concentration-response curves of acetylcholine-induced vasorelaxation in 

vessels from eNOS- - mice in the presence of H2O2 inhibitor catalase (n=4). 
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3.7 Electrophysiology 

In the current investigation the pharmacological properties of the K+ channels that 

are involved in mediating endothelium-dependent hyperpolarization were investigated 

with the hypothesis that the chronic lack of eNOS may lead to changes in the identity. 

contributions and density of both endothelial and vascular K+ channels. It has been 

clearly demonstrated that acetylcholine increases the probability of opening of Kca 

channels in native endothelial cells (Rusko et al., 1992) and numerous studies have 

indicated that the vascular smooth muscle cell target of the putative EDHF is a K+ 

channel(s). Thus, the pharmacological properties of K+ channels were investigated in 

freshly dispersed mouse myocytes from mesenteric second order arterioles and correlated 

with data obtained from studies of the effects of a variety of K+ channel blockers on 

endothelium-dependent relaxation in the mesenteric arterioles. 

EDHF-mediated relaxation can be abolished by the pretreatment of the tissue with 

the combination of charybdotoxin and apamin. suggesting that KCa, and most likely SKCa 

and IKCa. channel(s) are involved. Edwards et al. (1998) and Doughty et al. (2000) have 

provided data indicating that the apamin and charybdotoxin-sensitive channel(s) is likely 

associated with the endothelial and not the smooth muscle cells at least in rat vascular 

tissue. However, the conductance properties of the channel(s) inhibited by apamin and 

charybdotoxin has not been clearly elucidated or studied in mouse tissues. I studied 

whether charybdotoxin- or apamin-sensitive currents, or a current that was sensitive to 

the combination of apamin and charybdotoxin exist at the whole cell level in mesenteric 
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arteriole myocytes. Also, single channel analysis was pursued in order to take a closer 

look at which Kca channels may be functional in native VSMCs. 

3.7.1 Whole cell currents 

Original traces (Fig. 3.22) of whole-cell currents were recorded during 250ms 

pulses between -65 and +75mV in lOmV steps from myocytes in eNOS+/+ and -/- mice. 

The holding potential is -60mV and a brief step to -30 mV to record tail currents was 

followed after the depolarizing steps. Activation of current during the depolarizing steps 

to +65 mV revealed whole-cell outward current densities in eNOS-/- and +/+ mouse 

myocytes of 55.6±6.3 (n=12) and 75.6 ±10.9 pA/pF (for cell capacitance see chapter 2) 

(11=7) (PO.05), respectively. 

Original traces of whole-cell currents from myocytes in eNOS-/- mice (Fig. 3.23) 

were recorded during 250ms pulses between -65 and +45mV in lOmV steps before and 

after ImM TEA treatment. ImM TEA significantly reduced whole-ceil outward current 

densities. TEA sensitive currents were revealed after subtracting the currents in the 

presence of TEA from the control currents. lOmM TEA almost totally eliminated whole-

cell currents (data not shown). 

Families of whole-cell currents from two different myocytes in eNOS-/- mice 

were recorded during 250ms pulses between -65 and +45mV before and after ImM 4-AP 

treatment. ImM 4-AP also significantly attenuated whole-cell currents from both 

myocytes (Fig 3.24). However, the current densities from two myocytes are different. 

Also the 4-AP-sensitive currents from one cell only shows transient outward currents, but 
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Figure 3.22: Whole-cell currents recorded, during 250ms pulses between -65 and +-75mV 

in lOmV steps with holding potential of -60mV, in myocytes from eNOS+/+ and -/- mice 

(n=10-l2). A. protocol of voltage step. B. Original recordings of whole-cell current. C. 

Current (I)- Voltage (V) relationship of the end-pulse current. (* P<0.05) 
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Figure 3.23: Whole cell currents recorded, during 250ms pulses between -65 and -45mV in 

lOmV steps with holding potential of-65mV, in myocytes from eNOS-'- mice. Currents 

were recorded from a single myocyte before (A), and after treatment with (10"JM) 

tetraethylammonium (TEA) (B): in the presence of tetraethylammonium (10°M). the 

tetraethyiammonium-sensitive (TEA-sensitive) current. C. is depicted as A minus that 

shown in B. (C). 
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Figure 3.24: Whole-cell currents recorded, during 250ms pulses between -65 and +45mV 

in lOmV steps with holding potential of -65mV in myocytes from eNOS-/- mice. 

Original recordings of whole-cell currents were obtained from two single myocyte before 

(A, D), and after treatment with 4-aminopyridine (4-AP: 10°M) (B, E); C and F illustrate 

data from panel B, E subtracted from that presented in panel A, D. 
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Activation of current during the depolarizing steps to +75 mV revealed whole-cell 

outward current density in eNOS-/- mouse myocytes of 52.8+4.7 pA/pF (Fig. 3.25). The 

presence of the KCa channel blockers 1 uM apamin, or 1 OOnM charybdotoxin singularly 

had no significant effect on the outward whole cell current and current densities of 

48.3+3.9 and 53.4 ±3.5 pA/pF were recorded respectively (P>0.05). The combination of 

1 uM apamin, and 1 OOnM charybdotoxin had no inhibitory action on the current with a 

current density 47.5+2.9 pA/pF (P>0.05). On the other hand, ImM TEA did significantly 

inhibit the outward current density to 31.5±5.1 pA/pF (PO.05). 

3.7.2 Single channel currents 

Large-conductance unitary currents were recorded in symmetrical 140 mM KT in 

inside-out patches of membrane from freshly dispersed mesenteric arteriolar muscle cells 

that were both Ca2+ and voltage-dependent (see Fig.3.26). At 0.1 uM [Ca +], the channel 

activities AT0s were 0.002±0.001,0.03±0.01, 0.35±0.22 and 1.08±0.46 when membrane 

potentials were -40, -20, +20. and +40 mV, respectively. At 1 uM [Ca2+], NP0 were 

0.01+0.0070, 0.04+0.02, 0.62+0.31 and 1.32±0.47 when membrane potentials were -40, 

-20. +20, and ^40 mV. respectively. At lOuM [Ca2+],NP0 were 0.08±0.07. 0.41+0.19. 

1.76+0.62 and 3.29±0.54 when membrane potentials were -40. -20. -20. and -40 mV, 

respectively. At lOOuM [Ca:+],.VP0 were 1.09+0.1 1. 1.95+0.22. 3.33+0.09 and 3.90+0.18 

when membrane potentials were -40, -20. +20. and +40 mV: respectively. The channels 

had a single-channel conductance of 220 +. 2 pS between -40 and +40 mV at lOuM [Ca2^l 

in symmetrical 140 mM K7. measured as the slope of the unitary current-voltage 

relationship in = 7). 
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Figure 3.25: Current (I)- Voltage (V) relationship of the end-pulse current amplitude 

evoked by depolarizing steps from -65 to -75 mV. Whole-cell currents recorded during 

250ms pulses between -65 and +75mV in lOmV steps with holding potential of -60mV in 

myocytes from eNOS-/- mice in the absence and presence of the Kca channel blockers 

apamin (10" M), or charybdotoxin (ChTX: 10" M) either alone or in combination, or in the 

presence of tetraethylammonium (TEA; 10""M). Data are shown as means ± s.e. mean 

(n=6). The asterisks indicate a statistically significant difference between from control 

(PO.05). 
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Fig. 3.26. Voltage- and Ca2+-activated big conductance YS channels. 

a: original single channel current traces of unitary currents studied at 4 different 

membrane potentials (Vm) and 2 different Ca2+ concentrations luM and lOuM as 

indicated. Three channels were present in patch. 

b: Bar graph showing summarized channel open probability at 4 different membrane 

potentials (Vm) and 4 different Ca2+ concentrations: 0.1, 1, 10 and lOOuM. 

c: Slope conductance under symmetrical K+ was 220pS. 
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Voltage activation curves showed the channel open probability NP0 relative to the 

maximum NP0 max pioted within voltage range from -80 to +80mV at 4 different free 

Ca"" concentrations [Ca2+]: 0.1. 1. 10 andlOOuM (Fig. 3.27a) These curves best fit to 

Boltzmann equation. The voltage for half-maximal activation V\,n can be calculated from 

the voltage activation curve. At [Ca^]: 0.1, 1, 10 andlOOuM, Vm were calculated to be: 

112.62±5.04, 62.54±1.87, 11.86±1.80 and -40.47±2.99mV, respectively. Vm values 

plotted against log [Ca2+] fit a linear relationship (Fig. 3.27b). In the plot of Ca2+ vs. V\n 

the change in Vm for a 10-fold change in Ca2+ was 50.99 ± 0.36mV. 

The original single channel recordings of initial (pre-iberiotoxin) and 3 min after 

with the selective BKca channel inhibitor 100 nM iberiotoxin in the pipette solution using 

cell-attached configuration were shown in Fig 3.28a. The iberiotoxin solution, as well as 

the other inhibitors, lOOnM charybdotoxin, ImM TEA and luM apamin, were back

filled into pipette solutions; however the tips of the pipettes were filled with normal 

solution. It was estimated that it would normally take 2-3 min for the K-channel blockers 

to diffuse to the surface of the cell membrane. In the initial recording, there was up to 2 

simultaneous channel openings of the large conductance channel. After 3 minutes. 

however, it was noted that, with pipettes containing iberiotoxin. the channel activities 

disappeared. Fig.3.28b shows the summary graph of recordings obtained in the presence 

of iberiotoxin. charybdotoxin. TEA and apamin at one minute, immediately after the seal 

was first formed, and after five minutes. The channel activities were reduced to 

0.008+-0.01 (PO.05), 0.005±0.01 (PO.05), 0±0(P<0.05) and 0.18±0.1(P>0.05), 

respectively compared to control 0.3+0.08. 
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Fig. 3.27. a: voltage activation curves of voltage and Ca" sensitivity of Kca channels for 

0.1, 1, 10 and lOOuM intracellular Ca2+ concentrations ([Ca2*]j). Channel activities are 

expressed relative to maximum channel open probability (NPo/'NP0 max)-

b: plot of change in Vm required for half-maximal activation of the channels (Vi/2) in 

different intracellular Ca2+ concentrations from 0.1 to lOOuM. A V]/2 is change of V\n for 

a 10-fold change in [Ca2+]. 
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Fig 3.28. The effects of K-channei inhibitors to this 220pS channel, (a) Original single 

channel recording from cell-attached patch of mouse mesenteric arteriole myocyte in the 

beginning of patch recording and that of 3 min later in the presence of IbTX in the pipette 

solution held at -40 mV are shown. As IbTX diffused into tip of pipette, channel activity 

decreased and was abolished, (b) Mean data (n=6) of channel open probabilities (iVP0, 

where /V is the number of channels in the patch and P„ is the individual channel open 

probability) in the control and presence of IbTX (* P<0.05). ChTX (* P<0.05). TEA (* 

PO.05) and apamin (P>0.05). 
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C h a p t e r 4: D i s c u s s i o n 

4.1 Non-NO/PGI2 E D H F 

The pre-treatment of mouse mesenteric arterioles and saphenous arteries from 

eNOS+/+ mice with L-NNA and indomethacin resulted in a small, but significant shift in 

the endothelium-dependent concentration-relaxation curve to acetylcholine. However, 

the addition of the soluble guanylyl cyclase inhibitor ODQ to the combination of L-NNA 

and indomethacin produced an additional reduction in the maximum relaxation induced 

by acetylcholine. I have noted in my studies some variability in the amount of additional 

inhibition of acetylcholine-mediated relaxation that is produced by ODQ (see Table 1), 

and this may reflect strain differences and/or batch-to-batch variation in the commercially 

obtained eNOS+/+ mice that were used in my studies. 

Regardless, these data suggest that there may be a NOS inhibitor-insensitive/ 

resistant synthesis of NO that, mediated via the activation of soluble guanylyl cyclase. 

contributes to the endothelium-dependent vasorelaxation response to acetylcholine. 

However, additional studies are required and direct measurements of NO would be 

valuable. Comparable data have also been presented for the rabbit carotid artery where 

the combination of two nitric oxide synthase inhibitors. Nu-nitro-L-arginine and Nu-

nitro-L-arginine methyl ester, failed to inhibit NO synthesis (Cohen et al., 1997). Thus. 

the NOS inhibitor-insensitive relaxation that we have reported in mouse mesenteric 

arterioles and saphenous arteries may reflect the action of NO synthesized from, 

potentially, a NOS-independent pathway. Alternatively the NOS inhibitor-insensitive, but 
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ODQ-sensitive. relaxation from eNOS+/+ may reflect a contribution from hydrogen 

peroxide (H2O2) which has recently been described as the EDHF in mesenteric arterioles 

from eNOS-/- mice (Matoba et al., 2000) and may mediate vasorelaxation via a direct or 

cGMP-mediated activation of Kca channels (Hayabuchi et al., 1998). However, I have 

demonstrated that catalase, an enzyme that would be expected to inhibit the actions of 

H202, failed to inhibit the NOS inhibitor-insensitive relaxation in mesenteric arterioles 

from eNOS-/- mice. CO, as was discussed in the introduction, also activates sGC, but, 

due to the very low potency of CO, is unlikely to be an EDHF. A 2-hour exposure of 

mesenteric vessels from eNOS-/- mice to ODQ also abolished the NOS- and 

cyclooxygenase-insensitive relaxation response to acetylcholine, but this may reflect non

specific actions of ODQ (Feelisch et al., 1999). The current study has also demonstrated 

that ODQ produced a rightward shift of about 10-fold, and no reduction in the maximum, 

of the NO-induced vasorelaxation, but it almost totally abolished acetylcholine-induced 

relaxation. The different profile of inhibition by ODQ of authentic NO versus 

acetylcholine-mediated relaxation may reflect a higher efficacy of inhibition by ODQ of 

the more localized and discrete release of NO that is assumed to be associated with the 

action of acetylcholine. Cohen et al. (1997) reported that, in the rabbit carotid artery, the 

concentration of NO released by 3uM acetylcholine peaked at about 0.25uM which. 

based on the concentration-response curves for NO in eNOS+/+ mouse mesenteric 

arterioles (Fig.3.19), would have been almost completely inhibited by lOuM ODQ. An 

alternative explanation for the different profile of inhibition noted for ODQ against 

acetylcholine or authentic NO in tissues from eNOS+/+ mice may relate to the chemical 
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nature of the NO released by acetylcholine. Wanstall et al. (2001) have demonstrated 

that, in mous thoracic aortae, acetylcholine releases the nitroxyl ion (NO") form of NO. 

In contrast to the data from eNOS+/+ mice, acetylcholine-mediated vasorelaxation in 

eNOS-/- is completely resistant to the combination of L-NNA, indomethacin and ODQ, 

but is almost completely inhibited by the combined pretreatment with the Kca inhibitors 

apamin and charybdotoxin. An important question is at what stage of development does 

the contribution of EDHF develop. Age and also gender studies should be performed. 

In conclusion, in mesenteric arterioles and saphenous arteries from eNOS-/- mice, 

the contribution of a NOS/COX/GC-resistant mediator to endothelium-dependent 

vasorelaxation is upregulated. 

4.2 Contribution of "Residual NO" 

In mesenteric arterioles from eNOS+/+ mice, I have demonstrated a L-NNA/ 

indomethacin-resistant relaxation that was mediated by acetylcholine but sensitive to 

ODQ. I hypothesize that this relaxation is mediated by NO; however. I lack the direct 

evidence that NO is still synthesized and/or released under the conditions of my 

experiments. It is, however, recognized that ODQ is not entirely specific for sGC 

(Feelisch et al., 1999) and further studies are required to elucidate the cellular basis for 

the L-NNA/indomethacin-resistant but ODQ-sensitive relaxation. However, the concept 

of a "residual NO'" store or synthetic process has been advanced by others (Cohen et al.. 

1997; Vanheel and Van de Voorde. 2000) and may involve NO synthesis from a non-L-

arginine source (Kemp and Cocks, 1997). 
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The L-NNA- and indomethacin-resistant acetylcholine-mediated relaxation of 

mesenteric arterioles from eNOS+/+ mice that I have described is. nonetheless, inhibited 

by the sGC inhibitor. ODQ, but not by catalase. It is tempting to conclude that this sGC-

mediated relaxation is mediated by NO. The source of this NOS inhibitor-resistant NO, 

however, is unknown, but it is speculated that, since a sGC-mediated component was 

absent in tissues from eNOS-/- mice, it may be derived from eNOS, but is stored in a 

cellular compartment distinct from where eNOS is located. It has previously been 

reported from our laboratory that nitrosothiols may be the source of NO that mediates 

photorelaxation of vascular smooth muscle (Lovren and Triggle, 1998). Photorelaxation 

is greatly reduced in aortae from eNOS-/- suggesting that eNOS may be a source of the 

NO released by photoactivation despite the fact that photorelaxation is also NOS 

inhibitor-resistant (Andrews and Triggle, unpublished data). I speculate that nitrosothiols 

may be the source of the NOS inhibitor-resistant NO that we have described in eNOS+/+ 

mouse mesenteric arterioles; however, further studies are essential and should include 

direct measurements of NO. measuements of cGMP formation, as well an investigation 

of the contribution of nitrosothiols. 

The NOS inhibitor-resistant relaxation to acetylcholine was inhibited by the 

combination of apamin and charybdotoxin whereas, in the absence of L-NNA, relaxation 

was considerably less sensitive to these K.-channei blockers. Since the L-NNA-resistant 

relaxation was sensitive to ODQ, I have assumed that it was mediated by eNOS-

generated NO. eNOS immunoprecipitates with endothelial ceil caveolin and is associated 
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Figure 4.1: eNOS-generated NO from L-arginine is associated with endothelial-cell 

caveoli, however, an additional synthetic source, or store, of NO, the release of which may 

be regulated by changes in intracellular calcium, exists in a distinct cellular compartment 

and release is regulated by SKca and IKca channels. 
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with the caveolae (Feron et al.. 1996). If the apamin and charybdotoxin channels are 

indeed associated with the endothelial cell then my data (tabie 1) suggests that the 

apamin- and charybdotoxin-sensitive channels that regulate the synthesis/release of NO 

may be strategically clustered at cellular sites distinct from the caveolae and a speculative 

depiction of this relationship is reflected in Figure 4.1. 

An endothelial cell mediator distinct from NO, but, nonetheless, sensitive to ODQ such 

as H2O2, may be released as a result of acetycholine-activation of endothelial cells. As 

already discussed an NOS inhibitor-insensitive generation of NO has been described in 

other blood vessels, such as the rabbit carotid, human coronary resistance arteries, pig 

coronary, and rat superior mesenteric artery (Cohen at al., 1997; Kemp and Cocks, 1997), 

and speculated to be derived from a non-L-arginine source (Kemp and Cocks, 1997). 

"'Residual NO" may mediate EDFI and act as an EDHF in some blood vessels (see 

Vanheel and Van de Voorde, 2000). Conceivably the NO may have been generated by a 

CYP-dependent mechanism (Jia et al.. 1998), however, we did not investigate the 

contribution of CYP to endothelium-dependent relaxation in the mesenteric arterioles as 

many of the CYP-inhibitors have non-specific actions, notably on K-channels (Iftinca et 

al.. 2001). Furthermore, many studies have argued that a CYP-product may also 

contribute to the EDHF-mediated component of the endothelium-dependent relaxation 

response to acetylcholine (reviwed in McGuire et al. 2001). Other NOS inhibitor-

insensitive sources of NO have also been described (Mendizabal et al., 2000). 

In conclusion, we speculate that a stable form of NO. possibly stored as 

nitrosothiols, exists in endothelial and vascular smooth muscle cells and the endothelial 
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cell store can be released by acetylcholine. Further investigations are required in order to 

determine the cellular source and metabolic pathway for the generation of NOS inhibitor-

resistant NO. 

4.3 K+ as EDHF 

We have compared the vasorelaxant effects of a small increase in extracellular K~ 

(1 OmM) with that induced by acetylcholine in saphenous and first order mesenteric 

arterioles from eNOS+/+ and -/- mice. The results indicate that under conditions where 

NOS activity is absent and guanylyl cyclase and cyclooxygenase are inhibited, an 

endothelium-dependent relaxation can still be produced by acetylcholine and this 

relaxation has the properties of being mediated by an EDHF. In both mesenteric and 

saphenous vessels, a small increase in extracellular KT also relaxed precontracted vessels, 

but in an endothelium-independent manner. KT-mediated relaxations were sensitive to 

inhibition by a combination of Ba2+ and ouabain thus inferring contributions from the 

activation of a K[R and an electrogenic Na+/K+ ATPase. The NOS, guanylyl cyclase and 

cyclooxygenase inhibitor-insensitive and endothelium-dependent acetylcholine-mediated 

relaxation of mesenteric arteries was reduced by Ba2+ inferring a role for KIR in 

contributing to EDHF in the mesenteric vascular bed. In contrast, in saphenous arteries 

from eNOS+/+ mice, the relaxation pharmacologically attributed to EDHF was only 

partially inhibited by either Ba2" alone or in combination with ouabain and in the vessels 

from eNOS-/- mice EDHF-mediated relaxations were completely insensitive to the Ba~ 

and ouabain combination. Ba2* is a useful pharmacological tool to investigate the KIR 
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channel: at a concentration of 30uM Ba~+ is considered to be quite specific for KIR, 

although it can block KATP and Kv in the mM range (Nelson and Quayle. 1995). 

The phenotype of the eNOS-/- mouse has been previously reported and include a 

loss of endothelium-dependent relaxation in the thoracic aorta (Huang et al., 1995. Meng 

et al., 1996). My results indicate that acetylcholine can induce relaxation of 

precontracted mesenteric arterioles and saphenous arteries from both eNOS+/+ and -/-

mice, however, the pharmacological properties of the endothelium-dependent relaxation 

differs not only in a vessel-dependent fashion but also are influenced by the presence or 

absence of eNOS expression. Thus, in both saphenous and mesenteric vessels from 

eNOS+/+ mice, the relaxation was predominantly mediated by NO. but. in eNOS-/- mice, 

the relaxation could be attributed to a non-NO, non-prostanoid hyperpolarizing factor. 

The endothelium-dependent relaxation in arteries lacking endothelial NOS was 

completely inhibited by increasing extracellular KT to 30mM. or by the combination of 

apamin and charybdotoxin. These data indicate that a K'flux was required to elicit 

endothelium-dependent relaxation, and that calcium-activated YJ channels were involved 

in mediating the response, and that relaxation was presumably mediated by an EDHF. 

An elevation of extracellular K* has been reported to dilate rat cerebral arteries by 

two independent mechanisms: the first via K~ stimulation of the electrogenic Na7K* 

ATPase. and the second via the activation of the Ba" sensitive KIR channels (McCarron 

and Halpern, 1990). In my study. I determined that an increase of 2-12mM in the 

concentration of K+ in the PSS (bath concentration of 6.8 to 16.8mM) induced an 

endotheiium-independent relaxation in both saphenous arteries and mesenteric arterioles 
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in both eNOS+/+ and -/- mice. Furthermore, these K"-induced relaxations were sensitive 

to a combination of barium and ouabain, suggesting that IC-mediated activation of K,R 

and Na7K+ATPase are involved in mediating the hyperpolarization (assumed as direct 

measurements of membrane potential were not made) and relaxation of the smooth 

muscle cells. Since the KT-mduced relaxation of the vessels was independent of the 

endothelium and sensitive to the combination of barium and ouabain, these data also 

provide indirect evidence for the presence of both K[R channels and an electrogenic Na+ 

pump on the vascular smooth muscle cells. The presence and properties of the K[R were 

not, however, further pursued in my electrophysiological studies of myocytes from the 

mesenteric arterioles. The relaxation to both acetylcholine and K7 is insensitive to 

tetrodotoxin thus indicating that the release of a neuronal mediator is not involved in 

mediating the vasorelaxation responses. Activation of KIR by acetylcholine, or by 

changing the extracellular K* ion concentration, causes hyperpolarization and relaxation. 

The ouabain-sensitive component of the relaxation may result from the inhibition of the 

sodium pump, or indirectly due to the closure of KIR through a change in membrane 

potential. K[R is very steeply voltage dependent (Edwards and Hirst. 1988), and ouabain 

is known to depolarize vascular smooth muscle (Hirst and Van Helden. 1982). Thus an 

enhanced pump activity or an increase in K~ efflux will produce a hyperpolarization and 

relaxation of vascular smooth muscle. Our results, which describe the vasorelaxant 

effects of IC in mouse mesenteric and saphenous arteries, are comparable to those 

described recently by Edwards et at. (1998) for rat hepatic and mesenteric vessels. 
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In spite of an extensive literature concerning the nature of EDHF, the chemical 

nature and cellular mode of action of this still putative mediator remain unclear (Garland 

et al, 1995, Waldron et al., 1996, Mombouli and Vanhoutte, 1997, Quilley et al, 1997, 

Triggle et al, 1999). EDHF relaxes smooth muscle by directly or indirectly activating 

K+ channels and thus hyperpolarizing smooth muscle cells and decreasing the probability 

of opening of voltage-gated calcium channels. It has recently been suggested that, based 

on the similarity between the vasorelaxant action of a small increase in extracellular K1" 

and the cellular actions of the putative EDHF, that endothelium-dependent 

hyperpolarization results from a small increase in extracellular K+ that has been derived 

from endothelial cells following the activation of endothelial charybdotoxin- and apamin-

sensitive IC channels (Edwards et al, 1998). Edwards et al. propose that a small 

increase in extracellular K+ in the myoendothelial milieu results in the hyperpolarization 

and relaxation of the adjacent smooth muscle cells via the activation of Ba2+-sensitive K+ 

channels and ouabain-sensitive Na7lC ATPase (Edwards et al. 1998). 

Our data indicate that acetylcholine-induced vasorelaxation of arteries from 

eNOS-/- mice was mediated by a factor (EDHF) that is neither NO nor PGI2; however. 

the pharmacological properties of EDHF in saphenous arteries versus mesenteric 

arterioles appear quite different. In saphenous arteries, acetylcholine-induced relaxation 

was completely insensitive to Ba2" and ouabain, suggesting that K[R and Na7K7 ATPase 

are not involved in acetylcholine-induced relaxation in this vessel, whereas Ba2+ 

significantly reduced the response to acetylcholine in the mesenteric arterioles. Of 

interest was that the relaxation induced by acetylcholine in both saphenous arteries and 
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mesenteric arterioles was totally abolished by the combination of apamin and 

charybdotoxin. but not by apamin or charybdotoxin alone, or by the combination of 

apamin and iberiotoxin. Similar data have been published for rat mesenteric arteries 

(Edwards et al, 1998 and Chen and Cheung, 1997) leading to the suggestion that there 

might be a novel K+ channel(s) that mediates acetylcholine-induced relaxation (Zygmunt 

and Hogestatt, 1996). Alternatively, since charybdotoxin is not specific for BKca 

channels and blocks intermediate conductance Kca (IKca) as well as Kv channels 

(Kvl.2) (Nelson and Quayle, 1995; Cook et al, 1990), whereas iberiotoxin is a highly 

selective and potent blocker of the BKca channels, the data can be interpreted as evidence 

for a role of apamin-sensitive SKca and charybdotoxin-sensitive Kv or IKca channels. 

Regardless, in the presence of the combination of apamin and charybdotoxin and in both 

mouse saphenous arteries and mesenteric arterioles, I have demonstrated that potassium-

induced relaxation was unaffected thus clearly indicating the differences between K7 and 

EDHF-mediated vasorelaxation. In mesenteric arterioles, the combination of apamin and 

charybdotoxin did block acetylcholine-induced relaxation, and the K+-induced relaxation 

was partially blocked by Ba2"; however, apamin and charybdotoxin did not inhibit K+-

mediated relaxations. Since the K7-induced relaxation was endotheiium-independent. the 

targets for charybdotoxin and apamin in mouse mesenteric arteries were likely KT 

channels in endothelial cells. These data are also consistent with a recent publication 

which concluded that the combination of apamin and charybdotoxin blocked EDHF-

mediated relaxation by an action on the endothelial rather than on smooth muscle cells 

(Doughty et al, 1999). In contrast to our data with mouse saphenous arteries, we report 
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that precontracted mouse mesenteric vessels relax to acetylcholine via a mechanism that 

involves a barium-sensitive component that thus partially matches that observed for IC-

mediated relaxation of mouse mesenteric arterioles. It is, however, possible that barium 

may also inhibit endothelial cell KIR channels and inhibit the release/synthesis of EDHF 

and this possibility requires further study. 

In conclusion, the EDHF-mediated component of acetylcholine-elicited 

vasorelaxation in mouse mesenteric arteries is partially dependent on the activation of a 

Ba2+-sensitive KIR that is also involved in K^-mediated vasorelaxation. In contrast, in 

mouse saphenous arteries, the cellular mechanisms that are responsible for mediating 

EDHF do not involve KIR nor the activation of the Na7K+ ATPase pump. Collectively. 

these data suggest that EDHF is unlikely to be one single molecular species and, 

furthermore, that the K+ channels involved in mediating the effects of EDHF show 

significant tissue differences that may reflect tissue-dependent specialization of function. 

4.4 Characterization of the Kca channels involved in EDHF response 

I have demonstrated that the combination of the SKca inhibitor, apamin, with the 

IKca blocker, charybdotoxin, produced a greater inhibition of acetylcholine-mediated 

vasorelaxation in mesenteric arterioles from eNOS+/+ mice after the vessels had been 

pretreated with L-NNA and indomethacin. Although the cellular location of the apamin-

and charybdotoxin-sensitive channels involved in determining EDHF-mediated 

relaxation in mouse mesenteric arterioles is unknown, it has been argued that, in rat 

hepatic and mesenteric arteries, these channels are located on the endothelial cells 

(Doughty et al., 1999: Edwards et al.. 1998). However. Chen and Cheung (1992) and 
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induced hyperpolarization in guinea-pig coronary artery and rat aorta endothelial cells, 

respectively, and apamin alone was very effective in inhibiting acetylcholine-induced 

hyperpolarization of rat superior mesenteric arteries (Chen and Cheung, 1997). These 

observations suggest that apamin-sensitive K-channels may also reside on VSMC. 

Corriu et al. (1996) have demonstrated, using glass microelectrode recording techniques, 

that in the guinea-pig carotid artery the combination of apamin and charybdotoxin 

depolarized VSMC by an endothelium-independent mechanism. However, apamin alone, 

but not charybdotoxin or scyllatoxin alone, induced a depolarization of about 4.5mV and 

this was only seen in VSMCs in the endothelium intact preparation. It should be noted 

that the endothelium-denuded tissue was already depolarized and this may have masked 

the effects of apamin in denuded vessels. Furthermore, in some vessels, such as the 

guinea-pig coronary artery, acetylcholine induced an initial hyperpolarization. that was 

sensitive to the combination of apamin and charybdotoxin. and a slow hyperpolarization. 

that was sensitive to the voltage-gated. Kv, channel blocker 4-aminopyridine and also 

glibenclamide (Nishiyama et al.. 1998). These data suggest that, in the guinea-pig 

coronary artery, there may be two EDHFs: one that mediates the initial hyperpolarization 

and a second that mediates the slow hyperpolarization (Nishiyama et al., 1998). 

Similarly, in the rat superior mesenteric artery, Chen and Cheung (1997) reported that 

apamin alone produced a large inhibition of acetylcholine-induced hyperpolarization and 

the addition of charybdotoxin resulted in a reversal of the hyperpolarization to a 

depolarization. These data could be interpreted as indicating that two EDHFs are 



released: one acting on a V S M C apamin-sensitive and the second EDHF acting on a 

charybdotoxin-sensitive channel. 

In my studies pre-treatment of the mesenteric arterioles from eNOS-/- mice with 

tubocurarine resulted in an almost complete inhibition of the relaxation response to 

acetylcholine. When scyllatoxin was combined with charybdotoxin a significant 

inhibition of the maximal relaxation-response to acetylcholine was detected. Since, as 

discussed later, tubocurarine can block SKca these data suggest that SKca channels play a 

crucial role in the regulation of EDHF-mediated events in eNOS-/- mice. 

Scyllatoxin and apamin are both SKCa channel inhibitors (Auguste et al, 1990: 

Latorre et al., 1989), but their profile of action was different at least in mouse mesenteric 

arterioles. Pre-treatment with apamin, but neither scyllatoxin nor tubocurarine, alone 

transiently raised basal tone. Since apamin had the same action in both eNOS-/- and +/+ 

mice it is unlikely that the increase in tone results from a reduction in the 

synthesis/release of basal NO, at least in vessels from eNOS-/-, and an action of apamin 

on VSMC SKca channels should thus be considered. Neither tubocurarine nor scyllatoxin 

mimicked the effects of apamin on basal tone and this suggests a novel apamin-sensitive 

channel may reside on VSMC. Corriu et al. (1996) have reported comparable data in a 

study of membrane potential changes in VSMCs of guinea-pig carotid artery preparations 

that had been pretreated with a combination of N^-nitro-L-arginine and indomethacin. 

However, I did not see an effect of apamin plus charybdotoxin in the denuded vessels 

whereas Corriu et al. (1996) reported a significant depolarization of approximately 6mV. 

Overall, my data infers that the apamin-sensitive channels are associated with the 



endothelial c e l l but I cannot completely rale out the possibility that mechanical removal 

of the endothelium may damage the underlying VSMC layer to a sufficient extent that the 

VSMC-mediated effects of apamin are masked. Clarification of the cell type for the 

location of the apamin-sensitive channels will require additional electrophysiological, as 

well as molecular studies. 

Atypical apamin-sensitive. but voltage-sensitive, Kca channels have been 

described in vascular smooth muscle (Gebremedhin et al 1996; Quignard et al 1999). 

Gebremedhin et al (1996) studied myocytes isolated from rat pre-giomerular arterioles 

and described a calcium and voltage-sensitive 68pS channel, that was blocked by 

externally applied 50nM apamin and also TEA and charybdotoxin. In my study, neither 

whoie cell nor single channel studies of myocytes from mouse mesenteric arterioles 

revealed the presence of an apamin-sensitive or a SKca channel, however, this negative 

result may simply reflect the low density of these channels and additional studies are 

require before a definitive conclusion can be made. Conceivably, however, and as 

suggested by Quignard et al. (1999), the apamin-sensitive currrent in myocytes may only 

be observed in the presence of EDHF. An alternative hypothesis is that apamin acts on 

the endothelial cell and reduces the basal release of EDHF and NO and. by decreasing the 

effects of these vasodilators, basal tone transiently increases. In the current investigation 

removal of the endothelium eliminated the ability of apamin. and apamin plus 

charybdotoxin. to raise basal tone thus suggesting that the site of action of both apamin 

and charybdotoxin is the endothelial cell. Regardless, it is I would like to hypothesize. 
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based on the pharmacological profile, that the properties of this apamin-sensitive channel 

may be atypical. 

Tubocurarine has been reported to reduce, in a voltage-independent manner, the 

intermediate conductance Kca channel unitary current amplitude, with half-maximum 

reduction at 4.4mM, in bovine aortic endothelial cells (Cai at al., 1998). Tubocurarine 

has also been shown to block hSKl and rSK2 with IC50 values of 27 uM and 17 uM 

when measured at +80 mV (Strobaek et al, 2000). Among the K-channel inhibitors 

tested tubocurarine appeared to be the most powerful inhibitor of A23187- and 

bradykinin-induced endothelium hyperpolarization of pig coronary arteries (von der 

Weid and Beny, 1992 and Baron et al, 1996, respectively). However, in the rat hepatic 

artery, the SKca inhibitors scyllatoxin (1 uM) and tubocurarine (100 uM) only partially 

inhibited EDHF-mediated relaxation when each of them was combined with 

charybdotoxin (300 nM) (Andersson et al, 2000). In contrast our data indicates that 

tubocurarine is a very potent blocker of EDHF in eNOS-/- mouse mesenteric arterioles 

and this most likely reflects its action as a blocker of both IKca and SKca. (Cai at al.. 

1998; Strobaek et al, 2000). In my studies tubocurarine had no effect on acetyichoiine-

mediated relaxation in vessels from eNOS - - mice thus indicating that the effects of this 

drag in tissues from eNOS-/- mice are unlikely due to non-specific actions. Differences 

in the sensitivity of the rat hepatic artery versus mouse mesenteric arterioles to 

tubocurarine may reflect heterogeneity in the nature of the Kca channels that modulate the 

release anci/or action of EDHF in these two blood vessels. Tubocurarine has a low 

affinity against BKca when applied from the cytoplasmic side (Egan et al.. 1993) and thus 
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would not be expected to be an effective inhibitor of the effects of NO on whole tissue 

preparations that are mediated via the BKca channel; my data are in keeping with this 

expectation (see Fig. 3.16). 

Pre-treatment of mesenteric arterioles with apamin resulted in an increase in basal 

tension and the combination of apamin and charybdotoxin induced a significantly greater 

increase of tension compared to apamin alone. Kca channel inhibitor-induced 

vasoconstriction has been interpreted as reflecting a role for Kca channels in the 

modulation of vasoconstrictor-induced, as well as myogenic tone and the activation of 

BKca channels would not be expected unless the vascular smooth muscle cells were 

depolarized (Nelson and Quayle, 1995). Kv channels are thought to play a key role in 

determining membrane potential in arterial smooth muscle (Knott and Nelson, 1995). 

However, it has been reported that charybdotoxin (100-150 uM) and also 5mM TEA 

caused significant depolarization of the resting membrane potential of rat superior 

mesenteric arteries and also increased the depolarization induced by norepinephrine 

(Chen and Cheung. 1997). TEA. charybdotoxin and iberiotoxin have also been reported 

to constrict resting cerebral and coronary arteries which suggests that Kca channels are 

involved in the regulation of membrane potential under basal conditions (Brayden and 

Nelson. 1992). Alternatively, the ability of Kca channel blockers to raise basal tone may 

reflect the contribution of endothelial ceil apamin-sensitive SKca as well as 

charybdotoxin-sensitive K-channels in the regulation of the synthesis/reiease and/or 

vascular actions of EDHF. Thus, the transient increase in basal tone induced by the KCa 

channel inhibitors may reflect an inhibition of the basal release of NO and EDHF and my 



data, indicating that the ability of apamin and the combination of apamin and 

charybdotoxin to enhance tone was lost in endothelium-denuded mesenteric arterioles, 

supports this hypothesis and also indicates that apamin and charybdotoxin are unlikely to 

mediate contraction via the release of neuronally-derived mediators. The transient 

contraction induced as a result of the pre-incubation of the tissue with a combination of 

apamin and iberiotoxin in eNOS+/+ was comparable to that induced by the combination 

of apamin and charybdotoxin, suggesting that the endothelial cell-derived synthesis 

and/or VSMC action of NO is dependent upon the activation of SKca and BKca channels. 

The site of action of iberiotoxin and charybdotoxin most likely is the BKca channel that is 

well established to be expressed in VSMC (Nelson and Quayle, 1995). However, the 

transient nature of the effects of apamin (alone or in combination with charybdotoxin or 

iberiotoxin) that I observed on the basal tone of mouse mesenteric arterioles is puzzling 

as one might expect that, if there was a basal release of EDHF and/or NO, the inhibition 

of the release of endothelial-derived mediators should result in a substained increase in 

basal tone. Of interest is the observation that, in the isolated perfused bovine ciliary 

vascular bed, the administration of L-NAME did not raise basal tone; however, TEA. 

iberiotoxin and charybdotoxin all produced a transient increase in basal perfusion 

pressure (W. Martin, personal communication). These data, from the bovine ciliary 

vascular bed. suggest that, under basal perfusion pressure, KCa channels are transiently 

open, but not due to the basal release of NO. Conceivably, the same explanation holds 

for mouse mesenteric arterioles: however, with a different population of Kca channels 

being open under basal tension. 



Overall, my data from the myograph studies indicates the critical role for apamin-

sensitive SKca channels in the regulation of EDHF in tissues from eNOS-/- mice and also 

the NOS inhibitor-resistant component of NO synthesis in tissues from eNOS+/+ mice. 

Furthermore, the effects of eNOS-generated NO and also exogenously applied authentic 

(gas) NO are, at least in part, mediated by iberiotoxin-sensitive BKCa channels. Of 

particular interest is the observation that both tubocurarine and scyllatoxin did not mimic 

the effects of apamin and no increase in vascular tone was observed even when these K-

channel blockers were combined with charybdotoxin. Converesely tubocuraine alone did 

inhibit, and scyllatoxin and charybdotoxin did significantly reduce, acetylcholine-

mediated relaxation in mesenteric arterioles from eNOS-/- mice. Therefore differences in 

the actions of these K-channel inhibitors cannot be readily explained by pharmacokinetic 

differences. Furthermore, in isolated tissue studies.scyllotoxin has been shown to be at 

least as potent as apamin as a blocker of SKca channels in the regulation of EDHF-

mediated responses in a variety of vascular beds (Murphy and Brayden, 1995; Corriu et 

al., 1996) and as little as lOnM scyllatoxin inhibited acetylcholine-induced relaxation in 

canine corpus cavernosum (Ayajiki et al., 2000). In the studies by Corriu et al. (1996) it 

was demonstrated that 50nM scyllatoxin produced the same level of inhibition of 

acetylcholine-mediated hyperpolarization of guinea-pig carotid artery as produced by 

500nM apamin. In the current study. I used luM apamin and lOOnM scyllatoxin on the 

basis that, at these concentrations of the peptides, maximal efficacy against SK<;a channels 

should have been achieved. Corriu et al. (1996) reported that, whereas apamin induced a 

small, but significant, depolarization of the L-NOARG and indomethacin pretreated 



guinea-pig carotid artery, scyllatoxin had no effect. However, together with 

charybdotoxin. scyllatoxin and apamin did depolarize the tissues. Nonetheless, 

scyllatoxin has been reported to be less potent than apamin as an inhibitor of adrenaline-

induced relaxation of guinea-pig taenia coli (Chicci et al., 1998). Furthermore, studies of 

I25I apamin binding and displacement by scyllatoxin in rat brain indicate that apamin 

binding sites are co-localized with those for scyllatoxin and scyllatoxin was up to 10 

times less potent than apamin, but brain region-dependent differences in the affinity of 

scyllatoxin for apamin binding sites have been documented (Auguste et al, 1992). 

Variability in the sensitivity of different tissues to scyllatoxin may reflect the lower 

potency of this toxin against the SKca channel (Andersson et al., 2000). Potency 

differences and. as already discussed, pharmacokinetic differences, cannot readily explain 

the different profile of action for tubocurarine, apamin and scyllatoxin that I have 

demonstrated in mouse mesenteric arterioles. Conceivably, as discussed by Zygmunt et 

al. (1997), a novei Kra channel(s) with a different sensitivity to these toxins may be 

expressed in the microvasculature. Support for the hypothesis of the existence of a novel 

SKca channel in the mouse mesenteric vasculature is provided by the fact that, 

pretreatment with scyllatoxin alone, or in combination with charybdotoxin. produced, in 

comparison to apamin plus charybdotoxin. only a small inhibition of L-NNA and 

indomethacin-resistant acetylcholine-induced relaxation in eNOS-/- mice; however, the 

actions of apamin and scyllatoxin were comparable in tissues from eNOS-/- mice (Fig. 

3.15 vs 3.17). These data indicate that the apamin-sensitive SK.ca channel involved in the 

regulation of NO-mediated responses in mesenteric arterioles from eNOS- - mice has a 
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lower than expected sensitivity to scyllatoxin and this may reflect the existence of a 

subtype of SKca channel that may be different from the scyllatoxin-sensitive channel in 

vessels from the eNOS-/- mouse. 

However, there are several important considerations regarding a potential 

regulation of membrane potential in mediating endothelium-dependent relaxation. There 

is only a certain range of membrane potentials over which an EDHF might be expected to 

contribute significantly to the regulation of membrane potential. Caution must be 

exercised in interpreting experiments in which inhibitors of hyperpolarizing mechanisms 

are used. Ouabain to block the Na+, K^-ATPase and TEA and charybdotoxin to block 

Kca. Although these inhibitors may very welll inhibit their intended target, they also 

may, simply by depolarizing the membrane, non specifically inhibit a response initiated 

by the mechanism that is the actual target of EDHF in the smooth muscle the contractile 

agents can have various independent effects on membrane potential or intracellular 

calcium, both of which can influence the response to an EDHF and difficult membrane 

potential responses to endothelium-dependent agents have been recorded in the presence 

and absence of contractile agents (Garland and McPherson, 1992; Tare et al., 1990). 

in conclusion, these results indicate that, in mouse mesenteric arterioles, an 

apamin- and tubocurarine-sensitive channel(s) plays a key role in the regulation of the 

action of EDHF. 

4.5 Characterization of the Kca channels involved in mediating "residual NO" 

response 
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The ability of apamin and charybdotoxin to inhibit only the NOS inhibitor-

resistant, but ODQ-sensitive, component of acetylcholine-mediated relaxation in 

mesenteric vessels from eNOS+/+ mice may reflect the close association between SKca 

and IKca channels in endothelial cells and the calcium sources required for the synthesis 

of the mediator, putatively NO. A NOS inhibitor-resistant generation of NO has been 

described in other vascular beds (Cohen et al., 1997). We thus conclude that apamin and 

charybdotoxin-sensitive K-channels appear to regulate the synthesis/release and/or action 

of NO synthase inhibitor-resistant generation of NO in mesenteric vessels from eNOS+/+ 

mice. Of interest is that, when endothelial cell calcium levels are increased by the Ca 

ionophore A23187, the resultant production of NO and cyclooxygenase products (but not 

EDHF) is not inhibited in the presence of apamin and charybdotoxin (Zygmunt et al., 

1998). An explanation for the differences in the ability of the apamin and charybdotoxin 

combination to block acetylcholine, but not A23187-mediated vasorelaxation, may relate 

to the global increase in cell Ca2+that results with A23187 which likely would 

overwhelm the modulatory effect of Kca channel inhibition on Ca2^ entry, as well as 

differences in the intracellular origin of NO and EDHF. 

The BKca inhibitor, iberiotoxin, only inhibited acetylcholine-mediated relaxation 

in eNOS+/+. but not in tissues from eNOS-'- mice, thus suggesting that the action of 

iberiotoxin was against the vascular smooth muscle action of NO rather than the vascular 

action of EDHF. This conclusion is supported by our observation that iberiotoxin shifted 

the concentration-response curve for authentic NO to the right and significantly reduced 

the sensitivity of the tissue to NO in mesenteric arterioles; furthermore. NO has been 
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shown to directly or indirectly, via cGMP/PKG, activate BKCa channels (Bolotina et al.. 

1994: Mistry and Garland. 1998; Li et al., 1997). Charybdotoxin. which is known to 

block BKCa channels (Nelson and Quayle, 1995), was. in my studies (Fig. 3.15 and Table 

3) similar in its action to iberiotoxin, against NO-mediated relaxations. 

In conclusion, these data suggest that, in eNOS+/+ mice, the inhibitory effects of 

charybdotoxin and iberiotoxin on acetylcholine-mediated vasorelaxation results from 

their ability to inhibit the effects of endothelial cell derived NO on vascular smooth 

muscle BKca channels. Furthermore, an apamin-sensitive channel, most likely located on 

the endothelial cell, is important for the regulation of the NOS inhibitor-insensitive 

synthesis/release of an ODQ-sensitive vasorelaxation response that is, I hypothesize, 

most likely, mediated by NO. 

4.6 Apamin- and charybdotoxin-sensitive K+ channel currents 

My analysis of whole-cell K" currents in freshly dispersed myocytes from the 

mouse mesenteric resistance vessels failed to demonstrate a current that was sensitive to 

apamin or charybdotoxin alone or the combination of apamin and charbdotoxin thus 

suggesting that these Kca channels are more likely associated with the endothelial cell. 

Nonetheless, a charybdotoxin-sensitive BKca channel should have been detected since 

such a current was observed in my single channel studies. The absence of a 

charybdotoxin-sensitive channel in the whole cell channel studies may reflect the low 

calcium leveis used in this protocol and. possibly, the low calcium-sensitivity of the BKr3 

channel that I have described in my single channel studies. Low calcium-sensitivity of 

the BKca channel has also been shown in myocytes of cremasteric arterioles (Jackson and 
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Blair, 1998). Intracellular Ca2+concentration for half-maximal activation at OmV was 

9uM in their preperation comparing to 12 uM (estimated from Fig 3.27b) in my study. 

Both of these values are higher than those found in guinea pig mesenteric arteries (0.5 

uM; Benham etal., 1986), rat pulmonary arteries (1.5 uM; Albarwani etal., 1994) and 

rabbit portal veins (1 uM; Inoue etai, 1985). Patch clamp studies of mouse mesenteric 

arteriole endothelial cells, however, are required in order to further investigate the 

cellular location of the apamin and charybdotoxin-sensitive channels. Attempts were 

made to isolate and patch endothelial cells from the mouse mesenteric arterioles; 

however, successful seals were never obtained. ImM TEA significantly reduced and 10 

mM TEA completely inhibited whole cell outward currents and this may reflect the block 

of Kv channels. 4-AP aiso significantly reduced the whole-cell outward currents thus 

indicating the contribution of a Kv channel(s). Zygmunt et al. (1997) have also reported 

that apamin plus charybdotoxin had no effect on whole-cell currents in hepatic artery 

myocytes, albeit in "nominally" Ca2+-free solutions. Furthermore, in a study of the K+-

channels involved in mediating EDH in guinea-pig carotid artery myocytes, Quignard et 

al. (1999) failed to demonstrate a charybdotoxin-sensitive component to the global K+ 

current in myocytes that had already been treated with the combination of apamin and 

iberiotoxin. 

The lack of sensitivity of mesenteric myocytes to apamin was predictable as, 

although SKcahave been described in intestinal smooth muscle (Vogalis and Goyal, 

1997), there is little experimental evidence in support of their existence in native vascular 

smooth muscie cells (Muraki et al, 1997; Wang, X.D. etal. personal communication). 



However, as noted above, Quignard era/., (1999) have described an apamin-sensitive, 

but iberiotoxin-resistant, component to the whole-cell KT currents in freshly dispersed 

myocytes from the guinea-pig carotid artery. Atypical apamin-sensitive but voltage-

sensitive Kca channels have been described in vascular smooth muscle (Gebremedhin et 

al 1996; Quignard etai, 1999). In the present study, however, neither whole-cell nor 

single channel studies of myocytes from mouse mesenteric arterioles revealed the 

presence of an apamin-sensitive or a SKca channel. It is, however, possible that the 

activity of an apamin-sensitive SKca is only apparent in the presence of an EDHF 

(Quignard et al., 1999) and, if the channel is also in low density, the channel may not be 

readily detectable when the "n" value is not large enough. Regardless, it is necessary to 

hypothesize, based on the pharmacological profde from the myograph studies with the 

mesenteric arteriole preparation, that the properties of this apamin-sensitive channel may 

be atypical. 

Thus, although caution should be exercised in comparing data from blood vessels 

of different species, it can be argued that the sensitivity of the nitric oxide and 

prostacyclin-independent relaxation of the eNOS-/- mouse mesenteric arteriole to a 

combination of apamin and charybdotoxin may result from an action on the endothelial 

ceil that leads to the inhibition of the release of EDHF and/or inhibition of endothelial-

smooth muscle cell communication via myo-endothelial cell gap junctions. 

Three possible explanations can be offered for the requirement for both apamin 

and charybdotoxin to inhibit the EDHF-mediated relaxation of eNOS-/- mouse 

mesenteric arterioles. First, the target for these two toxins may be a novel Ko channel 
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that, perhaps through the heteromultimeric assembly of a-subunits derived from SKca 

and IKca, possesses the binding sites for both apamin and charybdotoxin. This has been 

suggested by Zygmunt et al, (1997), however, direct evidence for this is lacking. Second, 

two EDHFs may be released: the release of one being sensitive to apamin and the second 

sensitive to charybdotoxin; thus, in the presence of only one toxin, the ratio of the EDHFs 

released would change and only a partial inhibition of endothelium-dependent 

hyperpolarization would be achieved (Edwards and Weston, 1998). Third, typical 

apamin and charybdotoxin-sensitive channels are involved in the release or mediation of 

the effects of EDHF, but the inhibition of either the apamin-sensitive or the 

charybdotoxin-sensitive channel results in a compensatory increase in the activity of the 

second channel and, thus, inhibition of EDHF is only seen with the combination of the 

two toxins. In studies of the nitric oxide- and prostacyclin-independent relaxation of 

mesenteric arterioles from eNOS-/- mice, iberiotoxin, that is selective for BKca (Galvez et 

al., 1990), does not substitute for charybdotoxin (see 3.4). This indicates that the 

synthesis and/or release mechanism for the EDHF(s), or the putative novel K-channel, 

should it exist, does not involve a BKca channel. The majority of the data that supports 

the existence of BKca channels in endothelial cells is derived from studies of cell cultures 

(Triggle, 2000) whereas in native endothelial cells no convincing data has been 

presented. Furthermore, studies of freshly dispersed endothelial cells from several rabbit 

vascular preparations (thoracic and abdominal and mesenteric arteries) have failed to 

reveal evidence of a BKe, channel (Wang X.D. et al, unpublished data). However, there 

are very few studies of the channels that are expressed and functional in endothelial cells 
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from resistance vessels and thus caution must be applied before premature conclusions 

are reached. 

Edwards et al. (1999) investigated the effects of a putative Kca channel opener, 

l-ethyl-2-benzenimidazolinone (1-EBIO) and reported a charybdotoxin-sensitive, 

iberiotoxin-insensitive hyperpolarization of the rat hepatic artery that was absent in 

endothelium-denuded preparations. Furthermore, 1-EBIO induced a charybdotoxin-

sensitive and iberiotoxin-insensitive current in cell cultures of bovine aortic endothelial 

cells (BAE1) and had no effect in rat hepatic myocytes (Edwards etal, 1999). Of 

additional interest is a report by Ohashi etal. (1999) that describes an acetylcholine-

initiated two-component hyperpolarization of rabbit aortic endothelial cells, a transient 

hyperpolarization that was inhibited by charybdotoxin and an apamin- and a 

charybdotoxin-sensitive sustained hyperpolarization. These data support the hypothesis 

that the apamin- and charybdotoxin-sensitive channel(s) that are critical for the mediation 

of endothelium-dependent hyperpolarization reside on the endothelial cells. 

My studies also indicated that the whole-cell current density was also 

significantly lower in the mouse myocytes from eNOS-/- mice suggesting that the chronic 

lack of eNOS-derived nitric oxide may lead to changes in KT channel expression. Further 

studies are required in order to determine which channels are affected. However, under 

hyperpolarizing and resting membrane potential conditions whole-cell current density 

was not different in myocytes from eNOS-/- versus +/+ mice and thus the physiological 

significance of the differences under depolarizing conditions needs to be further 

investigated. 
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Overall, the data from studies of endothelium-dependent relaxation of vessels 

from eNOS-/- mice indicate considerable heterogeneity suggesting that the chronic loss 

of eNOS-derived nitric oxide has different effects on acetylcholine-mediated 

vasorelaxation in a vessel-dependent fashion. Why this would be so is not clear, but may 

reflect the different roles and contributions of the cellular processes that mediate EDH in 

these vessels. An area that is less well researched relates to the effects of age and gender 

on the contribution of EDHF to endothelium-dependent relaxation in eNOS-/- mice. 

It is apparent from the studies of Meng et al. (1996), Chataigneau et al. (1999), 

Waldron et a.l (1999), Ding et al. (2000) and Huang et al. (2000) that the contribution of 

EDHF in tissues from eNOS-/- mice appears to be vessel-dependent. In addition, gender 

may also influence the outcome of the genetic knockout of eNOS. Huang et al. (2001) 

have reported that in female eNOS-/- mice flow-induced endothelium-dependent 

vasorelaxation in the skeletal gracilis muscle arterioles was very similar to that observed 

in the wild-type controls, but was abolished by iberiotoxin or CYP inhibitors, whereas in 

the wild-type it was mediated by NO and PGI2. The same group, Huang et al. (2000), 

have aiso demonstrated that EDHF is responsible for acetylcholine-mediated dilation in 

the gracilis muscle arterioles in male eNOS-/'- mice, whereas, in the wild-type control, 

dilation is entirely mediated by NO. Thus, both gender and chemical versus mechanical 

influences the nature of the endothelium-derived factors that are released/upregulated in 

the vasculature of the eNOS-/- mouse; age-related differences is another, to the best of 

my knowledge, entirely unexplored area. Data derived from studies of tissues from 

eNOS-/- mice versus eNOS+/+ mice, where eNOS has been acutely inhibited with a 
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NOS-inhibitor, such as L-NNA, are also likely to differ and reflect the effects of the 

chronic versus the acute loss of eNOS-derived nitric oxide. 

BKca channels play an important role in the regulation of membrane potential and 

vascular smooth muscle tone in arteries (Nelson and Quayle, 1995). The site of action of 

iberiotoxin and one of the sites of action of charybdotoxin most likely is the BKca 

channel that is well established to be expressed in VSMC (Nelson and Quayle, 1995) and 

the single channel data presented indicates that a functional iberiotoxin- and 

charybdotoxin-sensitive channel, with a unitary conductance of 220 pS, is present in 

mouse mesenteric arteriole myocytes. The charybdotoxin channel was not observed in 

whole-cell recordings possibly due to the low calcium concentrations in this protocol. In 

inside-out patches of mesenteric arteriolar muscle cells, internal Ca2+ concentrations 

»1 uM were required to observe Kca channel current at the normal physiological 

membrane potential. The lack of activity of Kca channels in arteriolar smooth muscle 

cells at negative membrane potentials may result from a low voltage- and Ca2+-sensitivity 

of the channels. The low activity of Kca channels and the inability to detect 

charybdotoxin-sensitive channels in whole-cell recording may have resulted from a low 

Ca2T-sensitivity of the BKca channels in the mouse mesenteric arteriole preparation. 

Another explanation for my data is that there is an unique subgroup(s) of 

channels expressed in mesenteric arteriolar smooth muscle and that this population of 

channels has a lower affinity for Ca2+ which, perhaps, reflects the nature of the (3-subunits 

that are co-expressed with the a subunit. The P-subunit can increase the Ca2+-sensitivity 

of Kca channels and tissue-specific expression of spliced variants of a and psubunits may 
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explain the differences in the Ca2+-sensitivity ofKca channels (Papassotiriou etal., 2000). 

A second explanation may relate to the micro-environmental influences on the plasma 

membrane that can affect the Ca2T-sensitivity of Kca channels. The membrane lipid 

composition, which can vary for different tissues, can affect Ca2+ binding; the negatively 

charged lipid phosphatidylserine increases the Ca2+-sensitivity of the channels 

(Moczydlowski et al., 1985). Intracellular cations can also compete with Ca2+ and 

increasing the concentration of Mg2+ can also decrease Ca2+-sensitivity in smooth muscle 

cells; more acidic pH solutions can also decrease the Ca2+-sensitivity (Cook etal., 1984). 

A third explanation may relate to the modulation of the channels by phosphorylation and 

dephosphorylation (Kume etal., 1989). 

In none of the 88 cells studied from 26 animals did I detect any small or 

intermediate conductance channels in the myocytes and, given that the EDHF response in 

the whole tissue was sensitive to the combination of apamin and charybdotoxin, this 

negative observation for the myocytes is very suggestive, but does not prove, that the 

charybdotoxin- and apamin-sensitive IKca and SKca channels are located on the 

endothelial cells. These data and this interpretation would also agree with the 

conclusions reached by Edwards et al. (1998). An alternative explanation is that the 

charybdotoxin- and apamin-sensitive channels are only active in the presence of EDHF 

(Quignard et al. 1999) and thus, under the conditions of the protocols used in my studies, 

these channels, or novel channel should it exist, would not be detected. Comparative 

studies with freshly dispersed endothelial cells, or of endothelial cells in situ, from the 

mouse mesenteric arterioles should also be pursued. Unfortunately, to date, it has not 
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been possible to obtain any whole cell, or single channel data from the mouse mesenteric 

arteriole endothelial cells that I have studied. 

4.7 The contribution of gap junctions to EDHF-induced relaxation in eNOS-/-

mice 

Gap junctions contribute significantly to the acetylcholine-induced relaxation in rat 

mesenteric arteries; gap junction inhibitors 18a-glycyrrhetinic acids (100 uM) and Gap-27 

(300 uM) depressed dilatation mediated by acetylcholine (Doughty etal, 2000). 18a-

glycyrrhetinic acid (10 uM) also significantly reduced acetylcholine-induced relaxations 

by 50% in both proximal and distal rat mesenteric arteries (Hill et al., 2000). 

However, gap-junctional communication inhibitors, such as heptanol, are 

notoriously nonselective (Chaytor etal., 1997) and carbenoxolone and 18a-glycyrrhetinic 

acids which are derived from the licorice root Glycyrrhizia glabra, also have non-specific 

actions in a dose and tissue-dependent manner (Taylor et al., 1998). In my studies, the 

results obtained from studying the effects of two different gap junction inhibitors were not 

consistent. 18P-glycyrrhetinic acid had no inhibitory effect whereas carbenoxolone 

partially reduced acetylcholine-induced relaxation of mouse mesenteric arterioles. Thus, 

in the absence of the availability of specific inhibitors of endothelial-vascular smooth 

muscle gap junction inhibitors, the contribution of myoendothelial gap junctions to EDH 

is difficult to assess in mouse mesenteric arterioles. In my studies with the gap junction 

inhibitors halothane was used to anaesthetize the mice prior to cervical dislocation. 

Halothane, like heptanol, is a non-specific inhibition of intercellular communication. 
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Although it might be assumed that the effects of halothane should have "washed out" of 

the tissues prior to the commemcement of the myograph protocols it is possible that there 

may have been some residual effects of halothane. Thus, the contribution of gap junctions 

to EDHF-mediated relaxation may have been missed in these studies. Additional control 

experiments using an alternative anaesthetic to halothane would help clarify the 

contribution of gap junctions to EDH in mouse vessels. 

In conclusion, my studies with saphenous arteries and mesenteric arterioles 

indicate that the nature of EDHF may not be the same from vessel to vessel. Similar 

conclusions have been reached by others. Furthermore, 

The possibility that vasoactive substances, such as neuronally-derived mediators 

may have been released in whole vessel studies also needs to be discussed. The K+-

channel blockers that I used, for instance, may depolarize nerve endings and release a 

vasodilator peptide such as substance P, calcitonin gene-related peptide (CGRP) or 

vasoactive-intestinal peptide (VIP). Anandamide has also been shown to release CGRP 

from perivascular sensory nerves in rat and guinea-pig arteries (Zygmunt et al., 1999). It is 

possible that non-endothelial cell derived factors may have contributed to the vasorelaxant 

effects of acetylcholine. This is, however, unlikely as there is no evidence that activation 

of either nicotinic or muscurinic receptors promote the release of neurotransmitters in 

vascular tissue. Furthermore, the vasodilator effects of, for instance, CGRP are mediated 

by KATP channels and the EDHF-mediated responses I described are insensitive to 

glibenclamide. It is also possible that the K+-channel blockers may have promoted the 

release of a vasoconstrictor neurotransmitter and this would perhaps explain the transient 
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increase in vascular tone noted with apamin and also apamin in combination with 

iberiotoxin or charydbotoxin. This is a possibility, however, it is noted that the tone 

changes were only transient and thus, if there was a release of a neurotransmitter, the 

effects of the putative mediator did not lead to sustained contractions and thus were unlike 

those I obtained when the ai-agonist phenylephenine was used as the vasoconstrictor. In 

addition, the Na-channel blocker tetrodotoxin has used in some experiments of K+- and 

ACh-mediated relaxation and was shown to be without effect on either EC- or ACh-

mediated relaxation of both mouse saphenous arteries and mesenteric arterioles (Ding et 

al., 2000), suggesting that neither vasorelaxatant or vasoconstrictor neurotransmitter are 

released by these protocols. It is possible, however, that other channels, such as N-type 

voltage-gated Ca2+ channels, may be activated and release neurotransmitters via a TTX-

insensitive mechanism. This possibility requires further study, however, since the effects 

of ACh in eNOS+/+ mice were resistant to the combination of L-NNA, indomethacin and 

ODQ, this indicates that NO was not the mediator and, furthermore, NO-releasing neurons 

have not been described in peripheral vessels. 
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C h a p t e r 5: F u t u r e S t u d i e s 

Considerable heterogeneity is apparent in the cellular mechanisms that mediate 

EDH. This heterogeneity may reflect vessel specialization and a balance between the 

several signaling molecules and processes that can be produced or mediated by the 

endothelial cells, as well as differences in the responsiveness of the vasculature to the 

these signalling events. For instance, as recently pointed out by Vanhoutte (Vanhoutte, 

2001), NO mediates relaxation of large coronary arteries, but not the small coronary 

arteries where the effects of EDHF predominate. Thus, the selectivity of NO for the 

larger vessels, where EDHF is not produced or us less active, facilitates the beneficial 

effects of nitrates in the treatment of angina. Vessel specialization in their sensitivity to 

vasoactive substances is clearly of physiological as well as pathophysiological 

importance. 

Although the evidence for myoendothelial cell gap junctions in mediating EDH is 

particularly strong in resistance vessels there is considerable indirect evidence that 

supports the contribution of a chemical mediator. An arachidonic acid metabolite and/or 

small changes in K<, are leading contenders for EDHF. Additional comparative studies of 

eNOS-/- versus eNOS+/+ mice may provide valuable data concerning the nature of the 

mediator and/or cellular process(es) that mediate endothelial cell-dependent 

hyperpolarization of vascular smooth muscle. 

5.1 Future studies to investigate the contribution of K~ as an EDHF 
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In my study of non-nitric oxide and non-prostacyclin mediated endothelium-

dependent relaxation (and assumed hyperpolarization) of saphenous and mesenteric 

arteries from eNOS-/- and +/+ mice it was concluded that acetylcholine-mediated 

relaxation cannot be mimicked by elevating extracellular K+ in saphenous arteries from 

either eNOS-/- or +/+ mice. However, an elevation in the concentration of extracellular 

K+ may be a contributor to endothelium-dependent hyperpolarization in mouse 

mesenteric arterioles (Ding et al, 2000). The data, derived from mouse mesenteric 

arterioles, is in agreement with the data published for the rat mesenteric and hepatic 

artery (Edwards et al, 1998) in so far as there are similarities between the pharmacology 

of KT and EDHF-mediated relaxation. In mouse mesenteric arterioles both the KT- and 

acetylcholine-mediated relaxations were partially inhibited by 30uM barium, however. 

the KT-, but not the acetylcholine-, mediated relaxations were inhibited by the 

combination of ouabain and barium. Thus, these data can be interpreted as supporting the 

hypothesis that a (small) elevation of extracellular PC may contribute to. endothelium-

dependent hyperpolarization, however, the data also indicates that at least one additional 

EDHF, or cellular process, must contribute to EDH in mouse mesenteric arterioles. 

Converesly. in the mouse saphenous artery, the data indicate that a change in 

extracellular KT is unlikely to be involved as a mediator/contributor to endothelium-

dependent hyperpolarization (Ding et al, 2000). Supportive data for the role of PC as a 

mediator of EDHF have also been reported for guinea pig mesenteric arterioles (Dong et 

al. 2000). Overall these data are suggestive that a change in extracellular K~ may be a 

contributor, but not the sole mediator, of endothelium-dependent hyperpolarization in 
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mesenteric vessels from several species. This hypothesis has, however, been challenged 

by Lacy et al (2000) who have argued that the KT -mediated vasodilation of rat 

mesenteric small arteries requires an intact endothelium and. in addition, does not mimic 

the relaxation response to acetylcholine. Furthermore, it is established that inward 

rectifying K+ channels (KIR) are located on endothelial cells (see Adams et al 1989; 

Edwards et al, 1999) and thus the endothelium-dependent hyperpolarization initiated by a 

small increase in extracellular K" may reflect the hyperpolarization of endothelial cells. 

Hyperpolarization of endothelial-cells leads to an enhanced driving force for calcium 

entry into the endothelial cells and increased synthesis and release of EDHFs. Edwards 

et al. (1998) have also reported endothelial cell hyperpolarization in response to the 

addition of potassium. It certainly has to be considered that the increase in the 

concentration of potassium in the space between the endothelial and smooth muscle cell 

layer results from the opening of K" channels in the smooth muscle cells rather than 

endothelial cells. However, this is difficult to prove. Beny and Schaad (2000). in a study 

of EDHF-mediated relaxation of porcine coronary arteries, used a K~ scavenger 

(chelator). Kryptofix 2.2.2, and their data is compatible with the hypothesis that EDHF is 

K+. It would thus be valuable to determine whether Kryptofix 2.2.2 reduces the EDHF-

mediated response in mouse mesenteric arterioles. If Kryptofix is indeed fairly selective 

for K+ then I would expect it to have no effect on EDHF-mediated relaxation of mouse 

saphenous arteries (my data clearly indicates that EDHF is not K"" in this vessel), 

however, it might reduce EDHF-mediated relaxation in mouse mesenteric arterioles 

Kryptofix should also reduce relaxations mediated by the addition of exogenous K ; 
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surprisingly results from such a protocol was not reported by Beny and Schaad (2000). 

Although the use of Kryptofix as a tool to further investigate the contribution of K* as an 

EDHF is an interesting approach it is not very selective for K~. Kryptofix has a stability 

constant (log Ks) for sodium of 3.9, 5.4 for potassium. 4.4 for calcium and 9.6 for protons 

(as referenced by Beny and Schaad, 2000) and thus may lower the concentration of other 

ions in the extracellular space. Such lack of selectivity may complicate the interpretation 

of the data. Nonetheless, Beny and Schaad (2000) did perform a number of controls that 

included contracting the tissues in a solution without sodium and potassium chloride and. 

demonstrated that, in the absence of NOS and COX inhibition, bradykinin and substance 

P-mediated relaxation, presumably mediated by NO and/or PGR was insensitive to 

Kryptofix. 

It will also be important to try and determine whether the K,r channels are on both 

endothelial cell as well as on VSMC from the mouse mesenteric arterioles. My data of 

the comparative action of K" and acetylcholine from these vessels could be explained by 

K+ mediating relaxation via an action on VSMC Kr channels and acetylcholine-mediating 

relaxation indirectly, via an action on endothelial cell Kir channels, and releasing an 

EDHF. 

5.2 Future studies to investigate the contribution of CYP products to EDH 

In addition to the role of K"as a candidate molecular species for EDHF there is 

also considerable evidence that a cytochrome P450 (CYP) product, notably an 

epoxyeicosatrienoic acid (EET). is EDHF in the coronary circulation. Using a bioassay 
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and also antisense oligonucleotides, a CYP product has been tentatively identified as an 

EDHF in the porcine coronary artery (Fisslthaler et al. 1999). EETs have been shown to 

both hyperpolarize and relax coronary vessels (Rosolowsky et al. 1993). thus supporting 

this conclusion. There is, however, no universal agreement that an EET is the EDHF in 

the coronary circulation. For example, Drummond et al. (2000) have reported that 

neither a cytochrome P450-derived metabolite nor KT appear to contribute to the EDHF-

mediated response in the bovine coronary artery and a similar conclusion has been 

reached by Edwards et al. (2000) for the porcine coronary artery. CYP inhibitors are 

notoriously non-specific (see Iftinica et al., 2001) and a different approach to look at the 

contribution of arachidonic acid products needs to be considered. The use of antisense 

oligonucleotides, as reported by Fisslthaler et al, (1999), is one approach and an 

alternative, or additional approach, is to use monoclonal antibodies (see Gelboin et al.. 

1999) to the cytochrome P450 enzymes that are known to be expressed in endothelial 

cells. The identification of various CYP isoform expression in vascular tissue or vascular 

cell-types can be done by immunoblotting, Northern blot or RT-PCR analysis (for 

example, see Fisslthaler et al. 1999) and in situ mRNA hybridization in cerebral 

arterioles has recently used (Gebremedhin et al. 2000). In general, the characterization of 

the vascular expression of CYP isoforms is likely incomplete, and would be expected to 

be, as in other tissues, species-, organ.-, and gender-dependent. Of course, the expression 

of the mRNA does not guarantee the presence of the protein encoded. There are two 

CYP families. CYP2 and CYP4. that are currently being examined intensively and are 

proposed to contribute directly to cardiovascular regulation either through direct control 
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studies to investigate the role of CYP should be considered and could involve 

determining the nature of the CYP isozymes expressed in (mouse) endothelial cells and 

investigating the efficacy of monoclonal antibodies (or antisense) against EDHF-

mediated relaxation in appropriate mouse vessels. 

5.3 Multiple EDHFs? 

Collectively the data in the literature is highly suggestive that there is more than 

one molecular species, or cellular mechanism such as myo-endothelial gap junctions, that 

can mediate endothelium-dependent hyperpolarization thus suggesting that multiple 

EDHFs exist and it can also be hypothesized that some vessel specialization may exist. 

This hypothesis is an important one that requires intensive investigation. The 

contribution of myo-endothelial cell communication to endothelium-dependent 

hyperpolarization and the actions of putative EDHFs must also be resolved. However, if 

we look collectively at the possible contributions of myo-endothelial gap junctions. K0 

and arachidonic acid metabolites to EDH. it is clear that these processes do not meet all 

of the criteria to be mediators of EDHF in all vessels, thus indicating that other 

mechanisms and mediators need to be pursued. The question of whether different 

vascular beds have evolved unique endothelium-dependent vasodilatation mechanisms 

remains unanswered but. nonetheless, is an exciting area for further research. 

5.4 Electrophysiological investigations 
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Although •"organ bath" techniques are important for demonstrating endothelium-

dependent relaxation and pharmacological probes can be used to determine the 

contribution of K-channels to the relaxation it is, nonetheless, important to try to correlate 

mechanical changes with membrane potential measurements. 

Direct measurement of membrane potential changes in VSMC, and EC will 

indicate whether a hyperpolarization accompanies the vasodilator response. Since many 

of the K channels sub-types, such as BKca, KaTP and SKCa and possibly K,r, are expressed 

on both ECs and SMCs, patch clamp studies of freshly dispersed VSMC and EC can help 

characterize the nature of the K-channels. Comparative studies at both the endothelial 

and vascular smooth muscle cell level will be very important in helping determine the 

nature of the putative EDHF(s) and cellular processes that mediate EDH. For instance, 

such studies would help resolve the question of whether Kirare expressed in both mouse 

mesenteric arteriole VSMC and endothelial cells. 

5.5 K-channel expression 

5.5.1 RT-PCR 

The polymerase chain reaction (PCR) process uses multiple cycles of template 

denaturation. primer annealing, and primer elongation amplified products. It is a highly 

sensitive technique for the detection of nucleic acids, and the product can be visualized 

on an ethidium bromide-stained gel. Reverse transcription polymerase chain reaction 

(RT-PCR) provides a sensitive, rapid method for analyzing gene expression. Using this 
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technique, and provided that pure populations of cells can be obtained, it should be 

possible to detect the K-channels that are expressed in EC and SMC. 

Recently, this technique has been used to detect mRNA in single cell or multiple 

cells. Bradley et al., (1999) used cells adhered to a glass coversiip and perfused with 

sterile extracellular solution to remove any cellular debris. Microelectrodes with 40-50 

um tip diameters were used to collect individual single smooth muscle cells by applying 

negative pressure. Only spindle-shaped cells (length 100-150 um diameter 5-10 urn) 

were selected to ensure that other cell types did not contaminate samples. Cells were 

expelled from the pipette tip into an RNase-free microcentrifuge tube. Approximately 60 

myocytes were collected for each RNA preparation. 

Single cell RT-PCR also provides a highly sensitive method that can be used to 

analyze mRNA present in cell cytoplasm harvested with a whole-cell recording electrode. 

The pipette contains the reagents necessary for the RT reaction in addition to the 

recording saline. In whole cell configuration, there is a low-resistance pathway between 

the interior of the cell and the recording pipette. First-strand cDNA can be synthesized 

from poly-A-containing RNA after whole-cell recording. The high sensitivity of RT-

PCR permits analysis of the small quantities of mRNA present within a singie cell 

(< 1 pg). Because of the high sensitivity, single-ceii RT-PCR is vulnerable to low levels of 

contamination that result in false positives. It is crucial that contaminating DNA or RNA 

is not introduced, as it will also serve as a template tor the RT reaction. 

5.5.2 Antibodies against K-channels 



A considerable number of K channel antibodies are commercially available, (for 

instance: Kvl.1-1.6. Kv2.1, Kv3.1-3.4, Kv4.2, 4.3. ROMK, GIRK, Kir 2.1-2.3, BKca, 

SKca). Using immunoblotting and immunohistochemistry techniques, it may be 

possible to determine the subtypes and localization of the K channels in mouse vascular 

tissue. 

5.5.3 DNA microarray 

My myograph data suggested that the mediators responsible for vasorelaxation in 

eNOS+/+ and -/- were different. Whole-cell current density was also significantly lower 

in the mouse myocytes from eNOS-/- mice suggesting that the chronic lack of eNOS-

derived nitric oxide results in changes in K+ channel expression. It will be interesting to 

know which channels are affected. However, traditional methods in molecular biology 

generally work on a "one gene in one experiment" basis, which means that the throughput 

is very limited. DNA microarray technology promises to monitor the whole genome on a 

single chip so the interactions among thousands of genes and their products (i.e.. RNA 

and proteins) can be obtained simultaneously. Hybridization is the underlining principle 

of this high density, oligonucleotide-based DNA microarray. Using the DNA microarray 

technology will be useful to determine the gene expression levels of various K channels 

and aiso identify which gene sequences may be up- or down-regulated in endothelial and 

vascular smooth muscle from eNOS-/- mice versus eNOS+/+mice. 

5.6 A NOS inhibitor-insensitive source of NO? 
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A number of studies have indicated that even high concentrations of nitro-

arginine analogues (for instance see Cohen et al, 1997; Kemp and Cocks. 1997) failed to 

completely block the synthesis of NO. These data suggest have led to the hypothesis that 

there may be an L-arginine-independent synthetic source of NO (Kemp and Cocks. 

1997). My data from studies of L-NNA-insensitive, but ODQ-sensitive, acetylcholine-

mediated relaxation of mesenteric arterioles supports this hypothesis, but further studies 

are required. It is unlikely that eNOS is the source of the NO, as maximal effects of NOS 

inhibitors in cultured bovine endothelial cells have been reported with concentrations of 

less than IOuM (see Kemps and Cocks, 1997). Sensitivity to ODQ does not necessarily 

infer that NO is the mediator, however, since catalase failed to inhibit L-NNA-insensitive 

relaxations to acetylcholine it is unlikely that hydrogen peroxide is the mediator. It is 

also important to completely eliminate the contribution of NO and studies with NO-

scavengers such as carboxy-PTIO would be appropriate as this agent has been shown to 

effectively inhibit the vasodilatory effects of authentic NO (Wanstall et al 2001) in 

mouse aorta. However, an interesting possibility is that the NOS inhibitor-insensitive 

synthesis of NO produces the nitroxyl ion and not the free radical form of NO. The 

pharmacology of the nitroxyl ion is different from that of NO free radical and. unlike NO 

free radical, is not scavenged by carboxyl-PTIO (Wanstall et al. 2001). 

I have hypothesized that the NOS-insensitive NO synthesis occurs in a 

compartment distinct from where eNOS-generates NO. The assumption is that the 

acetylcholine-mediated and L-NNA-sensitive source of NO occurs within the caveolae 
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Trottier and Loutzenhiser (unpublished data) have shown that acetylcholine produced a 

sustained relaxation of renal afferent arterioles from the rat, but prolonged exposure to 

acetylcholine for greater than 12-20 minutes, or high concentrations, luM, of authentic 

NO, resulted in an attenuation of the response. They hypothesized that this may result 

from NO disrupting the caveolin-1 assembly, that includes the muscarinic receptor and 

eNOS (Li et al., 2001). An interesting protocol would be to determine whether pre

exposure of mouse mesenteric arterioles to high NO attenuates the component of the 

acetylcholine-mediated relaxation that is L-NNA-sensitive and leaves just the remaining 

ODQ-sensitive, but L-NNA-insensitive, component. Such data would support my 

hypothesis that the NOS-inhibitor insensitive source of NO may occur in a distinct 

cellular compartment and that the NOS-sensitive synthesis of NO is confined to the 

caveoli. Additional studies to confirm such co-localization would, of course, be 

necessary. 
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