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Summary What isEDH(F)?

1. The principal mediators of vascular tone are The aim of this brief ndew is to povide a critical
neural, endothelial and psical stimuli that result in the overview of the EDH(F) field, with a focus on the role of
initiation of dilator and constrictor responses &militate gagp junctions in the EDH(F) phenomenon. Mordemsie
the control of blood pressurefwo primary vasodilatory reviews on EDHF are provided by McGuiret alt!
stimuli produced by the endothelium are nitric oxide (NOLampbell and Gauthiéming and Triggle’ and Griffith#
and prostaglandins. An additional endothelium dependent Briefly, the arterial endothelium produces three
vasodilatory mechanism is characterized as thessodilatory factors; NO, prostaglandins and EDH(F).
hyperpolarization mediated relaxation that remains after ti@dassically EDH(F) is the hyperpolarization and associated
inhibition of the synthesis of NO and prostaglandins. Thielaxation remaining after the inhibition of the synthesis of
mechanism is due to the action of a so-called endotheliul© synthase (and thus NO) and prostaglandiie two
derived hyperpolarizing &ctor (EDHF) and is dependent onprimary mechanisms that can account for EDH(F)vigti
either the release of flisible factor(s) and/or to a directrely on either diffusible- and/or contact-mediated
contact-mediated mechanism. mechanisms. Those that are dependent on the release of a

2. Most evidence supports the concept that ‘EDHRdiffusible substance, for which there is yet to be
actvity is dependent on contact-mediated mechanismsnequvocal evidence, are due to EDHRhose that are
This involves the transfer of an endothelium-gedi dependent on the direct contact of ECs and SMCs via
electrical current, as an endothelium-dedi MEGJs are due to the transfer of an electrical current, as an
hyperpolarization (EDH), through direct heterocellulaEDH.*°In both cases, the net result is tlypérpolarization
coupling of endothelial cells (ECs) and smooth muscle celid the adjacent smooth muscle with subsequergsel
(SMCs) via myoendothelial gap junctions (MEGJs)dilation. For clarity the term EDH(F) will be used here to
However, there is a lack of consensus wittgael to the refer to both a diffusible or contact-mediated mechanism.
nature and mechanism of action of EDHF/EDH (EDH(F)), Regardless of whether a difsible- or contact-
which has been shown tany within and betweenagscular mediated mechanism isvislved in EDH(F) actiity, it is
beds, as well as among species, strains,ape during accepted that its action is dependent on the release of
development, ageing and disease. intracellular calcium and the aedtion of a specific pattern

3. In addition to actual heterogeneity in EDH(F),of potassium channels. The &etion of receptors and/or
further heterogeneity has resulted from the less thapplication of piisical stimuli such as shear stress results in
optimal design, analysis and interpretation of data in soraerise in intracellular EC calciurh®*1° Subsequentlythis
key papers in the EDHF literature; with such views beingesults in the actation of small (S) and intermediate (1)
perpetuated in the subsequent literature. conductance calcium aetied potassium channels (K

4. The focus of this brief kéew is to examine what located on ECs, and in some cases theaticth of EC or
factors are proposed as EDH(F), and highlight th&MC large (B) Iga.l This channel actétion results in the
correlatve gructural and functional studies from ourgeneration of an EDH or the release of an EDifich is
laboratory that demonstrate an integral role for MEGJs sBubsequently transmitted to the adjacent SMC layer either
the conduction of EDH which account for the heterogeneitfia MEGJs or by difisionl? Indeed, it is agreed that
in EDH(F); whilst incorporating the reported fdible EDH(F) activity is blocked by the application of K
mechanisms in the regulation of this wityi. Furthermore, antagonists, such as apamin (§Kantagonist) and
in addition to the reported heterogeneity in the nature astarybdotoxin (non-selegg K., and BK., antagonist,
mechanism of action of EDH(F), the contribution ofwith additional efects at voltage-dependent potassium
experimental design and technique to this heterogeneithanneld) in combinationt? or apamin and TRAM-34
will be examined. (IK ., antagonist) in combinatight*!2in the case of SK,

and IK., dependent responses, or by iberiotoxin in the case
of BK,dependent responses.
The nature and mechanism of EDH(F) apparently
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varies within and between agcular beds and amongstcell types!®

species, strains, seand during deelopment, ageing and Interestingly the most recent ersion of the

diseasé;® as well as with variable experimental conditionspotassium cloud ypothesis’ includes a role for MEGJs in

and between laboratoriésA proposal for unifying the role the action of K as EDHE’ However, once a role for

of EDH(F) and heterocellular coupling has recently beedEGJs is included in this mechanism, a role fdrd¢ a

put forward by Grifith* This scheme incorporates nyaof  diffusible EDHF may be redundant, since the EDHF

the proposed EDH(F)s, and questions others, for whigthenomenon can be simply explained through the action of

there is debatable evidence. EDH. As alluded to ah@, a potential scenario where the

diffusion of K" may play a role in the EDHF activity could

arise if there is a close spatial relationship between MEGJs

Contact-mediated mechanisms represent the simpl d. Kea d|str|put|on. (as well as perhaps W't.h sites of
calcium etrusion), in the form of microdomains, where

explanation of EDH(F) actity, as a purely electrical eent. . . . :
However, the release of diffusible factors/s from theh|ghly localized changes in*kKconcentrations could play a

endothelium, at a concentration fiziént to change that of role in the coordination and modulation of heterocellular
the internal elastic lamina and the localviemnment EDH(F) signaling (Garland and Sawdo personal

surrounding the innermost layer of SMCs, has also begﬂmmdumca.tlon).. V\éh'\'/:sét ewdgnC(teh for s“nl![ar funptlonalll
proposed to account for EDH(F) agty. This substance microdomains in S and other Ccell types 1S we

then putatiely effects the actiation of SMC receptors and documented®it is interesting to speculate that this scenario
ion channels, to initiate smooth muschgpérpolarization may be t_he case in ECs of resistance _vessels SL.JCh as the
and relaxatior:4 mesenteric bed of the rat where functional studieg ha

Diffusible factors proposed as an EDHF include Ksuggested this to occtrFurther anatomical support for the

ions, epoxyeicosatrienoic acids (EETs}Qitle and C-type g)dstence of microdomains in ECs is not curre?ﬂ_gilabl_e

natriuretic peptide (CNP). N®-nitro-L-arginine metlyl in reS|§ta}nce e/ssels, and thus a role for & Ko this

ester (L-NAME) insensitie rtric oxide has also been scenario is speculas.

suggested to account for EDHF aitgi.'**°In addition, S- Epoxyeicosatrienoic acids (EETs)

nitrosothiols hee keen suggested to contribute to EDHF

activity,'® although the wdence for the endothelial There is evidence of a role for EETs in EDH(F)

dependence of this response requires furthvestigation. actvity in some vascular bed$. EETs are ytochrome
P450 expoxygenase metabolites of phospholipase
dependent arachidonic acid production, which pussti

x actvate smooth — muscle BK*® to result in

ehyperpolarization and arterial relaxation in cerebral,

coronary and renal arteries ofvemal species:? Indeed,

although there is evidence that EETs play argiaterole in

EDH(F) actvity in some vascular beds, EETs are not a

universal EDH(F), in that in manvascular beds, EDH(F)

activity is not sensitie o the application of iberiotoxin, a

Diffusible factors

Potassium ions

Several studies hee supported the proposal that
ions are an EDHF in someessels (for references se
L3413  Indeed,since the original proposition that'Kons
were an EDHFthis hypothesis has reassd much attention.
Basically this scheme wolves the actiation of EC K., and
the subsequent EC efflux of"Krom these channels. The
resultant potassium ‘clout'then reportedly difises across ) s .

BKc, antagonist. Furthermore, it is not clear if EETs

the internal elastic lamina to act as an EDHF ‘gkimg Ca ™ ) N o
smooth muscle hyperpolarization and relaxation, via ﬂ?ectmt){ is related to their participation in thacﬁllt'amo.n of '
activation of smooth muscle N&*ATPase and inardly autocrine pathays that generate hyperpolarization via

rectifying potassium channel$; key channels for the mechanisms that are indistin_ct from altervxatiago_nist—

modulation of ionic mechanisms that are reportedlnduced pathways that result in an analogous/itin of

sensitve t the application of ouabain and barium, n EDH(F) type responge.

respectiely. Antagonism of the EDHF response by thes?—lydrogen peroxide

blockers is used as definingidence for K as an EDHFIn

its current form this mechanism is referred to as the In human and mouse mesenteric and porcine

‘potassium cloud hypothesi¥’. coronary arteries, D, has been proposed to act as an
A complication to this hypothesis is the efflux of K EDHF?1"2* However, a gimary problem with these studies

from SMCs that arises as a result of depolarization, whidéh that the appropriate time and concentration controls for

would thus contribte to the basal Vel of K* surrounding catalase, as a @, antagonist, were not undertaken and

vascular cells, and will thus suppress theBOHF efect. indeed the proposal that,@, is an EDHF in theseascular

At a simplistic leel the term ‘potassium cloud’ is beds is not consistent withveeal other studies undertak

misleading, in that it implies the presence of a global cloud the same vascular beds (see W¢ldBery and von der

of potassium surrounding the vascular cells, wheragt f Weid,® for example, hee siown that EDHF and kD, are

ary physiologically releant change in the Kconcentration distinct factors in porcine coronary arteries, whilst

will be transient and localized. Indeed, a more plausibRomposielloet al?® demonstrate that catalase, an enzyme

scenario is that the *Kflux acts at restricted localized sitesinhibitor H,0, of actvity, has no effect in porcine coronary

(microdomains), as has been described in SMCs and othessels; although at 300U/ml it did abolish the endothelium
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independent relaxation to exogenously generatgal, BHfter  activity of CNP as EDH(F) is based on the assumption that
45min incubation. Catalase has beenwshdo hae mo  GA is a specific antagonist for MEGJs and since no control
effect on EDHF in the bovine ciliaryat saphenous and studies for the éécts of GA were undertaken in the
mesenteric and human radial and subcutaneo@hauhanet al!® study this claim is open to question.
arteries>27-30 In this light, seeral studies hee sown that Indeed, GA and its desitives have been shown to block
H,O, can cause aasoconstriction (se&-% for exkample) homocellular and MEGJs in thisessef%4! as well as
which can be attenuated by a 20min incubation in 100U/mlving direct efects on the EC hyperpolarization to
catalasé® Furthermore, in a membrane potentiahcetylcholine (ACh), via &cts on phospholipase agty,
independent mannereactve axygen species such as®, and EC SK, IK., and Na/K*ATPzse, irrespectie d its
have keen reported toariably actvate SMC K., ATP- putatve dfect at gap junctiond?2 A limitation of future
sensitve mtassium channels, N&K*ATPae and modulate studies examining a potential role for CNP as an EDH(F), is
the sensitivity of the contractile apparatus to calctdfh, the lack of sailability of selectve antagonists for the CNP
thus playing additional roles unrelated to EDHfut receptorC subtype that is reported to mediate this response.
complicating ag speculatve mle for HO, in EDHF Furthermore, specific limitations of the Chauhen al.
activity. Indeed, in contrast to the original proposition thastudy*® include; the lack of a demonstration that the CNP-
H,O, was an BDHF in mouse mesenterieessels Ellisst mediated relaxation can occur independently of the
al.3* provide evidence that }0, is not an EDHF in these endothelium (which wuld thus demonstrate CNP action at
vessels. Indeed, Ellist al3* found that an inhibitory éct the smooth muscle) and a lack of explanation of the
of catalase does not provide defirgtividence that EHO, is  obserations that CNPwekes [60 to 70% relaxation, whilst
critical to a gven vascular responsé. EDHF evokes [1L00% relaxation. Additionallythere is also

In ary event, the physiological relence of HO, as a lack of explanation as to withe (non-specific) blockade
an EDHF is simply questioned based on the olasierv of gap junctions with GA suppresses CNP\igtj or what
that the concentration of J@, produced in response to effects barium alone has on the CNP- and EDHF-mediated
endothelial stimulation (10-60n¥ see?) is substantially relaxations, or the inclusion of appropriate control data to
less than the 8V to 100uM of H,O, required to elicit a 30 determine if there @s a basal release of CNP in these
to 90% relaxation in human mesenteriessel® or the mesenteric vessels. Thus, a defigitiole for CNP in
0.1mM and 1mM of HO, required to elicit a 60 and 100% EDH(F) activity remains to be elucidated.
relaxation in porcine coronary arter@®s.In addition, ) N o )
concentration dependent effects ofCH are critical to the L-NAME insensitive nitric oxide
question of whether physiological or pathggiological
effects are observed, since®) can mediate vascular cell
proliferation, apoptosis, Wperplasia, cell adhesion and
migration, as well as having fe€ts on arterial ton®.
Indeed, predominantvelence supports the proposition tha

H,O, is not irvolved in the kperpolarization dependent this L-NAME insensitve NO may account for aminor

EDHF response and that it is not an EDFiR? degree of EDH(F) activity and one not consistently
C-type natriuretic peptide (CNP) pbser‘ed in studies of the samasculgr bed. Foxample,
in the Chauharet al study'® purporting to sha that L-

C-type natriuretic peptide has been proposed to actld8ME insensitve NO accounts for asignificantportion of
an EDHR® and indeed the data presented in Chauttan EDH(F) actiity, 63% of hyperpolarization and 70% of
al.1® are consistent with the aedtion of the CNP receptor relaxation to Ah remain after the addition of the NO
C aubtype playing a role in the EDH(F) phenomenorscarenger oxyhaemoglobin (in the presence of ANAE
However, in the same mesenteric vessels gangned in and indomethacin). Furthermore, in the caudal and
Sprague-Dawlgrats by Chauhast al.}3 but in the mature saphenous arteries of the rat and mesenteric artery of the
Wistar rat, Sande et al3” demonstrate that heterocellularmouse the NO seangers hydroxocobalamin and carboxy-
coupling of ECs and SMCs accounts for EDH\aftiin -~ PTIO have ro effect on EDH(F)2443thus demonstrating a
this bed. Whilst the diérence between the twgudies lack of an L-MAME insensitvte NO component in these
could be related to strain variation, such a fundamentascular beds. The contribution of endogenous NO to
difference is unligly and the specific reason for theEDH(F) activity therefore appearsanable and in man
discrepang is unknown. Interestinglyin this light, the use cases nonyéstent. Further studies are required to determine
of the non-selecte gap junction antagonist glyorhetinic  the physiological releance of this phenomenon.
acid (GA) and its devitives haveimplicated a primary role ) )
for gap junctional coupling in EDH(F) adiy in this Contact-mediated mechanisms
vascular bed®*! Indeed, Chauhast al.}® implicate a role
for MEGJs in the proposal that CNP is EDH(F) via the u
of a-GA, although at present this role is currently uninp
but is being irvestigated (Ahluwalia, personal
communication). In an case, a role for MEGJs in the

Endogenous or basal NO aftly, which is insensitie
to the application of NO synthase antagonists used in the
routine study of EDH(F), has been suggested to account for
EDH(F) actiity.1*'> Current ®idence suggests that in
tsome ascular beds, under specific experimental conditions,

Evidence supporting the critical role of MEGJs in
SEDH(F) activity comes primarily from structural and
functional studies from our laboratory in Canberra and
Tudor Griffith’s*36444%aboratory in Cardiff. These studies,
which illustrate the simplest xplanation of EDH(F)
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activity, utilize the electron microscopic identification of
MEGJs, electrophysiological recordings from dye identified 100 -
ECs and SMCs and myograptwith pharmacological &
interventions, as well as immunohistochemical methods @8r 75 -
identifying the connens and ion channelsvalved in the -2
EDH(F) phenomenon. These studies are consistent With§1e50 ]
hypothesis that EDH(F) is an electrical phenomen@h
involving the gap junctional transfer of an EDH, from ECg 25
to the innermost layer of intimal SMCs in the arterially 5
for the subsequent generation of an arterial relaxation. 2
Studies from our laboratgryhich are the focus ofE 0 i 3 3 )
this section of the xéew, haveexamined the role of MEGJs¢
in EDH actiity. We have found that the distribution and®, 1007
activity of MEGJs is correlated with the presence of EDE
within and betweenascular beds, during dgopment and 2 751
in disease. In the proximal and distal mesenteric arterie%of
the rat, for example,ap junctions play a critical role ing 507
EDH actvity,3%4! where MEGJs are prdent® In this 2
vascular bed, in collaborat fudies with Marianne Tare in'E 25 1
Helena Rrkingtons laboratory in Melbourne, we shed g
that the presence of EDH is correlated with the presenc&of - , o
MEGJs, whilst in the femoral artery a lack of MEGJs 8 0 2 4 6 8 10
correlated with the absence of EBHA similar situation is & 199
present in the lateral saphenous artery of thernjilw rat, 2
where MEGJs are prelent and EDH-mediated relaxationg -5 |
present This is in contrast to the saphenous artery of tﬁe
adult, where MEGJs were rare and EDH ab&efihe "§ 50 1
relationship between EDH and MEGJs is somewhat mdie
complicated in disease states, such asypetiension. In a B

3° mesenteric (juvenile)
1° mesenteric (juvenile)
1°/2° mesenteric (adult)
caudal (adult)
saphenous (adult)
femoral (adult)

O O me o

elaxa

. . 25
comparatie gudy of the caudal artery of theg/ertensie 2
SHR and normotens WKY rat, EDH activity was = | 2
intained, in spite of an increase in the number of SMC 0, ; ; - '
maintained, In sp _ ) 0 100 200 300 400
layers in the vessels from theygertensie rat. This Diameter (um)

maintenance s found to be correlated with a concomitant

increase in the incidence of MEGJs in the caudal artery of

the hypertense rat*3 Figure 1. Summary data demonstrating thelationship
The abee dudies demonstrate there is a direchetween acetylcholine (ACh)-induced EDH(F) activity and

relationship between the degree of EDH and the incidenagterial morphology as the number of myoendothelial gap

of MEGJs. Indeed, EDH increases with an increase in thgnctions (MEGJs) per endothelial cell (EC), per number of

number of MEGJs per EC, whilst, a@nsely, it generally medial smooth muscle cell (SMC) layer and per vessel

decreases with an increase in the number of SMC layefiameter Individual data points & presented as the mean

and vessel diameter (Figure 1). Interestinglsilst EDH is + SEM with data being derived from earlier studiég43:46

the predominantasodilator in smaller vessels, it is presenbata wee fitted with a one phasexgonential curve using

in some larger vessels (Figure 1), such as the rabbit iliac, Gitaphpad Prism. PE, phenylephrine.

caudal and superior mesenteric artetes:*°In the rabbit

iliac artery cCAMP has been proposed to enhance the spread

of EDH via modulating gap junctional coupling within theRole of diffusiblefactorsin contact-mediated

multiple SMC layers, as well as at MEGJsWhilst mechanisms

conclusve hophysical evidence for this mechanism being

relevant in larger vessels is lackirt§ this mechanism may mechanism to fully account for EDH adty. Indeed, there

be of some |mpor.tance for EDH activity in Iarg.er vessels_. is 'tncreasing wdence that the diffusible factors, that act as
These studies demonstrate that there is a consistén

positve wrrelation between MEGJs and EDH ity credible EDHFs, may inaft be associated with the

within and betweenascular beds and duringvéopment modulagon of gap junction astty and specifically O.f
. . : : . ... MEGJs; for the transfer of EDH, as the most plausible
and disease. Whilst this correlation is not defiaiti

evidence that contact-mediated mechanisms account g)‘uechamsm of their awity. These mechanisms are outlined

r
EDH(F) actvity, to date, these data provide the mos elow
conclusve and plausible explanation for this activity.

Direct electrical coupling is the most plausible
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Potassium ions are intgral for EDH actiity. Depending on the
o ) _ _ experimental conditions, studiesugashown that HO, can
~ The original hypothesis gerding the mechanism of iy increas® and decreag®gap junctional coupling, and
action of K" as EDHF has been modified to include a rolggect changes in intracellular calcium homeostasis, both in
for MEGsz However, dthough K" are ivolved in  cyiyred cells and in intact arteri@®! Although no
mediating EDH(F) aciity, once a role for such MEGJs is gpecific evidence is currentlyvallable to support this
included, no direct role for Kas a diffusible EDHF is roh0sal, these observations yide potential support for a
necessary for the transfer of an EDH. Indeed, in a seriesifchanism to link the putati ole of H,O, as an EDH(F),

experiments that repeated those in the original proposal tRgth the MEGJ dependence of the EDH phenomenon.
K* was EDHF, the data in the original study could not be

repeated? In addition, seeral studies hae questioned the C-type natriuretic peptide (CNP)

nature of K as EDHFsince barium and ouabain, which are ) ]

used to define the role oftes an EDHFdo ot unversally ~ The putatie ation of CNP as an EDH(K) may be
block EDHF-mediated responses (for references s¥& acting as yet another factor thaicifitates electrical
1341759 |ndeed, the éitag of ouabain as a select coupling through gap junctions; althoughyaputative
Na'/K*ATPae antagonist has been questioh®d? mechanism for this is unkam. Indeed, ay putative action
whereby it has inhibitory effects on cell coupling vigf©" CNP as EDH(F) cannot be directly associated with the
modulating gap junction functioi. Indeed, ouabain may 9% junctional transfer of CNP from ECs to SMCs, since

directly attenuate the transfer of EDH by its actionag g 98P junctions are limited to passing substances dkD
junctions®5L52 This action includes direct fetts on gp and CNP has a molecular weight [@2.2kD (Ahluwalia,

junctional coupling, such as reducing connexin (CX{?ersonal communication). Inter'estin,gly the Chauharet
expression through reduced Cx fieing to the cell ?"-St“d}'llg’ proposing that CNP is an EDH(F), the response
membrane, as well as modulating gap junctioff Sensive © the cpmplnatlon of parlum and ougbgm, an
conductancé& The implication of these observations is thaPPSeration that this is not a urersal characteristic of
the attenuation of an EDH(F) response by ouabain, as wii?H(F) in this, the rat mesenteriascular bed? Indeed,
high concentrations of potassium, does not necessarfi§’c& ouabain is recognized as a non-specife jgnction
provide evidence of the EDH(F) nature of the respoh®g antagonist, this result may inadt reflect a MEGJ
The demonstration that ouabain has direct effectsam gdependence of EDH(F) in the mesenteric bed of the rat, as
junctions, and thus on EDH(F), are essentially contrgl€monstrated by Sandawal®’

studies for the earlier work that relied on the use of ouabgj ; ; ; . ;

to shav that K* was EDHF. Thus, based on these ‘controlm?;?gghdlaj gap junctions, EDH and gap junction
datd>152K* jons are not an EDH(F)ubrather may simply

be involved in the modulation of the signal transduction The demonstration of the dependence of EDH
pathways associated withag junction functioff>> and activity on gap junctions relies, in part, on the specific
thus with EDH actiity.* Further ivestigation is required to pharmacological inhibition of gap junctions. Unfortunately
elucidate ay potentially specific décts of ouabain on there are a number of limitations geeding this
vasomotor responses and those at gap junctions. Indegtbthodology The primary one of these relates to the
this point is critical for the accurate interpretation of futurgependence on the use of gap junction inhibitors that ha
EDH(F) data. not been adequately characterized in terms of their
specificity and mechanism of action. Currenthere is no
unequvocal evidence that the valable gap junction

In studies of cultured ECs, EETsvieateen shown to nhibitors — are specifié? let alone seleate for gap
modulate homocellular gap junctio¥fsthus providing a junctions, be the heterocellular'or homocellulgtndeeq,
potential mechanism for a modulatory role for EETs ifnfortunately to date, ¥e studies hae examined this
EDH action? Griffith* suggests that EETs activity may beProblem in detail and fe have carried out the defining
related to a compleinteraction of calcium and potassium&®Periment of examining the effect of these agents on cell
homeostasis, cAMP and arachidonic acid activity an@Put resistance, whereby an increase in input resistance
electrotonic signaling (see Figure 3iand als?). Indeed, Would provide ley data on the gap junction antagonist
EETs hae dso been suggested to be modulate EG K effects of these agents. Of the studies thaeharried out
activitys” thus preiding a further mechanism for their SUch technically demandingqgeriments, the data are not
potential role in modulating EDH, independent of actingonsistent and are incomplete; although this may in part
directly as an EDHFFurther studies of the role of EETs inTeflect the h%tserogenelty in the Cx composition asoular
EDH activity in intact essels are required to clarify theséd@ Junctions:

Epoxyeicosatrienoic acids (EETS)

proposals. _Much of the currentwedence for the gap junction and
specifically MEGJ dependence of EDH relies on the
Hydrogen peroxide utilization of the licorice devetives (the GAs and

carbenoxolone; see al for an outline of non-specific

~ There is some wdence that HO, can effect 80 actions), the Cx-mimetic peptides (Gag26Gap274
junction actvity and calcium homeostasis; dwactors that Gap278743 which, based on putati lectivity, are the
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current gap junction inhibitors of chofc®*) and as to the incubation time with catalase (2 hours or
decreasingly with the long chain alcohols, such as longer) as well as the high (andariable)
heptanol. Hwever, there is little equiocal evidence that concentration of catalase that was used.

these agents are gap junction specific and thgtdheot
induce other non-gap junctionafexts. Whilst there is well
documented (and often ignored) evidence for the non-
specific effects of the licorice dedives (see abee) and
heptanol (for gample, %) the Cx-mimetic peptides, ta

not yet been equidcally tested for specificitynor is their

3. Theclear need for greater transpangmdth regard
to variability in cell, vessel and species specific
responses, as a result of a specific receptor and
channel population, and associated signal
transduction pathways (for references &pe

mechanism of action known. In thisgeed, a primary issue 4. Makinginappropriate comparag analyses between

with the use of the Cx-mimetic peptides relates to the studies, including a lack of consideration of
apparent requirement to use very high concentrations and  strain®7:68 age?6971 sex/?75 the use of intact
long incubation times to attenuate gap junctionvitgtf versus isolated tissue and tension versus pressurized
Interestingly others report significant fefcts with lesser myograply (for references see page 15%), as
concentrations of the peptide/s and reduced incubation well as \ariation in the classification of arterial
times®26566 Clearly, there is a pressing need for these branching pattern®4146  |ndeed, such
issues to be addressed. characteristics are often not stated in the methods

section of papers and thus result in an inability to

Why istheresuch a disparity of views asto the nature make mmparatie aalyses between studies.
and mechanism of action of EDH(F)?

5. Lackof clarity and releance as to thexperimental

The cowentional reason gen for the disparity of protocol. For instance, under conditions of little or

views as to the nature and mechanism of action of EDH(F) no vascular tone, use ofiffers [such as HEPES],

is that there is heterogeneity within and between arteries, that hae ron-physiological efects, the use of
species, se strain and disease states'%l” However, a preconstrictor agents that adverselfeef channel
further cause of the heterogeneity relates to the less than  activity* such as the ffct of U46619 on SK/® and
optimal design, analysis and interpretation of data present the effect of the GA and related compounds on a
in some ley papers in the EDH(F) literature. Whilst some variety of cell processes, as outlined ako

earlier studies can be seen asvéld with hindsight, this is
not necessarily the case, sinceytimeay in fact represent
significant contribtions to the EDHF literature through
role in adancing the weolution of the field.
Unfortunately this is not alays the case, and the
perpetuation of ne potentially misleading data is
problematic. In ay case, it is recognized that there is
variation in the nature and mechanism of EDH(F) between
laboratoried, thus questioning the relance of the data and

their

Extrapolationof data to other vascular bedsorF
example, Chauhart al'®1%> examined EDH(F) in
mesenteric @ssels of the mature male Sprague
Dawley rat, ut extrapolate the data to be applicable
to the \asculature as a whole. Whilstveral studies
have made such claims (for references $€4), this
contention merely confuses the field, as there is no
evidence to justify this point of we

conclusions of some studies. Conclusions

The problems of xperimental technique, with gerd

to the design, analysis and interpretation of data that The nature and mechanism of action of EDH(F) can
contritute to the reported heterogeneity in the nature amrgbparently differ along and betweesseular beds, between
mechanism of action of EDH(F) in the literature include: species, strains, seand during deelopment, ageing and

1.

50

disease. This heterogeneity can be explained through the
action of heterocellular coupling. Indeed, contact-mediated
mechanisms represent the simplest explanation of EDH(F)
eac'['r\/ity and irvolve the transfer of an endothelium-desd
Slectrical signal to the smooth muscle via MEGJs, as EDH.
. . . . Of the putatte dffusion-mediated mechanisms," Kons
interested in EETs orap junctions to account for . L . .
. S L have receved much attention in the literature and whilst
EDH(F) actvity, but may thus limit the westigation . ) : .
. . they might not be an EDHRhey are involved in the signal
to the use of antagonists of the mechanism of their : ; . X
. . ; ransduction pathways associated with the generation of the
interest, rather than of alternai pathways. This . : .
. . L EDH and thg may be iwolved in the modulation ofap
results in a potential for a bias iravix of a . . 7, - .
articular putatie EDH(F)(for references see junctlon acwity. In a sm|lar' manner the_rg N good
1pygy4vl§ evidence of a role for EETs in EDH(F) agty in some
' vascular beds, although this role may be confined to a
Thelack of control data for the effects of agonistsmodulatory role of homo- and heterocellular coupling, as
antagonists and other modulators. For instance, well as modulating the K component of the EDH
the Matobaet al. sudie$'-2% examining the role of mechanism. The role of CNP as an EDH(F) is yet to be
H,O, as an EDH(F), justification should be wided clarified, but may also be related to the modulation of EDH

The use of selectedagonists, antagonists and/or
modulators of the irestigators choice and interest,
but not those which may indicate an alteraati
nature or mechanism of EDH(F)(for references s
13415 That is, for example, anvestigator may be
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activity. Predominant eidence supports the proposition that
H,O, is not an EDH(F), although again, its activity may
also be related to the modulation of gap junction functiod,1.
and thus of EDH. L-NAME insensit#t NO may account for

a degee of EDH(F) actiity in some vascular beds, but the
extent of this is limited to only a minor part of such atji
Whilst the nature and mechanism of action of EDH(F) is ib2.
part be due to actual heterogeneityis dso unfortunately

due to a lack of consistent and sound scientific
methodology.
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Summary hyperpolarization and relaxation of the smooth muscle.

1. The elusie mature of endothelium-ded Introduction
hyperpolarizing factor (EDHF) has hampered detailed study ) ] o
of the ionic mechanisms that underlie the EDHF  Endothelial K channels hee keen widely implicated
hyperpolarization and relaxation. Most studiesehalied " endothelium-dependentasodilation. Initially it was
on a pharmacological approach in which interpretations §Pnsidered that endothelial cejgerpolarization, via the
results can be confounded by limited specificity of action @Pening of K channels, wuld facilitate Cé+.'nf|“)f In
the drugs usedNevertheless, small-, intermediate-, andthese cells by increasing thewing force for this C“‘"‘t'OhZ. )
large- conductance Gaactivated K* channels (SK, 1K, and in t_hls way enhance production of the cla}ssmal
and BK_,, respectiely), have keen implicated, with inard endothehum.—dependent vasorela_xants NO and,R@iich
rectifier K* channels () and Na/K* ATPase also rely on an increase inyoplasmic free Cd. Howeva,
suggested by some studies. since the C& eqml!blrlum potential is likely to be.around
2. Endothelium-dependent membrane currents130 MV @ lage driving force of +190 mV for Cainflux

recorded using single electrode voltage-clamp frofSts at a resting potential of —60 mVhis means that
electrically short lengths of arterioles in which the smootfndothelial fperpolarization would be expected to
muscle and endothelial cells remained in their norm&Pntritute little extra to the dring force for C&" influx.
functional relationship he ovided useful insights into Under  such  conditions,  block of  endothelial
the mechanisms mediating EDHEharybdotoxin (ChTx) hyperpolanzauon might be expected tovbdittle effect on

or apamin reduced, while apamin plus ChTx abolished tﬁ&OPLasm'C C&' levels. Suchhas been shun to be the
EDHF current. The ChTx and apamin semsitiurrents CaS€" _ - _

both reversed near thexpected K equilibrium potential, The discoery of the additional asodilator
were weakly outardly rectifying, and displayed little, if Phenomenon of endothelium-desd hyperpolarizing &ctor
ary, time or voltage-dependent gating, thus having tH&DPHF) has prompted renewed interest in the role of

biophysical and pharmacological characteristics of J&nd endothelial K Chﬁ‘”gels in the rggulat(ij(?ln oayc?flar tone.
SK, channels, respeuty. EDHF is so-calle ecause itsasodilator effects are

3. IK., and SK., channels occur in abundance instrgngly associe;;[ed with Sm?oltthE‘I‘_faSCWéLp°|agi_§atiog’
endothelial cells and their agdtion results in EDHF-lik and because the nature o Svunknw/n™" an

hyperpolarization of these cell§here is little evidence for '€mains contreersiaP®. There are currently three main
a dgnificant number of these channels in heglth SUggestions as to the nature of EDHfhich are not
contractile vascular smooth muscle cells. mutually clusive kut may represent dérences between

4. In a number of blood essels in which EDHF SPecies, between vascular beds and betweeleredit

occurs, the endothelial and smooth muscle cells af@dothelial stimulants. One suggestion is that EDHF
electrically coupled via myoendotheliaa junctions. In rep_res_ents endothel_ial hyperpolarization generated by the
contrast, in the adult rat femoral artérywhich the smooth activation of C&"-actvated K" channels (i) that spreads
muscle and endothelial layers are not coupled electricalf2SSVely via myoendothelial gap junctions to result in

EDHF does not occumven though acetylcholinevekes ~NyPerpolarization of the smooth muscle —cEHS.
hyperpolarization in the endothelial cells. According to this idea, endothelial “"Kchannels wuld

5. In vivo studies indicate that EDHF conmiles Influence smooth muscle contractile wityi by reducing
litle to basal conductance of the vasculature, but %& influx via voltage-operated @a_channe.ls and by
contritutes appreciably toveked increases in conductance SUPPression of dy ng/lr?es ivolved in agonist-induced

6. EDHF responses are diminished in some diseasé@nsduction pathays®*% Another suggestion is that

including hypertension, preeclampsia and some models BPHF is @ product of theyeochrome P450 pattay, such
diabetes. as an epoxyeicosatrienoic acid (EET), and since EETs can

7. The most economicalxplanation for EDHFin activate large-conductance, Ceactvated K' channels

vitro and in vivo in small vessels is that it arises from(BKcg: it has Dbeen inferred that EDHF vakes
activation of IK., and SK., channels in endothelial cells. hyperpolarization via the 7avat|on of BKc, channels on
The resulting endothelial hyperpolarization spreads vi}e smooth muscle celfs?”. The third suggestion is that

myoendothelial junctions to result in the EDHF-atitéy K* efflux from endothelial cells via intermediate- and
small-conductance CGhactivated K* channels (IK, and
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lonic mechanisms underlying EDHF responses

SK., respectiely), actvates inward rectifier K channels reduced by ChTx and further reduced by ChTx plus
(K,g) and the N&/K*ATPase on the smooth muscle célls apamit®>4 In the rat, the EDHF yperpolarization in the
Thus, different ionic mechanismsveabeen proposed to tail artery was abolished by a combination of ChTx plus
underlie the actions of EDHFEDHF plays an increasingly apamirt®, while in the mesenteric artergpamin was more
prominent role in &sodilation as arterial diametereffective than ChTx, but both were required to completely
decreases, and is thusdik to be important in tissue block the EDHF hyperpolarization and relaxatfonin the
perfusion. SinceeDHF appears to decline with ahcing mesenteric artery of the rabbit, apamin alone abolished the
age and to be tgeted in diseases such as hypertension aidDHF hyperpolarization, as did TEA (10mM), while itay
diabetes, knowledge of the ionic mechanisms underlyinmaffected by ouabain, 4-A8r Ba2* 5.

EDHF would be xgpected to gie a improved Overall, the studies on EDHF-induced
understanding of the nature of EDHF and to impact on ohyperpolarizations and relaxations produced no strong
understanding of the regulation céscular tone in health evidence for the imolvement of K, or K, channels,
and in disease, and this will be the focus of the presemiidence for the imlvement of BK channels in seral

article. studies, and strongly implicated IK and SK., channels in

) mary other studies.More recently selectve axd potent
Pharmacology of EDHF relaxation and blockers of IK., channels hea keen deeloped that are
hyperpolarization analogues of clotrimazole that lack the imidazole ring and

gherefore do not block cytochrome P450 enzytheShese
compounds, TRAM-34 and TRAM-39, particularly in
combination  with  apamin, block the EDHF

Earliest studies to identify the ionic mechanism
underlying EDHF utilized blockers of avious ion
pathways. Ofconcern was that thefe€ts observed could . . -
have resulted from an action of the drugs used on t perpolar|za_t|on qnd relaxation, .Mdmg stronger
endothelial cells, thus affecting the production of EDHFp armacolloglcali .eV|dence for the\{g)izvement of Ik,
rather than the EDHF response in the smooth mugaey channels, in addition to %channel%g '
studies demonstrated an efflux $Rb®, an increase in K+ asan EDHF
membrane conductari®e and an insensitivity to the
Na'/K*ATPase inhibitor ouabai? which suggested that The elgant hypothesis that EDHF may be none other
EDHF actiates a K conductance. TheK* channel than K released from the endothelial cells raised additional
blockers apamin (selese for SK., channels} or candidates for the ionic mechanisms underlying EFSHF
charybdotoxin (ChTx, which blocks BK 1K, and some According to this scheme, stimulation of endothelial cells
voltage-dependent K channels, I§)32 abolished EDHF results in the aotation of endothelial K, channels. The
relaxations, bt in other studies, either blocker by itself hadesulting efflux of K is then proposed to accumulate in the
little, if any, efect. Havever, total block vas achieed by a myoendothelial space where it stimulates the*/Ka
combination of apamin plus ChT33% A general lack of ATPase and k. channels in the smooth musée This
effectiveness of blockers of K, and K, channels indicated study @ve a fresh boost to irestigations into the ionic
that these channels were unlikely to beoimed®33-3540  mechanisms underlying the EDHFygerpolarization.
Iberiotoxin (IbTx), which seleotely blocks BK., channels, Using lov concentrations of B4 to specifically block K,
inhibited the EDHF relaxation in some studiesiva* and  (typically around 30uM), ouabain to block the N&K*
in vitro*243 put was inefective in other studies against the ATPase, and attempted mimicry by thexogenous
EDHF relaxatiof*3544-46or hyperpolarizatio®4>47 This application of modest increases in KCl, a number of studies
ineffectiveness of IbTx, together with at least partial bloclobtained eidence against the *Khypothesi&3-67, while
by ChTx, suggested that the ChTx-semsitthannel vas other studies provided vielence in &vaur of the
the IK., channet®. Although tetraethylammonium (TEA, idea®39870 Such studies hse generally placed strong
which blocks BK., and some K channels) produced an emphasis on block of EDHF responses by ouabain.
effect in some studi€$®>44 the anti-muscarinic actions of However, the efects of ouabain need to be interpreted with
TEA*® may cloud the interpretation of its fefts. considerable cautionCa* overload’’"® has been woked
4-Aminopyridine  (4-AR which blocks K, channels) to explain an inhibition of a K channel by a 10 minute
diminished the EDHF response in some studies, but amposure to ouabain in caninentricular myogtes’, while
alternatve explanation is that it did so through inhibition of ouabain also inhibited the iloprost-induced
the increase in endothelial cytoplasmic freé*Ca hyperpolarization, which is inhibited by glibenclamide, in

In electrophysiological studies, Kand K, blockers the rat hepatic arte¥§, In the bovine coronary artery
did not affect the EDHFperpolarization in the guinea-pig ouabain blocked relaxations induced by the NO donor
coronary arter§?*%-51 Howeva, the hyperpolarization as  glyceryl trinitraté®. A recent study indicating that ouabain
reduced by TEA (1-5mM), ChTx &0® M) and is capable of decreasingag junction permeability is
4-AP*9-5% while apamin had no fefct*>*°or caused a small particularly significant since suchfefts are consistent with
reduction in the initial phase of theygerpolarizatiort. =~ EDHF being due to electrotonic spread gpérpolarizing
Somevhat similarly in guinea-pig carotid arteries andcurrent from the endothelium to the smooth muscle (see
submucosal arterioles, the EDHF hyperpolarizatioms w belaw). In that studythe cells were exposed to ouabain for
insensitve to blockers of K., and K, channels, but s one hourwhich is appreciably longer than in studies on the
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Figure 1. Componentsof EDHF current recorded from segments of guinea-pig submucosal arterioles.

Aa, Ba, ACh (luM) evoked an outward, EDHF current with the merabe clamped at —63 m\Periodic transients &
responses to volte amps (insets). Ab, ChTx (30 nM) and Bb, apamin (8% reduced the EDHF cuent. Ac,Bc, sub-
traction of the current in Ab from Aaweals the ChTx-sensitive component of enty and subtraction of the current in Bb
from Ba ewals the apamin-sensitive component of entrr Ad,Bd, the |-V relationships for the ChTx-sensitive and
apamin-sensitive componentgspectivelywere well-described by the GHK equation for & Kurrent (smooth lines).
Reproduced with permission of The Physiological Society from Colenadf

effects of ouabain on EDHFThe effects of shorter duration developed by Neild’®. These arterioles therefore seemed a
exposures to ouabain o junction permeability were not good preparation in which to record the EDHF currents
determined. under voltage-clamp, and also to determine their functional
significance in terms of contractile adty. Howeve, it
must be borne in mind that increasing the amount of stretch
B’g the wall of the guinea-pig coronary artery increased the
mplitude of lyperpolarization eoked by NO, iloprost, and
EDHF, though the EDHF yperpolarization was less

Voltage-clamp studies

lonic mechanisms are perhaps ideally studied
recording the membrane currents undeitage-clamp.

Voltage-clamp studies of vascular tissues typicaliyolire o .
g P ypicallyo ensitve o gretch than that of NO and ilopré$t Thus,

enzymatic isolation of either the smooth muscle ot the short s of arteriol tb ized
endothelial cells, and recording from the isolated cells usirt?#‘ce € short segments of arterioles cannot be pressurized,

the patch-clamp technique.Such cellular isolation ere r_nay_be some {afences n the activity of the
overcomes the problems of spatial clamp control in gnderlylng ion channels and their regulatory mechanisms

syngtial tissue. However, to record the ionic currents compared with the more physiological, pressurized state, in
underlying the eluse ad controersial EDHE a which the ionic mechanisms cannot be readily studied.

preparation s required in which the endothelial and ; {_”lthle subdmutcosal Z\rt_eég)les,d W'ttrr'] the membra]lcne
smooth muscle cells remained in their normal functionaﬁ‘0 e’_‘ 1a Ca”?p_e ataroun merdd in the presence o
“-nitro-L-arginine methylester  LENAME) and

relationship, especially in we of electrotonic spread as a . . A .
potential mechanism.Such a preparation needed to béndomethacm to inhibit NO production angciooxygenase

amenable to voltage-clamp, preferably without exposing tl?ézgllg respetct'velg, acetylctholti;w% ('ta‘((“;h?[ arIIEdDTJ:%:bl?tagce P
cells to digestie enzymes that could potentially disruptev an aitward current atributed 1o (.'g
mechanisms underlying EDHF Hirst and Neild® 1Aa, Ba) and also resulted in EDHF-induced relaxatioh

demonstrated that the submucosal arterioles lying in tﬁ:éjrrent-\oltage (-V) relgtlo_nsmps, obtained from the
wal of the small intestine of the guinea-pig had aifurrent responses to periodic voltage rampggaled that

electrical length constant of about 160, and that the Fhe_EI?_HF&urtr?Qt 'Egsl_e'g ata potfgtla:jatLound;:tgt fOT%K
arterioles could be cut into short segments that remaingy catng that the currentvaved the actation o

physiologically viable. Hirst and colleagues subsequentl dchabnnels.thh'lt'_xeduc?d the E?HFtﬁurre(r;H_Fig 1At.)t).’
shaved that if the arterioles were cut into fiziéntly short n y subtraction ol _ currents, € X-SEVBI
lengths, thg could be voltage-clamped with a Singlecomponent s reealed (Fig 1Ac). Its I'V_ relationship
intracellular microelectrode using a switching ampiffier V& well described by the Goldman-Hodgkin-Katz (GHK)

though the limited current-passing ability of theequation for a K current (Fig 1Ad), indicating that the

microelectrodes restricted the range of potentialer o Cth-_senS|tve+ @mponent  of C“Tre”‘ vm_lved _the
which the membrane could be clampethe contractile activation of K* channels whose gating was insemsito

activity of these arterioles could also be recorded using tﬁréembrane potential.This \oltage-insensitivity together

video tracking hardware and sofe of diamtrak with block by ChTx but not IbTx, provides both bigsical
" and pharmacological valence that this component of
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current was carried by ggchanneléﬁ. Apamin similarly hyperpolarized when stimulated with agents such @ A
inhibited a component of current (Fig 1Bb,c) whose I-\and the hyperpolarization was blocked by ChTx plus
relationship was well-described by the GHK equation for apami$l. Furthermore, in the rat mesenteric arteny
K* current (Fig 1Bd). An insensitivity to gating by which myoendothelial coupling is stroig2 use of
membrane potential, together with block by apamirgonnein mimetics inhibited the EDHF response recorded
indicates that this component of currenaswcarried by from the smooth muscleub not the endothelial cell
SK., channels. Inthe combined presence of ChTx plushyperpolarization. Cautioris required in interpreting the
apamin, the EDHF current and relaxation were abolishegffects of the connén mimetics such as the Gap
indicating that the only currents contributing to the EDHIEompounds since tiiemust be used at reladly high
response were those flowing through JKand SK., ~concentrations, and there Jea hkeen very fe
channels in this preparatitn electroplysiological studies of their fefcts on electrical
Ba2* inhibited a component of the holding currentoupling. Neertheless, tagn as a whole, the obsations
whose |-V relationship was irawdly rectifying, typical of of Sandev and colleague® provide critical support for the
K,z channels, and very different to the I-V cesvfor the idea that EDHF is generated in the endothelial cells and
EDHF components of curréfit’ (Fig 2). Ouabain also propagtes via myoendotheliabg junctions to result in the
inhibited a component of the holding current, and its I-\émooth muscle EDHF hyperpolarization and relaxation.
relationship was typical of that for the M&*ATPase, and An endothelial site for the initiation of the EDHF
very different to that for the EDHF currehigFig 2). The hyperpolarization suggests that the;Jkand SK., channels
addition of 5 - 10 mM KCI actsted a current which &as are located in endothelial rather than in smooth muscle
largely blocked by B# 1617 These results indicate thatcells. Indeed,there is very little eidence that 1K,
Kr channels and the N&*ATPase contribute to the channels occur in normal, heajthoontractile smooth
resting current in the submucosal arterioles, and that the Knuscle cells, although electrophysiological amgression
channels can be aetied by the additon of K analysis reeal that IK., channels can occur in cultured
Significantly howeve, these results provide strongcells and during yperplasi&®®4 There is also little
evidence that kK channels and the R&K*ATPae do not evidence that SK channels occur in non-culturedscular

contribute to the EDHF current in these arterioles. smooth muscle cefl888 In contrast, in endothelial cells,

M dothelial dlectrical ’ d the locati ‘ electrophysiology immunohistochemistryand expression
oendotheli ectrical coupling and the location o ;

le do e pling analysis reeal an abndance of I, and Sk,
ca@n ca ChANNELS channel®®  Consistent with such obsetions,

The involvement of Ik, and SK., channels in the endothelial cells which are isolated and not in contact with
a a

EDHF response raises the critical question of where the\é%'scu”"r smooth muscles respond to ACh with

channels are locatedn associated question is whether thgyperpolarization which can be reduced by Ctffxand

. 1 )
endothelial and smooth muscle cells are electricalg;;l'smd by ChTx plus aparfilr?’. Furthermore, EDHF

coupled, since it has been suggested that EDHF m. u;f:éj rellqaxatlgr;; of Ferfused r_nesentenc d?jrtt(ajnets v;/ﬁre
represent electrotonic spread gfpbkrpolarization from the oc when X plus -apamin were added 1o inhe

endothelium to the smooth mustidsee abue). Strong perfusate in the lumen and thus applied seldgtito the
evidence indicates that such coupling occurs in a number dothelial cells, l the relaxations were not blocked when

vessels (recently wewed®). To test this possibility in these K channel blockers were added to the superfi&ate

guinea-pig submucosal arterioles, recordings of membrage)Hr in vivo

potential were made from dye (Lucifeelow)-identified

endothelial and smooth muscle cells. Excitatory junction Despite numerous studies indicating that EDHF is
potentials (EJPs) in response to sympathetic enereapable of eoking considerable relaxation in sma#ssels
stimulation, and action potentials associated witn vitro, an important consideration is whether EDHF is
vasoconstriction, all of which were initiated in the smootfiunctionally importantin vivo. Sgnificant relaxationin
muscle cells, were also recorded from endothelial cellgivo has been reported for an EDHF response at&ibto a
Significantly the responses recorded from the endotheligkoduct of the cytochrome P450 patiyt23-9 and
cells were indistinguishable from those recorded from tH#locked by IbTx, implicating BK, channel4'. This EDHF
smooth muscle cells, indicating that the electrical couplingoes not appear to contife to basal toné vive*l. The

is very strong and that the avlayers function essentially as most widely reported EDHF responisevitro is that which

a sngle electrical syngium!®1” Such electrical coupling is blocked by a combination of ChTx plus apamin and
does not occur in allessels. Morgecently Sandav and  involves IK.,and SK., channels located in the endothelium
colleagues found that in the more proximal parts of thiliscussed ab&). Thein vivo significance of this form of
adult rat femoral arterythere is a lack of both EDHF was ®aduated in the rat mesenteric and hindlimb
myoendothelial electrical coupling together with an absenteds$®. In the presence of-NAME and indomethacin,
of myoendothelial gp junction8®. Significantly, this lack local infusion of ChTx plus apamin seleely into these

of myoendothelial coupling as associated with a lack ofbeds had no &fct on basal blood fW@ or conductance.
EDHF-mediated yperpolarization and relaxation in theHowever, these agents abolished the appreciable increases
smooth muscle, ven though the endothelial cellsin blood flav and conductance veked by ACh and
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Figure 2. Contribution of K, . and Na*/K*ATPase to arteriole currents

a, ACh (1uM) evoked an outward, EDHF cuent. b,the EDHF current was not reduced by28430 uM), or ¢, by the
addition of ouabain (20QIM) in the continuing presence of Ba d, the 1-V relationship for EDHF obtaineddim the cur
rent responses to periodic voffe mmps in panel a, was well-described by the GHK equation fof auktent (smooth
line), but was not affected by Bae) or ouabain plus B4 (f). g, Ba?* inhibited a component of the holding current (b -
a) which had an inwadly-rectifying I-V relationship typical of K channels. hpuabain inhibited a component of holding

current (c — b) with a elatively flat I-V relationship typical of the N&*ATPase Reproduced with permission of The
Physiological Society from Colemahal®.

bradykinin, whereas IbTx &g inefective. These results greater incidence of myoendotheli@pgjunctions (MEGJs)
indicate that in these ascular beds, EDHF does notin SHR$® might explain the decreased EDHF response in
contritute to basal blood flg but makes a significant terms of an increased electrical “sink” for the endothelium-
contritution to eoked blood flov. These effects do not derived hyperpolarizing current. In preeclampsia, a
involve BK -, channels, but are due to aetion of IK_,and pregnang-specific form of hypertension in women, the
SK, K* channels located in the endothelial GElisThese EDHF vasodilator response in myometrial arteries is also
results support and extend an eatriiievivo study in which  significantly reduced and this may represent a failure of its
connein-mimetic peptides, thought to inhibit ag up regulation as occurs in these tissues in the normal
junctions, abolished EDHF-mediated increases in bloatlaptation to pregnayin healthy womer?® .
flow in the rat renal microcirculatiéh Changes in EDHF in diabetesvieateen studied in
o most detail in streptozotocin (STZ)- induced diabetes in
EDHF in disease rats. In the mesenteric bed, the EDHF
Endothelial dysfunction is a feature of a number Orlaype'r.polarlzatlp ﬁéoiml and relaxafuohoo o2 were
diseases and this has prompteesitigations into the dte S|gn|f|cantly diminished 'compared Wlth. responses from
of EDHF in \arious diseases. The effects gfpBrtension control anllma.IS. EDHF-mo!uced 'relax'atlons were also
on EDHF hae keen assessed in vessels from spontaneou§ .U(.:edn vivoin the renal circulation, V.V'th the mostveee
hypertensie rats (SHR) compared with egsels from ficit oceurning In the smallegt arteriolés The EDHF
Wistar-Kyoto (WKY) rats. In the mesenteric arteryhe relaxation was .alscl> |mpa|r§d in the rena}l artg Y OT obese
EDHF hyperpolarization was haid and the relaxation Zucker rats, whlch is an animal mpdel of insulin resistance
significantly reduce®, while in the tail artery the and Typg Il diabeté®". Howeve, in a nouse .model .Of
hyperpolarization was decreased by 38%An increase in Type |l diabetes, thdb/db-/-, the EDHF relaxation of first

the number of layers of smooth muscle cells together Withoéder mesepteric grterigs W.as not diminiéﬁ%d'ndicating
y g that EDHF is not impaired in all models of diabet@he
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mechanisms underlying disease-associated impairment Rdferences

EDHF-attributed typerpolarization and relaxation arar f

from clear and require further studies to determine whethtr AdamsDJ, Barakeh J, Lasy R van Breemen C. lon
the dysfunction arises in the smooth muscle cells, and/or ~ channels and regulation of intracellular calcium in
the  endothelial  cells, and/or  myoendothelial vascular endothelial cellsFASEB J 1989; 3:
communicatiof’®. This knowledge could provide the basis 2389-400. o )

of novel therapeutic interventions in the amelioration of- CanneliMB, Sage SO. Bradykininveked changes in

prevention of vascular complications of these diseases. cytoplasmic calcium and membrane currents in
cultured beine pulmonary artery endothelial cells.

Conclusions J. Physiol.1989;419: 555-68.
. ) 3. Yamanaka A, Ishikea T, Goto K. Characterization of

In mary vessels, abolition of EDHF-attited endothelium-dependent relaxation independent of
relaxation and/or hyperpolarization by apamin combined NO and prostaglandins in guinea pig coronary
with ChTx, but not IbTx, or with a TRAM compound, artery.J. Pharmacol. Exp. Thel998;285: 480-9.
implicate Sk, and IK., as the ion channels carrying theq  Ghisdal P, Morel N. Cellular taget of voltage and
current which underlies the EDHFyperpolarization. calcium-dependent Kchannel blockers imlved in
Biophysical properties of the EDHF current, obtained from EDHF-mediated responses in rat superior mesenteric
voltage-clamp results, strongly support theolmement of artery.Br. J. Pharmacol.2001;134: 1021-8.
these channels and exclude theoimement of other ionic g ChenG, Suzuki H, Vdston AH. Acetylcholine releases
mechanisms such aschannels and the RK™ ATPase, endothelium-devied hyperpolarizing factor and
at least in submucosal arteriolds. some vessels, EDHF is EDRF from rat blood essels.Br. J. Pharmacol.
attributed to a product of the cytochrome P450 pathand 1988:95: 1165-74.
to involve the actation of BK., channels. Haever, the g pgiétou M, Vanhoutte PM. Endothelium-dependent
poor selectivity of may blockers of gtochrome P450 hyperpolarization of canine coronary smooth
pathways and dferences in the actions of various agonists muscle Br. J. Pharmacol.1988:93: 515-24.

applied to stimulate the endothelial cells, means that further Taylor SG, Weston AH. Endothelium-cesil
studies are required to better understand the role of the hyperpolarizing factor: a me endogenous inhibitor

cytochrome P450 pathway in the EDHF response. from the \ascular endotheliuniTrends Pharmacol.
IK., and SK., channels occur in abundance on Sci.1988:9: 272-4.
endothelial cells but not on smooth muscle cells angl cGuire J, Ding H, Triggle C. Endothelium-deed
endothelial cells respond to agonists with EDHIelik relaxing fctors: a focus on endothelium-aed
hyperpolarization. Furthermore, there is  strong hyperpolarizing &ctors.Can. J Pharmacol.2001;
myoendothelial electrical coupling inessels with EDHF 79: 443-70.
responses, but not in vessels without EDHthough the o Bysser, Edwards G, Félétou M, Fleming lahhoutte
range of vessels that\ebeen tested is limitedTogether, PM, Weston AH. EDHF: bringing the concepts
these observations suggest that EDHFNikinvolves the togetherTrends Pharmacol. Sci2002;23: 374-80.
activation of K., channels in the endothelial cells, and thajy | jile TL, Xia J, Duling BR. Dye tracers define
the EDHF hyperpolarization of smooth muscleolues the differential endothelial and smooth muscle coupling
spread of hyperpolarizing current from the endothelium via patterns within the arteriolaradl. Circ. Res.1995;
myoendothelial gap junctions. Somariations between 76: 498-504.
vascu!ar beds and species in the remtaffectwenes; of 11, Béry J-L. Electrical coupling between smooth muscle
apamin, ChTx and IbTx is léky to reflect differences in the cells and endothelial cells in pig coronary arteries.
relatve censities of the K channels. BK, channels may Pfluges Arch. 1997;433; 364-7.
be important in some vessels, while ltand SK. channels 15 chaytorAT, Evans WH, Grifith TM. Central role of
are more important in mgnother vascular bedsThese heterocellular gap junctional communication in
endothelial channels mekan mportant contribution to endothelium-dependent relaxations of rabbit arteries.
vascular tonen vivo, and impairment of their &ctiveness J. Physiol. 1998;508: 561-73.

contributes to endothelial dysfunction in a range ofi3 vamamoto Y Fukuta H, Nakahira Y Suzuki H.

diseas.es, thus rai;ing the mechanisms underlying EDHF as  gjgckade by 1B-glycyrrhetinic acid of intercellular

potential therapeutic targets. electrical coupling in guinea-pig arterioles).
Physiol.1998;511: 501-8.
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Changes in EDHF in h ypertension and ageing: response to chronic treatment
with renin-angiotensin system inhibitors
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Graduate School of Medical Sciences,
Kyushu University,
Fukuoka, Japan

Summary RAS but not blood pressure lowering alone.

1. Endothelial function is impaired inypertension
and ageing and this may be associated with an increasd niroduction
cardiosascular diseaseSeveral clinical studies ha $own ) . )
that blocking the renin-angiotensin system (RAS) inagso Endothelial cells play an important role in the
endothelial function not only inyipertensie patients it ~ 'egulation of vascular tone through the release otraé
also in normotense atients with cardigescular disease. factors such as nitric oxide (NO), prostacyclin, and
The aim of the present studyaw to test whether €ndothelium-devied typerpolarising factor (EDHF)?
endothelium-devied hyperpolarising factor (EDHF) - Although the nature of EDHF is still contesial, EDHF
mediated smooth muscle hyperpolarisation and relaxatigfP€ars to be a dominant vasodilator in resistance
are altered in ypertension and ageing, and if so, whethef"eries™® o . o
chronic treatment with RAS inhibitors (the angiotensin-  Endothelial dysfunction is associated witarious
converting enzyme inhibitor enalapril and the angiotensifardiovascular risk factors, such as hypertension, ageing,

type 1 receptor antagonist candesartaadild correct such diabetes mellitus, andypercholesterolemi&’ Endothelial
changes. dysfunction maydcilitate the progress of atherosclerdgis

2. EDHF-mediated responses were examined it{peret_)ylleadipg to cardiascular.disease%.lt is, therefore_,
mesenteric arteries from 12-month-old spontaneousRf clinical importance to find out the underlying
hypertensie rats (SHR) and 3-, 6-, 12-, and 24_month_o|dnechan|§ms of, and fettive teatments for endothe_hal
normotensie Wistar-Kyoto rats (WKY). Furthermore, both dysfunction. Inthe present papethe role of EDHF in
strains were treated for three months with either RABYPertension and ageing and its modulation by drug
blockers or a coventional therap with hydralazine and {reatment — especially the effects of renin-angiotensin
hydrochlorothiazide from 9- to 12-month-olth arteries of SYStem (RAS) inhibitors — will be discussed.
12-month-old SHR, EDHF-mediated responses weten
impaired compared with age-matched WKW SHR, all
the antilypertensie reatments impneed the impairment of Endothelium-dependent relaxation is impaired both
EDHF-mediated responsesyvaver, RAS inhibitors tended in animal models of experimental hypertension and in
to improse these responses to a greater extent compargstients with pertensior?. Several mechanisms ka been
with the cowrentional therap with hydralazine and proposed to explain the endothelial dysfunction in
hydrochlorothiazide. Irarteries of WKY EDHF-mediated hypertension: reduced NO production, increased production
responses were impaired at the age of 12 and 24 mongisendothelium-devied contracting factors and increased
compared with those of 3- and 6-month-old rats, with thgeneration of oxygen-deed free radical$.
response tending to be impaired to a greasgen¢ in Fujii et all® have evaluated the relatie cntribution
24-month-old rats. Three months of treatment of WKY%f EDHF in acetylcholine (ACh) -induced responses in the
until the age of 12 months with RAS inhibitonstimot with  superior mesenteric arteries of spontaneougpetiensie
a onventional therap with hydralazine and rats (SHR). In this stugdyhey showed that EDHF-mediated
hydrochlorothiazide impneed the age-related impairment hyperpolarisation and relaxation were decreased in SHR
of EDHF-mediated responses, despite a similar reductionddmpared with age-matched normoteasistar-Kyoto
blood pressure by both treatments. rats (WKY). In contrast, endothelium-dependent relaxation

3. These findings suggest that: (1) EDHF-mediatedia NO was preserved in SHR. Fujii et al. have dso
hyperpolarisation and relaxation decline witypbrtension shoved that neither NO synthase inhibitors nor a
and ageing in rat mesenteric arteries; (2) gpeitensie  cyclooxygenase  inhibitor  ffcted  ACh-induced
treatment restores the impaired EDHF-mediated responsg@erpolarisation in the rat superior mesenteric artéfies,
in hypertension; (3) RAS inhibitors may be moreyhich suggests that ACh-induced hyperpolarisation is not
efficacious in improving endothelial dysfunction associateghediated by endothelium deed NO or postanoids in this
with hypertension; and (4) chronic treatment with RASascular bed. Subsequent studié$ confirmed the
inhibitors impraves the age-related impairment of EDHF-impairment of EDHF-mediated responses in mesenteric
mediated responses presumably through the blockade g@feries from genetically yipertensie rats. Similar

HF in hypertension
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Figure 1. (a) Acetylcholine (ACh)-induced hyperpolarisation in mesenteric arteries of 3--@QNK&¢ (WKY-6), 12-
(WK¥12), and 24-month-old Mtar Kyoto rats (WKY-24). ACh was applied under resting conditions without treatment. (b)
ACh-induced elaxation in mesenteric arterial rings gmontacted with norepinephrine (¥f0mol/L) in the presence of
indomethacin (18 mol/L) and M-nitro-L-arginine (10* mol/L) of WKY-3, WKY-6, WKY-12, and WKY-24. Values ar
meatSEM (n=6-10). *P<0.05 vs. WKY-3; tP<0.05 vs. WKY-6; $P<0.05 vs. WKY-12. (Reproduced fromeFalif?

with permission).

obsenations were also reported in the aorta ab-kidney, smaller in 24-month-old rats than in 12-month-old rats.
one clip renal fipertensie rats® and in the renal artery of EDHF-mediated relaxation also decreased with increasing
aged SHRS These findings indicate that EDHF-mediatechge (Fig. 1). In contrast, thereas/ no difference in NO-
responses are impaired iggertension, and the impairmentmediated relaxation between 3- and 12-month-old rEie
of EDHF pathway may account, at least in part, for thage-related decline in EDHF-mediated responses aixserv
endothelial dysfunction associated witiipkrtension. On here are consistent with pieus studies by othef$:2?
the other hand, it has been recently reported that enhandéds, the impairment of the EDHF pathway may account,
EDHF effect may compensate for the loss of NO analt least in part, for the age-related endothelial dysfunction
maintain the vasodilatory response t€hAin mesenteric in rat mesenteric arteries.
arteries of Sprague-Bdey rats fed a high salt diéf. The EDHF pathway does exist in human arteties.
Furthermore, Sandoet al. have reported that the incidence Urakami-Harasaa et al?* have reported that EDHF-
of myoendothelial gp junctions, which enables electricalmediated relaxation & reduced with ageing in human
and/or chemical coupling between endothelial cell angbstroepiploic arteriesThus, the reduced EDHF-mediated
smooth muscle cell layers,as increased to maintain aresponses would also contite to the age-related
functional role for EDHF in caudal artery of SHR. endothelial dysfunction in humans.

The reason for the difference in the results of these ) ) )
studies is not known,ub may in part arise from dérences Effect of antihypertensive treatment on EDHF-mediated
in the type, seerity and/or duration of hypertension. responsesin hypertension

EDHF in ageing Hypertension is associated with endothelial
dysfunction? Endothelial dysfunction may aggate the
Ageing is associated with endothelial dysfunctioprogression of atherosclerosis, which could lead to
both in humans and animal mod&sReduced NO- cardiovascular diseas&® Hence, it is plausible to suggest
mediated relaxation and/or increasegclooxygenase- that the imprgement of endothelial function will reduce the
dependent constriction could partially underpin age-relatedtcurrence of cardi@scular disease. Although \&eal
endothelial dysfunction depending on the species and tbeidies found that anffpertensie teatments impne
vascular bed studietf. In the present stugyage related endothelial function both in animal models aperimental
changes in EDHF-mediated yperpolarisation and hypertensiof and in patients with ypertensiorf® the
relaxation to Ah were studied in the superior mesenterieffects of chronic antypertensie treatment on EDHF-
arteries from 3-, 6-, 12-, and 24-month-old WK¥! mediated hyperpolarisatiqrer seare unknown.
EDHF-mediated hyperpolarisation was significantly smaller The effects of chronic antjpertensie reatments on
in arteries from 12- and 24-month-old rats compared witiDHF-mediated hyperpolarisation and relaxation were
3- and 6-month-old rats, with the response tending to bested in the mesenteric arteries of SHR SHR were
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Table. Systolic blood mssue before and after 3 months oféatment. ®ues ae nean+ SEM. Thee were 7 to 12 ats in
ead group.

Blood pressure (mmHg Blood pressure (mmHg)

Before After Before After
SHR-12 24%6 253t6 WKY-12 1504 1565
SHR-12-H 2426 1636 *T WKY-12-H 158t4 124:4 *§
SHR-12-ENA | 2455 1356 *t WKY-12-ENA | 15#3 123t6 *§
SHR-12-CAN | 2397 1206 *t% WKY-12-CAN | 1533 1252 *§
SHR-12-C&E | 2467 1183 *t%
WKY-12 151451 | 15544 t

* P<0.05 vs before treatment;Pk0.05 vs SHR-12; £<0.05 vs SHR-12-H; £<0.05 vs WKY-12

(@)

C;

ACh
SHR12. gy
0] T
SHR-12-H U 20 1
S
SHR-12-ENA u S 40 ;
i
x
c
— ® 6071 ® SHR-12 ki
SHR-12-CAN c A SHR-12-H
A SHR-12-ENA ki
go{ 0O SHR-12-CAN B
< SHR-12-C&E
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SHR-12-C&E 100
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L ‘ z ACh (-log mol/L)
WKY-12 w §

3 min

Figure 2. (a) Representative dcings showing hyperpolarisation to -1@nol/L acetylcholine (ACh) under conditions of
depolarisation with norepinephrine (20mol/L) in the presence of indomethacin f1fol/L) in mesenteric arteries of
untreated 12-month-old spontaneously hypertensate (SHR12), SHR treated with a combination of hydralazine and
hydrochlopthiazide (SHR-12-H), enalaprildated SHR (SHR-12-ENA), candesartan-treated SHR (SHR-12-CAN), SHR
treated with a combination of candesartan and enalapril (SHR-12-C&E), and untreated 12-montistatdkiibto ats
(WK¥-12). (b) ACh-induced relaxation in mesenteric arterial ringgpontacted with norepinephrine (Fomol/L) in the
presence of indomethacin (10mol/L) and N-nitro-L-arginine (10* mol/L) of SHR-12, SHR-12-H, SHR-12/&N
SHR-12-CAN, SHR-12-C&E, and WKY-12. ValuesregantSEM (n=8-12).*P<0.05 vs. SHR-12; 1P<0.05 vs. WK'?;
1P<0.05 vs. SHR-12-H. (Modified from Getoal,'* with permission).

treated for 3 months with either the combination obby RAS inhibitors was significantly greater than that with a
hydralazine and hydrochlorothiazide, enalapril, amcornventional therap with hydralazine and
angiotensin  corerting enzyme (ACE) inhibitor hydrochlorothiazide, despite a similaor only a slightly
candesartan, an angiotensin type 1 (AT1) receptgreater reduction in blood pressuralfle, Fig. 2). These
antagonist, or the combination of enalapril and candesartasults suggest that in addition to blood pressureiing,
from 9- to 12-month-old. The combination ofdralazine inhibition of the RAS may play an important role in
and hydrochlorothiazide impved EDHF-mediated improving endothelial functioft4

hyperpolarisation and relaxation to a similardeo that of Although both ACE inhibitors and TA receptor
WKY. Interestingly howeve, the improvement achieed antagonists inhibit the RAS, each drug has its specific
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Figure 3. (a) Representative dcings showing hyperpolarisation to 1@nol/L acetylcholine (ACh) under conditions of
depolarisation with norepinephrine (20mol/L) in the presence of indomethacin “t1@ol/L) in mesenteric arteries of
untreated 12-month-old Wistar Kyotats (WKY-12), WKY treated with a combination of hydralazine andtiyidroth-
iazide (WKY-12-H), enalapril-treated WKY (WKX-ENA), and candesartan-treated WKY (WKX-CAN). (b) &£h-
induced relaxation in mesenteric arterial ringsepontacted with nogpinephrine (18 mol/L) in the presence of
indomethacin (16 mol/L) and N-nitro-L-arginine (10* mol/L) of WKY-12, WKY-12-H, WKI2-ENA, and WKY12-CAN.
Values ae meantSEM (n=6-12).* P<0.05 vs. WKY-12; T P<0.05 vs. WK¥-H. (Modified from Gotet al,3! with per
mission).

pharmacological profiles: @E inhibitors preent the Effect of renin-angiotensin system inhibitorson EDHF-
degradation of bradykinin, a peptide that inducesnediated responsesin ageing

endothelium-dependent  relaxatiédn AT1  receptor ) . ) ) )
antagonists block the action of angiotensin fardless of ‘Endothelial dysfunction associated with ageing may
its generation pathay?®, under blockade of AT1 receptors, cOntribute in - part to the frequent occurrence of
angiotensin Il may stimulate unopposed angiotensin typec@rdio/ascular disease with ageing in humari$wus, it is
receptoré’ However, in the present stugyenalapril and cI|n|caIIy. relevant to preent or reverse endothelial
candesartan were equallyfeftive in improving EDHF- dysfunction  associated ~ with ~ ageing.In  SHR,
mediated responses, which indicates that the specififtinypertensie reatments with RAS inhibitors tended to
pharmacological profiles of each drug may not play a maj§f more dective in improving endothelial dysfunction
role in improving EDHF-mediated responses in ragompared with corventional antilypertensie dugs™-4
mesenteric arteriesKahénenet al?® also shoved that an 1h€se observations led to the hypothesis that RAS
ACE inhibitor and an AT1 receptor antagonist imthe inhibitors may hee a fvaurable effect on endothelial

EDHF-mediated relaxation to a similattent in mesenteric function independent ofts blood pressure loweringfect.
arteries of SHR. The effects of RAS inhibitors on age-related

Several recent clinical studié%¥have reported the impairment of EDHF-mediated responses were studied
beneficial effects of the combination theyapith an ACE ~ USINg mesenteric arteries of WKY®2 WKY were treated
inhibitor and an A1 receptor antagonist. In the presenfo” 3 months with either enalapril, candesartan or a
study howeve, the combination thergpdid not appear to combination of kdralazine and hydrochlorothiazide from
have cefinitive alvantages wer each therap in improving 9~ 10 12-month-old. ~All the treatmentswered blood
EDHF-mediated responses (Fig. 2). pressure to a similarxtent (Table). EDHF-mediated

In summarythe abee data indicate that: (1) chronic YPerpolarisation and relaxation were imyo in the
antihypertensie teatments restore the impaired EDHFENalapril and candesartan treated groups. In contrast, a
mediated responses in SHR: (2) RAS inhibitors may f@mbination of hydralazine anddrrochlorothiazide diled
more efective in improving endothelial dysfunction; and t0 improve edothelial function, despite a similar reduction
(3) the combination of an ACE inhibitor and arr1a in blood pressure (Fig. 3). These findings suggest that RAS
receptor antagonist does not seem to be méegetee han inhibitors restore the age-related impairment of EDHF-
treatment with either drug alone. The clinical vafee of Mediated responses presumably through the blockade of the

the present finding remains to be determined. RAS per se dthough we cannot totally rule out the
possibility that both RAS inhibition and blood pressure
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lowering are required for the imprement of endothelial
function. Thus,RAS inhibitors may sees & rnovd tools
with which to preent endothelial dysfunction associateds.
with ageing.

Futuredirections 6.

Because of the unidentified nature of ED¥FRhe
mechanism of the alteration in EDHF associated Witﬂ'
hypertension and ageing remains specdatiLikewise,
hov RAS inhibitors impree impaired EDHF-mediated
responses remains an open questidowever, considering
the critical role of gp junctions in EDHF-mediated
responses in rat mesenteric artéfié$ impairment of the
EDHF pathway and its impvement by RAS inhibitors
could be associated with structural and/or biochemicgl
changes in gap junctions. This notion may be supported %
the recent report by Rummengt al3%hat shaed
expression of connéns, which comprise gap junctions,
were decreased in the endothelium of the caudal artery in
hypertension. Whetheimpairment of EDHF-mediated
responses in disease states is aitaible to abnormalities of
gap junctions avaits further studies.

8.

Conclusions

EDHF mediated hyperpolarisation and relaxation
were impaired in Ypertension and ageing.Chronic
treatment with RAS inhibitors restored these impairmentgp
and RAS inhibitors appear to Ve a fivaurable effect on
endothelial function bend its blood pressure vering
effect. Thus, RAS inhibitors may h&e a herapeutic
potential in the pneention or treatment of cardiascular
diseases.

Acknowledgements

We thank Prof. Caryl Hill for critically reading the
manuscript. Theuthors’ original work presented or cited
in this paper was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sport§-,4
Science and&chnology of Japanokyo, Japan. Fig. 1 as
reproduced from: Fujii K, Goto K, Abe I. Inhibition of
converting enzyme pneents the age-related decline in
endothelium-dependent hyperpolarization. Inankoutte 15
PM (ed).EDHF 20002001; 410-6, permission granted by
Taylor & Francis.

References

1. Hill CE, Phillips JK, Sande SL. Heterogeneous control
of blood flav amongst diferent vascular bed#/ed.
Res. Re 2001;21: 1-60.

2. Suzuki H, Chen G. Endothelium-dexd hyperpolarizing 17
factor (EDHF): An endogenous potassium-channel
activator. News Physiol. Sci1990;5: 212-5.

3. McGuire JJ, Ding H, Triggle CR. Endothelium-ded
relaxing factors: a focus on endothelium-dedli

hyperpolarizing #&ctor(s). Can. J  Physiol.
Pharmacol.2001;79: 443-70.
4. Campbell WB, Gauthier KM. What is we in

Proceedings of the Australian Physiological and Pharmacological Society (2004)

11.

13.

16.

endothelium-devied hyperpolarizing &ctors?Curr.
Opin. Nephrol. Hyperten2002;11: 177-83.

Busse R, Edards G, Feletou M, Fleming |,avihoutte
PM, Weston AH. EDHF: bringing the concepts
togetherTrends Pharmacol. Sc2002;23: 374-80.

Vanhoutte PM. Endothelial dysfunction
atherosclerosi€ur. Heart J. 1997;18: E19-29.

Schiffrin EL. Bgond blood pressure: the endothelium
and atherosclerosis progressighm. J hypertens.
2002;15: 115S-22S.

Halcox JP Schenlke WH, Zalos G, Mincemger R,
Prasad A, \Wdclaviw MA, Nour KR, Quyyumi AA
Prognostic alue of coronary vascular endothelial
dysfunction.Circulation 2002;106: 653-8.

Vanhoutte PM. Endothelial dysfunction igpertension.

J. Hypertens.1996;14: S83-93.

jii K, Tominaga M, Ohmori S, Kobayashi K, Kga T,

Takata Y, Fujishima M. Decreased endothelium-

dependent hyperpolarization to acetylcholine in

smooth muscle of the mesenteric artery of
spontaneouslyypertensie rats.Circ. Res1992;70:

660-9.

Onaka U, Fujii K, Abe I, Fujishima M.

Antihypertensie treatment imprees endothelium-

dependent hyperpolarization in the mesenteric artery

of spontaneously ypertensie rats. Circulation

1998;98: 175-82.

. Mantelli L, Amerini S, Ledda.RRoles of nitric oxide
and endothelium-deréd hyperpolarizing factor in
vasorelaxant déct of acetylcholine as influenced by
aging and pertensionJ. Cardiovasc. Pharmacol.
1995;25: 595-602.

and

. Fu

Sunano S, Watanabe Hanbka S, Sekiguchi,F
Shimamura K. Endothelium-deried relaxing,
contracting and yperpolarizing factors of
mesenteric  arteries  of ypertensie  ad

normotensie rats. Br. J. Pharmacol. 1999; 126:
709-16.

. Goto K, Fujii K, Onaka U, Abe I, Fujishima M. Renin-
angiotensin system blockade impes endothelial
dysfunction in kpertension. Hypertension2000;
36: 575-80.

. Van de Voorde J,ahheel B, Leusen |. Endothelium-
dependent relaxation anggerpolarization in aorta
from control and renalypertensie rats. Circ. Res.
1992;70: 1-8.

Bussemadr E, Popp R, Fisslthaler B, Larson CM,
Fleming |, Busse R, Brandes RPAged
spontaneously \pertensie rats exhibit a selecte
loss of EDHF-mediated relaxation in the renal
artery.Hypertensior2003;42: 562-8

. Sofola OA, Knill A, Hainswrth R, Drinkhill M.
Change in endothelial function in mesenteric arteries
of Sprague-Daley rats fed a high salt dietl.
Physiol.2002;543: 255-60.

18. Sander SL, Bramich NJ, Bandi HPRummery NM,

Hill CE. Structure, function, and endothelium-
derived hyperpolarizing factor in the caudal artery of
the SHR and WKY ratArterioscler Thromh Vasc.

69



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

70

Biol. 2003;23: 822-8. 31. Goto K, Fujii K, Onaka U, Abe I, Fujishima M.

Matz RL, Andriantsitohaina R. Age-related endothelial Angiotensin-comerting enzyme inhibitor prents
dysfunction: potential implications for age-related endothelial dysfunctiordypertension
pharmacothergpDrugs Aging.2003;20: 527-50. 2000;36: 581-7.

Fujii K, Ohmori S, ®minag M, Abe |, Takata YOhya 32. Kansui Y Fujii K, Goto K, Abe I, lida M. Angiotensin
Y, Kobayashi K, Fujishima M. Age-related changes Il receptor antagonist impves ae-related
in endothelium-dependentyperpolarization in the endothelial dysfunctionJ. Hypertens.2002; 20:
rat mesenteric arteryAm. J Physiol. 1993; 265: 439-46.

H509-16. 33. Goto K, Fujii K, Kansui YAbe |, lida M. Critical role
Fujii K, Goto K, Abe I. Inhibition of carerting enzyme of gap junctions in endothelium-dependent
prevents the age-related decline in endothelium- hyperpolarization in rat mesenteric arteri€dlin.

dependent hyperpolarization. Inavhoutte PM (ed). Exp. Pharmacol. Physio2002;29: 595-602.
EDHF 2000. Taylor & Francis, London. 2001; Ch.34. Sandw SL, Tare M, Coleman HA, Hill CE, &kington
45, HC. Involvement of myoendothelial gap junctions in

Nakashima M, ahhoutte PM. Decreased endothelium- the actions of endothelium-deed hyperpolarizing
dependent hyperpolarization with aging and factor. Circ. Res2002;90: 1108-13.
hypertension in the rat mesenteric arteiyn: 35. Rummery NM, McKenzie KU, WhitworttAJ Hill CE.
Vanhoutte PM (ed). Endothelium-Deed Decreased endothelial size and cotmexpression
Hyperpolarizing R&ctor Harwood Academic, in rat caudal arteries duringypertension. J.
Amsterdam. 1996; Ch. 28. Hypertens2002;20: 247-53..br

Nakashima M, Mombouli JVraylor AA, Vanhoutte

PM. Endothelium-dependent yperpolarization Receved 1 December 2003; in revised form 8 February
caused by bradykinin in human coronary arterigés. 2004. Accepte® February 2004.
Clin. Invest.1993;92: 2867-71. ©K. Goto 2004

Urakami-Harasea L, Shimokava H, Nakashima M,

Egashira K, TBkeshita A. Importance of Author for correspondence:
endothelium-devied hyperpolarizing &ctor in Kenichi Goto
human arteriesl. din. Invest.1997;100: 2793-9. Division of Neuroscience

Taddei S, Virdis A, Ghiadoni L, Sudano |, SatvA. John Curtin School of Medical Research
Effects of antilgpertensie dugs on endothelial Australian National Unersity,
dysfunction: clinical implicationsDrugs 2002;62:  Canberra, A.C.T0200, Australia
265-84.

Urata H, Nishimura H, Ganten D. yhase-dependent Tel: +61 2 6125 2149
angiotensin Il forming systems in humamsn. J Fax: +61 2 6125 8077
Hypertens1996;9: 277-84. Email: kenichi.goto@anu.edu.au

Matsubara H. &hoplysiological role of angiotensin Il
type 2 receptor in cardiescular and renal diseases.

Circ. Res1998;83: 1182-91.

Kahonen M, dlvanen JP Kalliovakama J, W X,
Karjala K, Maknen H, Porsti I. Losartan and
enalapril therapies enhanceasedilatation in the
mesenteric artery of spontaneousjpértensie rats.
Eur. J. Pharmacol. 1999;368: 213-22.

McKelvie RS, ¥isuf S, Pericak D, viezum A, Burns

RJ, Probstfield J, TsuyukiTRWhite M, Rouleau J,
Latini R, Maggioni A, Yung J, Pogue J.
Comparison of candesartan, enalapril, and their
combination in congest heart failure: randomized
evduation of stratgies for left ‘entricular
dysfunction (RESOLVD) pilot study The
RESOLVD Pilot Study Iwvestigators. Circulation
1999;100: 1056-64.

McMurray JJ, Ostgren J, SwedbgrK, Granger CB,
Held R Michelson EL, Olofsson B, Yusuf S, Pfief
MA; CHARM Investigators and Committees.
Effects of candesartan in patients with chronic heart
failure and reduced leftentricular systolic function
taking angiotensin-caerting-enzyme inhibitors: the
CHARM-Added trial. Lancet2003;362: 767-71.

Proceedings of the Australian Physiological and Pharmacological Society (3004)



