AuPS/ASB Meeting - Canberra 2005

Symposium 2: Functional Roles of Potassium Channels in the Vasculature

Wednesday 28 September 2005

Chair: Mike Hill



Endothelium-dependent vasodilatation: Fundamental role of SK, and IK -, potassium channels
C.J. Garland, Vascular Pharmacology Group, Department of Pharmacy & Pharmacology, University of Bath,
Bath BA2 7AY, U.K.

Activation of vascular potassium (K) channels underlies both the radial and axial spread of dilatation
within the artery wall. Radial spread, or an endothelium-depengestpolarizing factor (EDHF) response, is
initiated by agonist actétion of endothelial cells, while axial, or spreading dilatation, can viollocal
hyperpolarization in either the endothelial or the smooth muscle cells.

EDHF describes the endothelium dependent smooth mugeépolarization persisting in the presence
of inhibitors of nitric oxide (NO) synthase angttboxygenase, and causes smooth muscle relaxation by closing
voltage-operated calcium channels. Originally assumed to reflect the actionfokétiffactor or factors, with
analogy to EDRF or NO, the term iswalso taken to encompass the possibility of pesspread of
hyperpolarization from the endothelium (Buseeal., 2002). Key t understanding this pathway is the
obsenation that EDHF-eoked hyperpolarization and associated smooth muscle relaxation can be blocked with
a combination of apamin (blocks small conductance calciunvated K channels, SK) and charybdotoxin
(blocks intermediate and large calcium-eatid K channels, IK, and BK.,, plus delayed rectifier channels,

K,)- Alone, these toxins partially blocked EDHF responses, ib combination the totally abolished the
response. Althoughitially taken to indicate that SK and BK., on the smooth muscle were responsible for
hyperpolarization (to a difisible EDHF), iberiotoxin was unable to substitute for charybdotoxin (see Busse

al., 2002 for review). Furthermore, direct membrane potential measurements from endotheliaincgtis
revealed that apamin and charybdotoxin are acting on K channels in these celard&dival., 1998).
Pharmacological studies (using 1-EBIO and TRAM-34/39) then showed that the target for charybdotoxin is in
fact the IKCachanneI. Thus, agonist agiion of the endothelium, leading to increases inzm,aactivates both

SK., and IK., (which may be spatially separated, Craseal., 2003) causing hyperpolarization which is
transfered by a difisible factor or paset read through myoendothelial gap junctions to the adjacent smooth
muscle, where relaxation isaked.

In addition to radial spread, axial spread of hyperpolarization is well described in the microcirculation
(see Segd 2005). Havever, it seems to reflect an inherent property of resistance arteries as alehEt al .,

2004). In small mesenteric arteries, selectictivation of endothelial cell hyperpolarization, or of the K
channels localized in the smooth muscle, resultsypefpolarization which spreads along the endothelium
causing distant upstream dilatation. Interestinglyead of lyperpoarization is not associated with an increase
in endotheial cell [CH] (Takano, 2004). It also may in part reflecf,kactivity (Gotoet al., 2004).

Vascular potassium channels therefore play a crucial role in the spread of dilator signals through the artery
wall, and disruption of this role may underlie alterations in vascular function in vasdidar disease.
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Functional effects of vascular K, channels
C.G. Sobey, Department of Pharmacology, The University of Melbourne, Parkville, Victoria 3010, Australia.
(Introduced by M. Hill)

Potassium ion (K) channel activity is one of the major determinants agoular muscle cell membrane
potential and thusascular tone.Four types of K channels are functionally important in the vasculature -
Cea’*-activated K channels, voltage-dependerit éhannels, AP-sensitie K* channels, and inwardly rectifying
K™ (K,5) channels. The latter type will be the subject of this wevie

Recent advances in vasculafKchannel research indicate that this channel: 1) is preserstular
muscle; 2) modulates basal arterial tone; 3) mediate®nful hyperpolarization and vasodilator responses to
small but physiological increases in extracelluldr &) may contribute to vasodilatation in response tavflo
induced shear stress; 5) may be inhibited by protein kinase Vityads) may be imolved in \asorelaxation
mediated by endothelium-deed hyperpolarizing factor; and 7) may be functionally altered by gender and in
cardiovascular diseasesVascular efects of Ko channels hee © far been mostxensvely studied in the
cerebral circulation where K function may be important in coupling cerebral metabolism and bload flo
Despite the lack of seleeé inhibitors of K, channel subtypes, the use of gene knockout technology is
beginning to enable morexeensve insight to be gained gerding the functional role of these channels in blood
vessels.
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K, as a target for nitroxyl anion (NO")-mediated vasodilatation
B.K. Kemp-Harper and J.L. Favaloro, Department of Pharmacology, Monash University, VIC 3800, Australia.
(Introduced by M. Hill)

Traditionally the vascular effects of nitric oxide (NOVbdeen attributed to the free radical form of NO
(NO°) yet the reduced form of NO (NQis dso produced endogenously and vasodilates both large conduit and
small resistance-l& ateries (Irvineet al., 2003). InterestinglyNO® and NO have keen shown to he dstinct
mechanisms of action in the cardiecular system, particularly in the hearadfocciet al., 2003). Thisstudy
aimed to determine if the vasorelaxant effects of Miffered to those of NOn rat small mesenteric resistance
arteries. Male Sprague-véey rats were killedvia CO, sedation and cervical dislocation. Mesenteric arteries
(350um diameter) were isolated, mounted in small vessel myographs and isometric force and intracellular
membrane potential measured simultaneo@lynulative mncentration-response curves to ‘NRNO gas), the
NO™ donor Angeli's salt and the NO-independent soluble guanylate cyclase (sG@gtactiYC-1 were
examined. Vasorelaxation to Angali&lt (pEC,;=7.02+0.67 -log M; R_ =96.0+2.2%, n=4) &s accompanied
by simultaneous vascular smooth muscle cell hyperpolarisation (p&82+0.32, 1AM AS -17.8+4.4 mV
n=4). In contrast, maximal vasorelaxation to ‘NREC, =6.82+0.39, 92.1+1.3%) was achéd before a small
hyperpolarisation response was observed aM 1NO® (-4.9+2.3 mV n=5). Both relaxation and
hyperpolarisation responses to Angekalt were significantly attenuated (P<0.05, n=5) by the B€wenger,
L-cysteine (3mM) and virtually abolished by the sGC inhibi@DQ (1QuM; P<0.05, n=4). In contrast, ODQ
only decreased the sensitivity of N@ediated vasorelaxation approximately 10-fold (P<0.05, n=4) aited! f
to affect NO-mediated hyperpolarisation. The, khannel inhibitar 4-aminogyridine (1mM) caused a 4-fold
(P<0.05, n=4) decrease in sensitivity to Angefllt and abolished the hyperpolarisation response (P<0.05).
Glibenclamide (K. channel inhibitor) and charybdotoxin (BKIK ., channel inhibitor) were without fefct.
YC-1 also induced smooth muscle hyperpolarisatiopf1¥ C-1 -43.0+6.3 myn=3) which was attenuated by
4-aminopyridine (1QuM Y C-1 -23.5+2.3 my/P<0.05, n=3). In conclusion, in rat small mesenteric arteries, NO
mediates relaxation in padia cGMP-dependent agttion of K, channels. Incontrast, NOmediated
vasorelaxation occurs independently of vascular smooth musglergolarisation and in pasia cGMP-
independent pathays. Thusthe redox siblings NOand NO have dstinct mechanisms of vasorelaxation in
resistance-lik ateries.
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The smooth muscle BK _ potassium channel and its interaction with arteriolar myogenic tone
T.V. Murphy?!, Y.T. Hwang', H. Ding?, N. Kotecha? and M.A. Hill%, *Physiology and Pharmacology, School of
Medical Sciences, University of New South Wales, NSW 2052, Australia and Division of Biosciences, School of
Medical Sciences, RMIT University, VIC 3083, Australia.

Myogenic tone in arterioles, generated by intraluminal pressure, is important in autoregulation of blood
flow and in determining the response of arterioles to vasodilator stimuli. The extent of arteriolar myogenic tone
at a gven intraluminal pressure varies among arterioles in different vascular beds; for example arterioles from
skeletal muscle being relatly more constricted than those in the cerebral circulation at similar pres3inies.
may be due to differingx@ression or activity of large-conductance Caensitve K'-channels (BK)) in the
smooth muscle cells, which are thought to playeg lole in regulating pressure-induced myogenic tone
(Wellman & Nelson, 2003). The activity of BK channels is also increased by cyclic nucleotides (cGMP
CAMP), suggesting BK, may be irolved in the actions of paracrine dilators such as nitric oxide (N@g
aims of our studies were to compare the roles of BK regulating myogenic tone in cerebral anelstal
muscle arterioles and toxamine the importance of BK in endothelium-dependent dilation iressels
possessing differentuels of myogenic tone.

Functional studies in skeletal muscle arterioles from both rats and mieedhmessure-dependent
vasoconstriction indicating the presence of myogenic tddeer the pressure range 0 to 150 mmHg, a steep
sigmoidal relationship was observed between ttten¢ of myogenic tone (0 to 538 7.8 %) and smooth
muscle E (-55.3+ 4.1 mV to -29.4t 0.7 mV). Compared with data from published studies in cerebssiels
the slope of this relationship was both steeper and shifteaide more depolarisedalues. Theselectve BK -,
inhibitor iberiotoxin (0.1uM) caused a slight but significant vasoconstriction and depolarisatieniotoxin
treatment did not, hwever, dter the fundamental relationship between myogenic respamess and £
Immunohistochemistry (IHC) demonstrated the presence qf EBKannels in smooth muscle cells of rat
cerebral and cremaster muscle arterioles, withoytdéference in the x@ression pattern orvels. Real-time
PCR, performed on mouse arterioles, demonstrated the expression of vafivastiZaied K'-channels in the
order sk, > IK > BK,, There vas no difference, heever, in BK, expression (normalized to actin) between
cerebral and skeletal musclessels. Thedata suggest that while BK channels are expressed irelgtal
muscle arterioles tlyeare not as tightly coupled to myogenic respoesess as has been suggested for cerebral
vessels. Thismay relate to important differences in vessel function as skeletal muscle vessels under
normotensie conditions typically exhibit a highascular resistance whereas the cerebral circulation tends to
maintain a lower vascular resistance to ensure continuity of blood supply.

With respect to the possible role of BKn endothelium-mediated dilation, responses to the endothelium-
dependent dilator acetylcholine (ACh) were measured faridi§ levels of intraluminal pressure (50 and 120
mmHg) in isolated arterioles from the rat cremaster mudgikation to ACh was significantly inhibited at the
higher pressure, yet the magnitude of the ACh-induced hyperpolarization was not altered. In vessels maintainec
at 50 mmHg, EDHF made a substantial contribution to endothelium-dependent dilation with minor role for NO.
At the higher intraluminal pressure (120 mmHg) the nedatbntribution of EDHF was reduced ever, with a
corresponding increase in the importance of NO/cGMP-mediated dilation. Further studies showed dilation to
cGMP alone was enhanced at the higher pressure, suggesting an increased sensitivity t0/d&dMiest this
is due to a cGMP-induced increase in activity of Bi€hannels (Schubert & Nelson, 2001), which is more
pronounced with increased pressure-induced myogenic tone and, in part, counteracts the inhibitory effect of
increased intraluminal pressure and membrane potentiaf-chahnel activity.

Schubert, R. & Nelson, M.T2001)Trends in Pharmacological Sciences, 22, 505-512.
Wellman, G.C. & Nelson, M.T(2003)Cell Calcium, 34, 211-229.
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Potassium channels in vascular dysfunction

C.R Triggle!, A. Ellis?, L. Ceroni3, W. Wehler3 and H. Ding', 1School of Medical Sciences, RMIT University,
Melbourne, VIC, Australia, Division of Chinese Medicine, School of Health Sciences, RMIT University,
Melbourne, VIC, Australia and 3Smooth Muscle Research Group, University of Calgary, Canada. (Introduced
by Michael Hill)

Intermediate and small conductance calciumvaigid potassium channels, IKand SK., respectiely,
play a critical role in the pulation of endothelium-demd hyperpolarizing factor (EDHF)-mediated
endothelium-dependent vasodilatation (EDV). Coimee (Cx) 37, 40, 43 and 45 are expressed in vascular tissue
and also contribute to EDHF-mediated \EIh a tissue dependent mannén the wild type control (WT)
C57BL/6J mouse the contribution of EDHF increases, velai NO, from F'to 2" and greatest in"8order
vessels. Changés the contrilntions of nitric oxide (NO) and EDHF ¥ dso been reported in disease states,
such as diabetes, and may reflect an important contribution to the pathophysialagys@hanet al., 2002).
In this study we hae compared EN initiated by acetylcholine (ACh) in resistance vessels (small mesenteric
arteries — SMA) from male eNOS-null mouse (eNOS-/-), that present wigheatbnsie and insulin resistant
phenotype, to theyipertensie, insulin resistant andypeglycaemic type 2 diabetic db/db mouse and the type 1
diabetic apoE-null- streptozotocin (STZ) mouse. In SMA from the eNOS-/- mouggeilbated by ACh, is
mediated entirely by EDHF and similarly in the db/db, leptin receptor mutant typédidietic mouse. Despite
the absence of a contribution from NO to\ED the db/db mouse no difference was found in either ARN
protein levels of eNOS. In the STZ-induced type 1 diabetic apoE-null mouse the contribution of EDHNto ED
is reduced and the expression of eNOS is increased. The combination of thehbanel blockrs,
charybdotoxin (ChTx) or TRAM-34, and the Skblocker apamin inhibits a large portion of the contribution of
EDHF to ACh-mediated EVD in eNOS-/-, db/db, and the STZ-apoE-/- mice with a small component remaining
that is sensitie © iberiotoxin, IbTx. The data with IbTx indicates a role for the large conductancedBinnel
and this, lilely, reflects an action on the vascular smooth muscle cells mediated ypchrome P450
metabolite. The presence of the pweatimyoendothelial gap junction (MEGJs) inhibit@glycyrrhetinic acid
(B-GA), produced a significant inhibition of EVD in the eNOS-/- but not in the WT mouse. These data suggest
that a component of the EDHF-mediated\ED the eNOS-/-, bt not the WTis mediated by MEGJs. Real
time PCR was also conducted to determine mRMpression for the K channels: the lge conductance
BK, IKc, and the SK. SK1, SK2 and SK3 subtypes iff,122"® and 3¢ vessels from eNOS-/- and WT mice;
however, no difference, relatie © the housekeeping geffleactin was found. Similarly for the expression of
MRNA for Cx 37, 40, 43 and 45 — nofdifences in expressiorvids were found. In contrast, in SMA from the
STZ-apoE mouse, expressiongds of SK2, SK3 and Cx37 were significantly reduced as the functional
contritution of EDHF to EIY, whereas eNOS els were increased &wonclude that type 1 and type 2 diabetic
states hee dfferent effects on EY with type 1 decreasing the contribution of EDHF and type 2 decreasing the
bioavailability of NO. Western blots to determine proteirvéts have rot been consistently successful for
interpretation reflecting thewoprotein yield from the SMA.
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