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This issue of thé’roceedings of the Ustralian Physiological and Pharmacological Sociegntains
papers resulting from presentations at th® g6éientific meeting of th&ocietyheld jointly with the
Physiolagical Society of Ne Zealandat the Unversity of Sydng, 29 September - 1 October 2003t
the Annual General Meeting held on 1 Octoliee Societytook the first step teards changing its
name to théustralian Physiological SocietyThis change of nameas formalised by a postal vote of
the Society’smembership, declared carried on 9 February 2@®la consequence this volume of the
Proceedingswill be the last to be published under the naf®ceedings of the ustralian
Physiological and Pharmacological Society

All scientific papers in this volume hae been subject to peer eview.
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Skeletal muscle function: the role of ionicc  hanges in fatigue , damage and
disease

D.G. Allen

School of Biomedical Sciences and Institute for Biomedical Résear
University of SydneF13,
NSW 2006, Australia

Summary Introduction

1. Repeated activity of skeletal muscle causes a lonic changes are central to the wityi of muscle.
variety of changes in its properties; muscles become eveak The action potential is caused by rapidvernents of Na
with intense use &tigue), may feel sore and weak after into the cell and Kout of the cell. The action potential in
repeated contractionsviolving stretch, and can denerate  the TFtubules triggers rapid release of Lafrom the
in some disease condition3his review considers the role  sarcoplasmic reticulum into the myoplasm where it binds to
of early ionic changes in the ddopment of each of these troponin initiating cross bridgeycling. An early source of
conditions. enegy is the anaerobic breakdown of glycogen whose

2. Single fibre preparations of mouse muscle wereproducts are lactate and protons. Thus changes in the
used to measure ionic changes following \digtinduced intracellular concentrations of NaCa?* and H all occur as
changes in function.Single fibres were dissected with part of normal muscle agtty. In the studies described in
intact tendons and stimulated to produce fof€lelorescent  this review we ae concerned with the changes in muscle
indicators were micro-injected into the fibres to wllo function which accompanrepeated aatity. We show that
simultaneous ionic measurements together with mechanicadach of the abh@ ations can change during repeated

performance. muscle activity and analyse Wwahis changes contritte to
3. One theory to xplain muscle fatigue is that it is muscle function.
caused by accumulation of lactic acid producing an Our approach to these issues has beenvdagethe

intracellular acidosis which inhibits the myofibrillar single mammalian muscle fibre preparation first described
proteins. Incontrast we found that during repeated tetaniby Lannergren and ¥éterbladl Single fibres are dissected
there was little or no pH changeitbfailure of calcium  from the flexor brevis muscle of the mouse, clips are
release was a major contributor etidue. Currenthit is attached to the tendons at either end and the muscle fibre
proposed that precipitation of calcium and phosphate in thean then be attached to a tension transducer and a motor to
sarcoplasmic reticulum contributes to the failure of calciumimpose length change<lectrodes running parallel to the
release. fibre allov stimulation. Normallyfibres are continuously

4. Muscles can be used to shorten and produce forc@erfused by a physiological salt solution with ptffered
or they can be used to deaccelerate loads (stretched oby HCQ;/CO,. These fibres can be penetrated with
eccentric contractions).A day after intense xercise microelectrodes and microinjected with fluorescent dyes or
involving stretched contractions muscles are weak, sore andhary other substances e.g. ions, drugs, peptides, proteins,
tender and this damage candakweek to receer. In this DNA plasmids. Atthe end of the experiment fibres can be
condition sarcomeres are digamised and there are fixed for light or electron microscgpor subject to
increases in resting intracellularTand N&. Recently we  immunofluorescence. Thattractions of this approach are
demonstrated that the e#tion of Na occurs through a that aly sequence of stimulation (twitches, tetani, repeated
stretch-actiated channel which can be blocked by either in ary pattern) or contraction type (isometric, shortening or

gadolinium or streptomycin.Preventing the rise of [N, lengthening) can be imposed on the fibre and the force and
with gadolinium also prents part of the muscle weakness fluorescence can be monitored from a single cell during
after stretched contractions. activity. In the periments described in thisview we

5. Duchenne muscular dystrophis a lethal have wsed fluorescent €3 Na* or pH indicators to allg
degeneratie dsease of muscles in which the protein continuous measurements of these ioldith use of an
dystrophin is absent. Dystrophic muscles are more imaging microscope the distribution of these ions within a
susceptible to stretch-induced muscle damage and theingle cell can also be determined.
stretch-actiated channel seems to be one pathway for the ]
increases in intracellular €aand N4 which are a feature Muscle fatigue
of this diseaseWe haverecently shan that blockers of the
stretch-actiated channel can minimize some of the short-
term damage in muscles from thelx mouse, which also
lacks dystrophin.Currently we are testing whether bleck
of the stretch-acotated channels gen systemically tomdx
mouse can protect against some features of this disease.

It is a common xperience that the performance of
muscle gradually declines when muscles are used
repeatedly at near their maximum forc&his decline of
performance, or musclatigue, is reflected in reduced force
production, reduced shortening velocity and a slower time
course of contraction and relaxatio@f course muscles

Proceedings of the Australian Physiological and Pharmacological Society (2804) 1
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Figure 1. pH has minimal role in muscle fatigue

Panel A shows measurement of myoplasmic pblutiinout a period of fatigue caused by repeated brief tetani. Daita fr
single mouse muscle fibat 2°C. Notethat myoplasmic pHhanged little despite the delopment of fatigueData from
Westerblad & Aller. Panel B shows tetanic force from mouse single fibres a¢ ttiferent tempeatures (12°C, 22°C and
32°C). Ateath temperatue three tetani a& shown with intracellular pH modified byhanges in external [CG). From
above down, the intracellular pHs arespectively 0.5, 0 and -0.5egter than the restingvel. Notethat the effect of a 1
pH unit dange in intracellular pH is mub greater at 12°C than at 32°CTension or force measurementeamnrmalized
as the force per cross-sectional area of theeféd are quoted in units of kiPwhere a Rascal is one Newton mett. Data
from Westerblaet al® (reproduced with the permission of the copyright holder).

can be used near their maximal capacity inyrdifierent the commonest presenting symptoms in medical
actvities e.g. maximal continuous isometric contractionsconsultationd Of particular importance is the fact that all
such as lifting a piano, repeated contractions such @klerly humans suffer a gradual loss of muscle mass and the
running 100 m or a marathon, repeated stretchednsequent weakness and rapid fatigue duriregyeday
contractions such asalking down a mountain and itould actvities contriute to the loss of mobility and
be expected that these different activitiesuld afect independence. Singlefibores can be useful in the
muscle function in different ays. Equallimportant magy investigation of mag of these situations by appropriate
different diseases causeebital muscle weakness e.g.choice of conditions.

muscular dystrophies, cardiac failure, renailufe, The present rgew will consider the muscleatigue
stanation, chronic infections etc. and sayg dhow that caused by repeated short isometric tetani e.g. Figs 1 & 2.
complaints about muscle weakness and fatigue are amartgese figures shwthat when short (0.3 s) maximal tetani

2 Proceedings of the Australian Physiological and Pharmacological Society (3@04)



D.G. Allen

are repeatedvery few seconds, the force produced declineseduces force by about 11%.

to 50% within a fe&v minutes. Thetime scale of this To um up, acidosis has little direct effect on the
experiment is similar that wolved when running 1-2 km or force production in mammalian muscles studied at
swimming 200-500 m and it seems reasonable to suppgs®siological temperatures (forview see ®). However it
that the intracellular mechanisms within the muscles aremains true that production of lactic acid is of great

similar. importance in xercise physiology and the training of
) ) ) athletes. Whenglycogen is consumed anaerobically to
Lactic acid as the cause of skeletal muscle fatigue produce lactic acid, the ® production is 3 ATP per

Since the pioneering research of AMil, the glycosyl unit whereas aerobic metabolism within the

accumulation of intracellular lactic acid has been g]itochondria Sl_JppIies 39T/.P per glycosyl unit. Thus, the
dominant theory of muscle afigué. Lactic acid glycogen store is more rapidly depleted when large amounts

accumulates in marintense fatiguing gimes and can lead of lactic acid are produced anaerobically and muscle

to an intracellular acidosis of about 0.5 pH units. There ab rformance IS saerely depre;sed at\)oglycoggn lgels.
two major lines of evidence that vebeen used to link this Also high lesels of lactic acid in the blood contribute to the

decline of intracellular pH to the contractile dysfunction ir@scpmfort and breathlessness Whe_n performing at close to
fatigue. First, studies on human muscle fatigue of rapfa'ax'mum lgels of oxygen consumptiof
onset hee dten shown a good temporal correlationgge of intracellular calcium in skeletal muscle fatigue
between the decline of intracellular muscle pH and the
reduction of force or peer production. Second, studies on Given that changes in intracellular pH are not the
skinned skletal muscle fibres kia siown that acidification main cause of fatigue, we examined the role of intracellular
reduces the isometric force by a diredeef on the isolated calcium. Theclassic work of Eberstein and Sand(1963)
myofibrillar proteiné. first suggested that changes in \&tion played an
We therefore measured the intracellular pH in ouimportant role in dtigué'. They fatigued intact muscles
mouse single fibre model dditigue and found, to our initial with repeated tetani until forceas greatly reduced and
surprise, that thereag only a small acidosis of around 0.06hen increased the Jd of activation by increasing
pH units (Fig. 1A). Later we showed in the samexracellular K or application of caffeine; both agents
preparation that if the dutyycle (fraction of time the fibre cause increased &€a release from the sarcoplasmic
is stimulated at 100 Hz) was increased the musategued reticulum (SR). Both these manoeuvres increased force
more rapidly and the acidosis was greatéife dso found substantially in the fatigued muscle suggesting that a
that blocking the lactate transporter with cinnamateeversible failure of actiation was an important contnitbor
substantially increased the magnitude of the resulting fatigue. Arecent &ample of this approach is shown in
acidosi§. Both these results suggest that lactic acid iBig. 2A which illustrates he a noderate concentration of
produced during intense stimulation but cavéethe cell at caffeine can reerse much of the decline of force in a
a abstantial rate on the lactate transporter anfdtigued muscle. The rise in intracellular calcium
consequently the intracellular acidosis is redud@dcause concentration ([C%]i) which actvates the contractile
it is intracellular acidosis which affects the contractilgroteins (Fig. 2B(i)), initially increases tetanic fa(Fig.
proteins, it would be predicted that in longer or less inten@8(ii)), but then tetanic [G4], declines during fatigue (Fig.
stimulation protocols the acidosis would be smaller and thaB(iii)). Agents such as cétine, which increase the
fatigue caused by this component would also be reducexpening of the SR Ca release channels (ryanodine
These gperiments are compatible with the idea that whereceptors), can increase the amplitude of tetanic’-*IICa
intracellular acidosis does occur it contributes atighie (Fig. 2B(iv)) and thus wercome much ofdtigue. Thughe
but, more important, themake it dear that there must be partial failure of SR CH release is accepted to be one of
alternatve mechanisms ofdtigue which dominate when thethe causes of muscle fatigéd*
timecourse is greater than aveninutes and are unrelated What causes the reduced?Caelease which can be
to acidosis. reversed by cdeine? Inrecent years it has become
Recent experiments & cast further doubt on the increasingly clear that increased igaric phosphate (P
lactic acid theory Early experiments shwaing that acidosis can affect fatigue oelopment by acting on SR €a
reduced the force produced by the myofibrillar proteinsandling (for reiew se€®). Studiesn intact muscles sho
were generally performed at room or lower temperaturethat the resting [P is 1-5 mM 16 while during intense
When such xperiments were repeated nearer bodgontraction it can rise to 30-40 mM. It is dready
temperature, the magnitude of the inhibitory effect oéstablished that increasing]J[Preduces crossbridge force
acidosis was found to be muchvier’. This is also true for and C&*-sensitvity of the myofilament$ and probably
intact fibres and Fig 1B illustrates the inhibitory effects ofontritutes to the early fall in force (within 1 min) shown in
changes in intracellular acidosis produced by changes fig. 2A. There are seral mechanisms whereby might
extracellular CQP; in each panel the smallest tetanus is Influence SR C# !5 here we consider only the €a
pH unit more acid than the st tetanus. Note that atprecipitation theory.
12°C an intracellular acidosis of 1 pH units reduces force  The solubility product of Ca and Pis 6 mM © and
by about 47% whereas at 32°C the same acidosis otiys product can be exceeded in thdracellular space

Proceedings of the Australian Physiological and Pharmacological Society (2804) 3



lonic changes during muscle function

Another approach to this issue has been to measure
SR C&* stores in the expectation that the?Cavailable for
0w ) relea}sg might depline if free €abecame sequestered as
(i precipitated CaRwithin the SR.4-Clorom-cresol (4-CmC)
is a drug which, lik caffeine, rapidly opens the SR €a
' channels allowing most of the rapidly-releasable SR ©@a
Tmin caffeine enter the myoplasmThus in Fig. 3 the initial vertical line
represents the rise in [E“f@I caused by tetanic stimulation
10} (i) (i) (v) while the application of 4-CmC produces agkr and
caffeine slower rise in [Cé*]i whose magnitude represents theé'Ca
available for release in the SRNote that during fatigue the

! peak tetanic [C?é]i signal rises and thealfs and that in the
JML m fatigued muscle, a second 4-CmC application shows the SR
o Ca* content to be reduced. Both the tetanic’f¢and the
is

>

Force

o}

[Ca ]y (MM)

SR C&" content receer over the next 20 min.
Measurements of the SR Taconcentration ([CH]p)

) ) _ ) using a C#" indicator located in the SR V& dso shown a
Figure 2. Muscle fatigue is partly caused by failure of SR gecrease in fatigued cane toad fibtes

Ca’* release

Panel A shows force productionofn a mouse single fibr _
stimulated to give repeated brief tetani atadwally Fatigue
reducing intervals until force had declined 0% of 2000 4-CmC

contol. Atthat time cdkine (10 mM) was applied whic
reversed mub of the decline of fare Panel B shows
[CaZ*]i records of selected tetani from experiments similar
to Panel A. (i) is the first tetanus, (ii) is at the end of the
early decline of fare (iii) is a fatigued tetanus just befor
the addition of cdéing and (iv) is in the presence of
caffeine These data show that a &aihe-eersible decline
in tetanic [C&*], is responsible for micof the late phase
of decline of faze Figure repoduced from Allen &
Westerblad®.

4-CmC

4-CmC

pir

[
60 s

[Ca®™], (M)

Figure 3. SR C#& stores decline during fatigue.
[Ca2+]i recorded from a single cane toad fbfrom the
resulting in the production of bone. In the intracellulalumbrical muscle at 22°C. The firstgod shows a single
ervironment the ery lov [C&'], generally preents short tetanus followed byl0 s application of 4+doro-m-
precipitation but in the SR the [é‘;aSR: 1 mM, so if [Plgs cresol (4-CmC). This drug opens SR2Celease bannels
exceeds 6 mM then Cafill start to precipitate. Thus if,P and the lage rfise in [C&*], represents the amount of
enters the SR during fatigue, this could result in ,CaFapidly releasable SR G4 dmilar results can be obtained
precipitation and hence decrease th&*Cailable for with cafeine The fibe was then rested for 20 min and then
release. fatigued with epeated brief tetani until the tetanic der
This mechanism has recentlyiged support from (not shown) was reduced to 40%-CmC was then
studies using mandifferent experimental approaches. Ineapplied and the amount ofipidly releasable SR €a
initial experiments on skinned fibres with intactubular- was reduced comped to contol. Thefibre was then ested
SR system it was shown that increaseddRld depress SR for 20 min and showed &covery of tetanic [C&],and the
C&* releas#’. These authors also provided indirectapidly releasable CH. These data show that thepidly-
evidence that Pmay reach a concentration in the SR higheleasable C&" in the SR star ceclines during fatigue and
enough to exceed the threshold for CpRecipitation. A recoves dfter a period of est. Adaptedrom Kabbaa &
second indication that, has effects other than directly onAllerf®.
the myofilaments came from a study in which vitss

directly dlnje(;ce;j Into mlf%e ce?[_éw_\:Vec\jNeretex&ectgjg t(: Dahlstedt and colleagues Mea made use of the
see reduced lorce and “Laensivity due o the dIreCt - .qqatine  kinase knookit mouse as another way to

effects of Pon the myofilaments b.Ut’ to our surprise, thesﬁ‘lvestigate this possibilitf®. In this animal, because of the
effects_ were hardly apparent an_d instead thae_avdrastlc absence of creatine kinase, the usual rise  afbBerved
rgductlon in SR C¥ release which causegl alfin force. during fatigue is absenfThey found that in mulscles which
Since the xpected effects of ;Pon myofllam_er_lts WETE |ack the rise of Pthe late decline of tetanic [€3 during
largely absent, we reas_or_wed that most of the injectedd fatigue was delayed. Thus results obtained with a variety of
entered the SR, precipitated as (-adhd consequently experimental approaches suggest that, @aécipitation in
reduced SR Cdrelease. the SR is a possible cause of reduced tetanié*[da

4 Proceedings of the Australian Physiological and Pharmacological Society (3@04)



D.G. Allen

fatigue. was increased while the tetanic [’(‘:ﬁ was reduced (Fig.
The CaPprecipitation theory is alously dependent 4). To test whether the reduction of tetanic qua

on the ability of Pto move from the myoplasm to the SR. contributed to the reduced force production,feiafe was

The SR membrane contains small conductance chloridpplied and shown to increase both the tetanié*[ICand

channels, which conduct; B2 and may be the pattay force after stretched contraction3his result establishes

involved?3. Interestingly the open probability of thesethat part of the weakness following stretched contractions is

channels increases atoATP. This dependence onTR caused by reduced &aelease which can bev@come by

can explain one apparent weakness of the hypothesis tbafeine. Theresults also suggests that the SR*Gtore is

raised [F, causes CgPprecipitation in the SR: [P not greatly affected since ¢aine was capable of increasing

increases relately early during fatiguing stimulation while C&* release and implies that the defect in release lies in the

the decline of tetanic [C%é]i generally occurs quite late. action potential or its coupling to the release channel or the

Moreover, in mouse fibres the decline of tetanic qu':l release channel itselfHowever the mechanism of the

temporally correlates with an increase in ®jgwhich disturbance to itation-contraction coupling remains

presumably stems from a net breakdown BP?, and it is  uncertain.

not obvious wig CaP precipitation in the SR should sha

temporal correlation with ATP breakan. The ATP-

dependence of the presumed SRclfannels canxplain 10 stretched caffeine

both why P, enters the SR with a delay andywhere is a contractions

temporal correlation between decliningA and declining
H +
tetanic [C4"].. ca?]
Stretch-induced muscle damage ﬂ\

Muscle damage is a common consequence of inte T TTTTTTTTTTTTTIIIIIIees
muscular actiity?® and is more se&re when the aatity
involves stretch of contracting muscles (eccent

contraction). In this ngew the term ‘stretched contractions

is used to mean contractions in which the muscle o'

stretched by an x¢ernal forcé®. Following repeated ﬂ ﬂ
stretched contractions, particularly by untrained subje:

the muscles »hibit an immediate weakness andeothe —
subsequent days theemain weak bt also become tender
painful and sti?’. These changes can &k week to fully

recover. Figure 4. Strethed contractions cause a decline of
The cellular mechanisms which underlie theetanic [C&*], which can be reversed by dafne.
immediate weakness and the subsequent muscle damggfire sows epresentative tetanic [Gé']i and foce
following stretched contractions Ve wo sparate records from a mouse single féor Initial [Ca?*]; and foce
components. Fride(1981) performed electron microsgop are an sometric control obtained at lthe length at whic
on humans muscle biopsies follog stretched contractions maximal tetanic tension is observedjhe next two fae
and showed that the sarcomere structuae disturbed with records ae the first and last (10th) sttched contactions in
overstretched sarcomeres andawy Z-lines distriuted  which the fibe was stetched by a motor from Jto L, +
randomly throughout the fatted fibre&. Morgan (1990) 40% over 100 ms. The xtepair of ecods ae an sometric
pointed out that sarcomeres are unstable on the descendiignus at |,after 20 min ecovery The last pair of ecords
limb of the length-tension cuey particularly when show that caffeine canverome the reduced tetanic
undegoing stretck?, and that this can lead individual weak[Ca?*]. and partially estoe te foce These data show
sarcomeres to suddenly stretch (popping sarcome$e®h that stetch-induced muscle darge @uses a eduction in
overstrgtched sarcomeres normally reinterdigitate durlﬂ@tanic [C&*], which is partly responsible for the decline of
relaxation but after repeated stretched contractiongrce Time scale applies to eadetanus; the time between

increasing numbers of sarcomeres will fail to reinterdigitat@tani was variable Adapted from Balnave & AlléA
and areas of werstretched sarcomeres may gradually

extend.

The earliest changes of sarcomere structure can be Another component of stretch-induced damage is an
obsered within a single stretched contracf®® and are [Ncréase in membrane permeabilitfor example, both
probably the initiating factor in damagblevertheless there S€rum albumin and the fluorescent dye orange procioa ha
is good evidence that changes ircieation-contraction PS€N shown to enter some damaged fibres after a series of
coupling also contribute to the muscle weakness caused%éﬁtched contractioifs Resting [C&"]; increases within
stretched contractiof&® For instance when intracellular 10 Minutes of eccentric contractions and, although the

calcium was measured during tetani before and aﬁg}echanism has not been established, this might also be a
stretched contractions itas found that the resting [&  conseduence of increased membrane permeability rise
in resting [Cé*]i might initiate the impairment of
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excitation-contraction coupling by acéting proteases demonstrated by electron-microsgépand by difusion of
which damage the sarcoplasmic reticulum (SR)**Cafluorescent mares®, Alternatively changes inytoskeletal
release chann®3’ It has also been proposed thaklements such as desmin and titinendeen obserd after
Ca&*-activated proteases might damage membranes astietched contractioffs
contribute to the increased membrane permeability. The abee results also raised the possibility that the
We recently showed that folldng a series of ionic changes associated with the stretch-contractions might
stretched contractions, musclesvéleped \acuoles which be implicated in the reduction of forcézor instance, if
filled with an etracellular marker (sulphorhodamine B)C&" ions also entered through the same channel, thisdv
suggesting that tlyewere attached to the-ysteni®. Such provide an explanation for the raised restingzmilaand we
vacuoles had prgously been observed under a range dfiave peviously speculated that this might cause the
situations in which a muscleas eliminating an osmotic reduced C# release which is one of the causes of the
loacf®4%  We poposed that stretch-induced damageeduced force. This possibilityas tested by comparing the
produced Ttubular tears allwing the intracellular Na recovery of force after stretch-contractions with and
([Na'],) to rise and that vacuoles were a consequence of thithout blockers of stretch-avtited channels. Either G
osmotic load caused by the Naump extruding thexeess or streptomycin increased the reexy of force from 36 to
Na" along with osmotically-equalent water. 49% strongly suggesting that ionic entry has some part in
To test these ideas we measured [Nen muscle the processes which reduce the force.
subjected to stretched contractitinsTen isometric tetani Stretched contractions are a normal part of the
had no significant effect on resting [Nlabut 10 dretched repertoire of muscle activities andvieaan important role in
contractions caused a significant increase in"[N@ig. the training of musclé$ It has long been recognized that
5A) from about 7 to 15 mM.The rise was surprisingly the damage caused by a series of stretched contractions is
slow taking seeral minutes to reach a maximum and onlyeduced on a second repg€at The mechanism of this
starting to decline after about 20 miBy removing the training effect has been the subject of muckestigation
extracellular sodium, we shaed that this rise in [N§ was and one component is that stretched contractions seem to
caused by increased Nimflux from the atracellular space. elicit a receery in which synthesis of additional
To test whether the Naentry arose through-flibular or sarcomeres in series occdi#®. The net result of this is a
membrane tears we imaged [fjaexpecting to obsees shorter sarcomere length at aegi muscle length thereby
localized elgations of [N&], close to the putate tears. reducing the propensity to damabye These findings
However we reve obsened ary obvious areas of eleted suggest that stretched contractions stimulate a specialized
[Na']; suggesting that the Nanflux was via multiple small sub-set of gene autition. Since [Ca2+]i appears to be
sources belw the spatial resolution of the confocalintimately involved in gene mulatior?? this raises the
microscope. Br this reason we decided to test blerskof possibility that C& entry by stretch-actéted channels,
various channels through which Nenight enter Skeletal perhaps because of some unidentified spatial or temporal
muscle is knan to contain stretch-agtited non-specific feature, actiates a group of genes which result in synthesis
cation channef€ so we tested whether known blockers obf additional sarcomeres in series.
this channel could prvent the rise of [N, following
stretched contractionsFig. 5B shows that 20 uM &y  Muscular dystrophy
applied after the stretched contractions, was capable of Duchenne muscular dystraphis an Xlinked

preventing the rise of [Ng,. While Gd** is an established condition that dbcts approximately 1 in 3500 male

bIockgr of stretch-actated channels it.is also cap_ablle Ofbirths,53. It is a degeneratve nmuscle disease causing death
blocking may other channels (for wew see®), it is

therefore important to note that &dhad no dect on through respiratory and cardiac failure by the end of the
X . . L d decade. The di that the di d
resting [Nd], (Fig. 5B)or on tetanic forcg in wild-type second decade © clseny fhatl the cISease was cause

f th i hin hagoletioni
fibres. Inaddition, we shwed that a chemically-unrelated by absence of the protein dystrophin hagoliionized

blocker of stretch-aciiated ch | irept . understanding of the disease andeginew impetus to
ocker of stretch-acieled ¢ annﬁs, streptomycin, ag/ therapy®. The efectiveness of gene replacement thgrap
also able to prent the rise of [N, -

h i Is of i
The aboe results suggest that entry of Nenay as been demonstrated in mouse models of dystimghn

h hacl f ch I d by th di humans gene themaphas so far preed of limited value
oceur through a class ot channe S\atéd by the Preceding pocause of the difficulties of obtaining adequaigression
stretch. Mosstretch-actiated channels open rapidly (<1 S)of the very large dystrophin gene in human muscle (for
after distortion of the membrane and typically close briskl

Yeview seed)
: . a4 .
when the d|sto_rt|on IS remed - A nqtable feature of the The mechanism by which the absence of dystrophin
present experiments is that the rise of ‘Naccurred

Exacerbates stretch-induced damage is uncleas widely

mainly after the stretches and that blockers applied after t gcepted thateessve G22* entry is a feature of dystrophic
stretches were capable of yeeting the rise of [Ng,. This muscle (for reiew see 59). One theory to explain the

suggests that the channels were opened by connect.ion Beéessie c2* entry is that stretch-induced contractions
membrane component orytoseletal element which lead to membrane tears which thenwlionic entry*. On

remains distorted long after the initial stretchecghiS theory the absence of dystrophin is assumed to

contractions.  Br '”St"’.‘”ce long lasting d|st.ort|on of theincrease the membrane fragility so that membrane tears are
T-tubular system follaving stretched contractions has been
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Figure 5. Intracellular sodium in wild-type and mdx mouse after stretched contractions.

[Na™]; indicated by fluorescence intensity; the higher initial valuendix fibres epresents their higher [Ng,. Panel A
shows that a series of isometric camtion had no significant effect on [Nawheeas a series of gtched contactions
produced a rise of [Nd,. Note that the rise in [Ng, caused by the stded contractions was lger in mdx fibres
compaed to wild-type files. *significantly lager than initial level. #significantly lager increase compared to wild-type
(P < 0.05). Panel B shows fat the effect of Gd on resting [N&], in bothmdx and wild-type fibes. Gd* had no effect on
wild-type fibres but lowered [N in themdx fibres to about the el of the wild-type fibres. The fibres then underwent a
series of setched contractions and Gtlwas applied immediately for 10 min (indicated by the bar}*@timinated the
rise of [N&]; caused by sétched contraction in both wild-type amddx fibres. Values @& mean+ S.E.M. Dataadapted
from Yeunget al#165

more frequent and lead to greater ionic entAnother becomes more readily aated by stretch. The
possibility is that the stretch-aedted channel in wild-type obsenation thatmdxfibres hae increased permeability to
fiore? has altered properties in tmedx fibres so that it divalent cations using the Mhquench approach would be
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consistent with either of these hypothé8es perhaps changes in thgtaskeleton which modify channel
Studies of muscular dystroplare very dependent on activity. Since these channels are permeable to both Na
animals models of which the most widely used isrtitx and C&* 42 we would expect to obsesvincreases in the
mouse. Thisspontaneous mutant lacks dystrophin due teesting [N&], and [Cé*]i and, as discussed al®p both
the presence of stop codon early in the sequeffioe have been obsemd. Onthis basis we would expect that
review see %9). Although the genotype is similar to theblockers of the stretch-agtited channels would be capable
human disease the phenotype is much mildédx mice of preventing the rise of [Ng, and [Cé*]i and we hee
are fertile, lve a rear normal lifespan and shdew overt demonstrated that both &dand streptomycin can block
signs of the diseasddowever, the creatine kinaseuvels are the rise of [N4], in mdxmusclé®. The functional changes
elevated and histology shws that the mild signs of muscle in muscle as a consequence of raised[Nae not clear it
damage including centralized nucleiStretch-induced we hae peviously suggested abe that the wacuoles
damage is generally moreveee in mdxmice compared to present after stretched contractions are because the Na
wild-type micé%2 and the deliery of a dystrophin mini pump extrudes the excess*Naith osmotically equialent
gene tomdxfibres reduces stretch-induced danfdgd@he water and this ¥draulic load in the JTubules causes
reasons that thendx phenotype is so much milder thandilation and wacuolatio®. The eleated [N&], would be
Duchenne muscular dystroplre not entirely clear but one expected to reduce the amplitude of the action potential and
possibility is that utrophin can substitute to a limitateat might therefore reduce SR €aelease. In addition a raised
for dystrophin and seems to beemxpressed in thendx [Na'], will affect all Na' linked transporters with a range of
mousé&®. Another interesting observation is that muscl@ossible consequences for the célNhether the changed
damage does not become apparent until about 3 weeks aftemperties of the -fubules affect muscle function is
birth which is close to the time when the animals arencleaf®4S
weaned and become more mobile, suggesting the
possibility that mechanicaa€tors contribute to the damage.

. . . . Current hypothesis
To investigate the mechanism of damage nimdx

muscle we hee measured [Ng, in single fibres dissected StfetChled contractions
from mdxmice. Aninitial finding was that resting [N _ ,

. . ! i . L Increased opening of stretch-activated channels SAC
was higher inmdxcompared to wild-type fibres, confirming  __ g - ________ f--——o-- blockers
an earlier obseatiorf*. An interesting feature was that the ~ t [Na*] t resting [Ca?], Gd3 .
elevated resting [N, of the mdxmuscle was reduced by [ L Z‘Sﬁt’f"“y"'”
Gd* or streptomycin (Fig. 5B) strongly suggesting that itis t actiiy of Tlpmtease ac“""yl

. . a* pum

cau_sed by increased opening of the same class.of stretch- pump damage to SR Ca*  damage to membrane
activated channels considered eatli&hen themdxfibres _ release channel ] ]
were exposed to our standard protocol of stretched ' o nireT 1 loss of inflammatory
contractions the rise in [NR started from a higher Vel ] Ltetanic[Cah, e PO
and shwed a significantly greater rise (Fig. 5AEither vacuole ]

production

Gd®* or streptomycin were capable of pesting this rise 4 reduced force

and seemed to lower the [Naback tavards the leel
obsened in wild-type fibres (Fig 5B)Just as in wild-type
fiores we found that either &dor streptomycin could |
prevent one component of the reduced muscle force aftt duced 'musc'le damage.
stretch-induced damaffe We interpret these findings to ° chematlc.to illustrate some of the pathways thought to be
mean that muscle contains a stretchvatgd channel mvolveq in - the mugclg daiga gused by setched
whose open probability is enhanced in timelx mouse. contractions. er description see main text.
Pach-clamp studies omdx fibres hae produced similar
findings’. Furthermore the channels seem to be more In Fig. 6 we propose that the eded [C&"],
sensitve © the effects of stretch contractionsnrdxfibres activates proteases with consequerfeets on intracellular
compared to wild-type fibresThus these channels mayproteins and membranesThis possibility has been
explain the eleated resting [N, in mdxmice and also the extensiely considered but a di€ulty is that the proteases
elevated [Cef*]i reported by otheP§ These channels which hae teen described do not Ve sufficient C&*
appear to be further opened by stretch and the ionic enggnsitvity to be actiated by the obseed rises in
associated with this patiay appears to ka a ole in the [Ca?*],56%". One protein which might be damaged is the
reduction of force observed after muscle stretch. ryanodine receptor (SR €arelease channel) and, as
Some of the pathways wepothesize to be avt in  discussed earlierthere is good evidence that increases in
muscle as a consequence of stretchatetil channels are [Ca?*]; can lead to reduced SR Taeleasé3". We dso
illustrated in Fig. 6. As discussed alpwe siggest that speculated in Fig. 6 that the loss of intracellular proteins
stretched contractions lead to a persistent opening arfid the inflammatory response are secondary consequences
stretch-actiated channels.The mechanisms volved are of membrane damage.
unclear at present but couldratve membrane stretch as a
result of popped sarcomeres ortubular vacuoles or

Figure 6. Role of stretch-activated channels in stratc
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Therapeutic possibilities 7. Pate E, Bhimani M, Franks-Skiba K, CedR. Reduced
) o effect of pH on skinned rabbit psoas muscle

Our experimental data so far shahat in isolated mechanics at high temperatures: implications for
single fibres stretch-induced damageolmes changes in fatigue.J. Physiol. 1995486689-94.
[Na']; and [C&"]; which are probably attributable t0 g \vesterblad H, Bruton JD, Langeen J. The effect of
stretch-actiated channels.  When these channels are jnyacellular pH on contractile function of intact,
blocked some of the reduced force associated with stretch- single fibres of mouse muscle declines with
induced damage can be peated. Theseesults raise the increasing temperature.  J. Physiol.
possibility that if the damage in muscular dystygh 1997500:193-204.

partly or predominately through the same paymthen o \westerblad H, Allen DG, Lannergren J. Musaéidue:
blockers of the stretch-awtited channels may reduce part lactic acid or inoganic phosphate the major cause?

of the muscle damagelVe ae currently testing this idea by News Physiol. Sci200217:17-21.
using the stretch-agtted channel blocker tmdxmice and 10 Killian KJ, Campbell EJ. Dyspnea amxbeise. Annu.
testing whether the muscle damage is reduced. Rev. Physiol 198345:465-79.
; 11. Eberstein A, SandoA. Fatigue mechanisms in muscle
Conclusions fibers. In: Gutman E, Hink,feds. The dkct of use
Single fibre preparations V& poved a werful and disuse on the neuromuscular functions.
experimental approach for studies of muscle functidhe Amsterdam: Elsevier; 1963: 515-26.

ability to male ionic measurements with good temporal and2. Allen DG, Lannergren J, &Sterblad H. Muscle cell
spatial resolution in single functioning fibres has greatly ~ function during prolonged activity: cellular

facilitated understanding of the functional changes during ~ mechanisms  of atigue. Exp.  Physial
repeated muscle aeily. Increasingly it will be possible to 199580:497-527.

measure ionic concentrations in defined regions such & Williams JH, Klug GA. Calciumxehange hipothesis
mitochondria, nucleii, SR and the neaembrane rgion. of skeletal muscle fatigue: a briefview. Muscle

The possibilities of fluorescent tagging of signaling and Nerve 1995]18:421-34.

molecules, transcription factors, mRNand proteins and 14. Faveo TG. Sarcoplasmic reticulum €arelease and
following the distribution of these substances during muscle fatigueJ Appl. Physiol 199987:471-83.
different kinds of muscle activity offeixeiting directions 15. Allen DG, Westerblad H. Role of phosphate and

for the future. calcium stores in muscle atigue. J Physiol
2001536657-65.
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Identification of a zebrafish model of muscular dystrophy
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Summary advantage of these qualities to examine early stages of
] “muscle deelopment in the zebrafish with a particular focus
1. Large-scale mutagenic screens of the zebrafigh, the mechanisms utilised to determine the different fibre
genome hee identified a number of dérent classes of nes present within the embryonic myotdmeloweve,
mutations that disrupt sletal muscle formation.Of il recently the later stages of musclegieoment hae
particular interest and refance to human health are a clasg)egep, relatiely little studied.

of recessie lethal mutations in which muscle  axjal muscle in fish initially forms from gEnented
differentiation occurs normally but is followed by t'ssueparaxial mesoderm, the somites, which in tuvegise to
specific dgeneration reminiscent of human musculafhe myotomes. In zebrafish, thefdient classes of muscle
dystrophies. _ fibres, slev and fast twitch, are topographically separable in
2. We raveshawn that one member of this class ofine embryonic myotomeThe most medial cells of the

mutations, thesapje (sap, results from mutations within forming myotome are specified by midline ded sgnals
the zebrafish orthologue of the humaachenne muscular 5 form exclusively slow-twitch fibres. These cells

dystrophy (DMD) gene. Mutations in this locus causespsequently migrate from their medial origin tovérae
Duchenne or Becker muscular dystrophies in humafe entire gtent of the myotome to form a subcutaneous
patients and are thought to result in a dystrophic pathologg,g,er of slev twitch muscle. The remainder of the
by disrupting the link between the actiptasieleton and  myotome differentiates as fast twitch fibres behind this
the extracellular matrix in skeletal muscle cells. migratior?. Regadless of fate or position within the

3. We fave found that the progres& muscle yotome, muscle fibres initially differentiate to span an
degeneration phenotype shpjemutant zebrafish embryos gniire somite in the anterigosterior axis (Fig. 1A). The
is caused by theaflure of somitic muscle attachments at thggmite adopts its distinet chevron shape early on, by 24
embryonic myotendinous junction (MTJ). hours post fertilisation (hpf), with the dorsal aneniral

4. Although a role for dystrophin at M&Jfas been papes being separated by a sheet of extracellular matrix
postulated pnéously and MTJ structural abnormalitiescjied the horizontal myoseptum and each pair of adjacent
have tegn |Qent|f|za_d in the Dystrophin-deficientdxmouse  gomites being separated by trestical myoseptum which is
model, in vivo evidence of pathology based on musclgimilarly constructed (see Fig. 1A). The myoseptaesesv
attachmentetllure |s_thus far lacking. Therefore tbapjre the attachment sites for somitic muscle fibréEBhese
mutation may provide a model for awveb pathological yscle attachment sitesvearow come under the spotlight
mechanism of Duchenne muscular dystsoind other yith the finding that their mechanicakilre is the
muscle diseasesn this review we dscuss this finding in pathological mechanism in a zebrafish mutation that
light of previously postulated models of Dystrophin, g ides the first zebrafish model of an inherited disease of

function. skeletal muscle.
) A noved mechanism of pathology in a model of muscular
Introduction dystrophy
Muscle development in the zebrafish The zebrafish dystrophic class mutants and human
A number of attributes of the zebrafish embryo anHMSCUI‘Elr dystrophy
larvae lend themsebs to the study of skeletal muscle Large-scale genetic screens in zebrafishveha

development. Zebrafisrembryos deelop externally ae  ijentified a lage number of mutants that affect muscle
optically transparent and are therefore accessibie ¥0/0  formation. with one class simng a very specific
embryological manipulations. As zebrafish emplo degeneration  of  sidetal  muscle Preliminary
precocious motor locomotor strategies, generating mus?llﬁ/estigations reealed that mutations at ‘&al
load een before the completion of the first 24 h ofingependent loci share the broad phenotype wéldging
development, mutations that disrupt musclevelepment yisiple lesions in the trunk muscle during the second day of

are easily identifiable in large-scale mutagenic screenfydopment which gradually accumulate until the animals
Both embryological and genetic studies vdnataken
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die before reaching adulthood, a phenotype superficialphenotypes(Fig. 1B and C).Histological examination and
similar to muscular dystroghin humans. Consequently confocal imaging of sMdetal muscle expressing green
this class of mutations ha keen identified by the authors fluorescent protein (GFP) showed that the lesions occur
as the "Dystrophic class mutarfts” where the ends ofkap mutant muscle fibres become

In humans, muscular dystroplis most often caused separated from their attachment sites (Fig. 1C and D).
by mutations within genes encoding components of thdany fibres are seen to detach at one end and contract to a
Dystrophin associated protein compl@APC) which is a fraction of their original length, showing compression or
multi-protein assembly that provides a transmembrane lidven collapse of the sarcomeric banding (FiglE and F).
between the ytoskeleton and the extracellular maffk  Furthermore, electron microsgophas reealed nuclear
The compl& consists of seeral sub-complees, with the condensations within detached fibres indicating that these
main structural link being pwided by a series of three cells are undgoing cell death, a process not evident within
proteins that attach intracellular F-actin via the sarcolemni@tact neighbouring cells. A subset of these detached fibres
to laminin outside the cell. The laminin receptor within théake up te vital dye Eans Blue, which only enters cells
DAPC is dystroglycan, which is formed by the gl of with compromised plasma membranes, indicating that some
a precursor protein intoxtracellulara and transmembrane membrane tearing does occur (Fig. 1 G and. Aihus,
B sulunits. Dystrophiris a large rod-lik protein related to despite sharing the phenotype of muscle degeneration at the
the spectrindmily, which binds toB-dystroglycan at its C- whole oganism level at the cellular lg€l, the pathology of
terminus and to actin filaments via its N-terminus. A secorghpmutant zebrafish is different to the pathological process
sub-complg of the DAPC is comprised of a group of that is currently thought to bevisived in human muscular
related transmembrane proteins called sarcoglycans, a thdggstrophies, where membrane damage occurs along the
is based on syntrophin proteins and nitric oxide synthadength of the fibre In zebrafish, theAPC is localised
and seeral further proteins are kma to associate with the embryonically to the ends of muscle fibres before it
complex. The DAPC is found at the membrane oélskal becomes detectable at the sarcolemma, suggesting that loss
muscle fibres and geral other cell types in the bodwhile  of the complg might compromise muscle attachments and
a dmilar comple in which dystrophin is replaced by thepossibly alleving detachment of the kind seensiap This
related protein utrophin is distributed widely throughout this a surprising finding because this has not been reported in
body. ary human muscular dystroghand even in mouse mutants

Dystrophin is the product of the DMD or Duchenndhat shev ultra-structural abnormalities of thgtoskeleton
Muscular Dystroph gene, which is responsible for aat the MTJ, there k@ keen no reports of actuaaifure
spectrum of X-linked conditions including Duchenne andccurringin vivo'6-2
the milder Beckr muscular dystrophies, cardiomyopathies By mapping analysis and mutation detection weeha
and mental retardatiéfi. Although the exact pathological shavn thatsapis mutated at the zebrafish orthologue of the
consequence of dystrophin loss has yet to be elucidated, thenan Duchenne muscular dystrgdlbcus which encode
structural model of dystrophin function suggests thaf-dystrophin. This finding therefore neals a neel
Duchenne muscular dystrophresults from sarcolemmal functional requirement for the APC in the stability of
tearing during muscle contractioithis consequently leads muscle attachments. &V have identified a nonsense
to a cycle of death and replacement of muscle fibres whiatutation within the N-terminal actin-binding domain of
results in an accumulation of scar tissue in the muscle andystrophin that remas the large muscle-specific isoform
gradual loss of function andventually to deathl® and causes a progressi fatal muscle dgeneration.
Furthermore, man other muscular dystrophies andHomozygous mutargapembryos possess arfmore seere
congenital myopathies are caused by mutatiofectiig phenotype than the mouse dystrophin mutadx showing
other components of the APC complex, such as athe same progression to early lethality as the human
congenital dystrophlinked to lamininei2, and type-2 limb disease, perhaps because both human and zebrafish lack the
girdle muscular dystrophies (LGMD2) some of which areegeneratie apacity and compensatorywés of Utrophin
linked to sarcoglycans, calpain 3, vealin 3 and that are thought to proteehdx mice?l-23 Utrophin is not
dysferlint-1% found at embryonic muscle attachments in zebrafish, and is

) ) ) absent from the non-specialised sarcolemma along the
The sapje dystrophic class mutant results from mutations length of muscle fibres during embryoniovdepment, It

within the zebrafish (Zf) orthologue of dystrophin is present in the skin and pronepHro3his lack of either
Dystrophin or Utrophin in embryonic muscle perhaps
makessap mutant embryos most similar to mouse models

loss of specific DAPC proteins within imitilual mutants. thogg_ht to lack ay functional DAPC link, n.otably the
Within muscles of the zebrafish mutatisap using Iam|n|n?225 @y). dystroglycan andnd%utrophln_ double
antibodies raised agnst the mammalian dystrophin, whicthtant§ - In these mice, the MTJ I_acks foldlng alm_ost
we hare down cross react with zf-dystrophin, we viea pompletely and may be weaker thanmidx animals, b.UI It
found that zf-dystrophin is lost from the end of muscl unclear whether itver fa|I§ compIete_IyOn_Iy very slight ,
fibres, confirming the class of musclegdaeration mutants olding of the sarcolemma is present in wild-type zebrafish

B i g
may be walid genetic models of human muscular dyst;pph.ml.JSCIé ' |nd|pat|ng th_atsapresembles thesg mouse models
in its anatomical details, and that the complevdutions of

An analysis of the expression oABC components
within our zebrafish "dystrophic class" mutants hasaled
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Figure 1. Phenotype of muscle detachmentsigipje homozygote embryos.

A. Musclefibres (Green) initially span the ergiy of the myotome to attato the vertical myosepta (Lge arows). The
myotome is also bisected by the vertical myoseptahveamaates the dorsal and ventral halves of the myotomes (Small
arrows). Lateal view of a 24 Ipf embryo stained with an antibodgainst slow MyHC. B Dystrophin epression (yellow)

is found exclusively at the end of muscle fibres at the vertical mybs€pta. Confocal microscopy of GFPxpressed in

C, Wildtype and D, sap homozygote mustteD is an ekample of muscle fibres that detdom the vertical myosepta in
saphomozygotes. ibres withinsaphomozygotes (D) exhibit a clubdilor faceted appearance at their newly détad
membanes, not wdent in wild type embryos (C). E, Electron microscopy shows that wild type embryonic myofibrils
align to form a egular sarcomeric array that attdxes obliquely to the myosepta (asterisks (Exaphomozygotes, fibs
showing detached ends (arrows in F) and shortening of both the &bte and the satomees, ae \visible. In these cells,

the separation andegularity of sarcomeric banding is greatly reduced or collapsed compared to that in intact
neighbouring cells, and absent in some places. GJrHvivo observation of muscle attament failue and molecular
analysis of detached free ends. A singleefi@, H short arrows) vieed in vivo in the process of detaching myosepta,
under diferential interference contrast (lateral wvie5 days post-fertilisation) and labelled with Evans blue.di®. A gap

is visible between the separating posterior end of the fitght short arrow) and the myoseptum (@whead). A naowed
retraction zone has formed wigethe contractile apparatus has wittawn from the cengr of he fibe (between the short
arrows). The anterior end of the fébdeft short arow) is partly obscured by a second dye-positive detached cell (long
arrow).
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the mammalian MTJ may ha esolved to withstand the 2. Brennan,C, Amacher SL and Currie, PD. Rttern

rigours of life on land. A similarly sere loss of the

mechanical function might occur in the merosin

(laminin-a2) deficient congenital muscular dystropRies

formation in zebrafish.Aspects of aganogenesis:
SomitogenesisRes. Pobl. Cell Difer. 2002; 40:
271-297.

group of very seere early muscle disorders, raising the3. GranatoM., van Eeden FJ., Schach Wowe T, Brand

possibility that such diseases mightdive MTJ defects in

M, Furutani-Seiki M, Hdater P Hammerschmidt M,

human muscle.

Within some mammalian muscles, dystrophin is also
enriched at specialised myomuscular junctions (MMJs) that
also transmit force between the ends of muscle fibres behaior of the zebrafish embryo and larv
These occur as either inteaticular fibre terminations, Developmen1996;123:399-413.
connecting single fibres into nedvks both end-to-end and 4. Bassett,D.l., Bryson-Richardson, R.J., Daggett, D.F
end-to-sidé’, or as fbrous sheets called tendinous Gautier P, Keenan, DG. and Currie, PD. Dystrophin
intersections that separate segmented blocks of non- is required for the formation of stable muscle

Heisenbgy CP, Jang YJ, Kane B, Kelsh RN,
Mullins MC, Odenthal J, Nusslein-Volhard C.
Genes controling and mediating locomotion

overlapping fibres. These, in particulabear a striking

structural resemblance to the dystrophin-dependent
5. Blake, DJ., Wir, A.,, Newey, SE. and Davies, KE.

attachments between somites in zebr&figh If MMJ

failure was a significant attor in mammalian muscle

disease, their differential utilisation might contrié to the
obsened variations in pathology between widual

attachments in the zebrafish embrigevelopment
2003;130:5851-5860.

Function and genetics of dystrophin and dystrophin-
related proteins in musclePhysiol. Re. 2002; 82:
291-329.

muscles affected in muscular dystrophies, and betweén Spence H.J., Chen Y.J, \Wder SJ. Muscular

humans and the different dystrophic animal models.

As well as accurately representing the progvessi

dystrophies, the wtoskeleton and cell adhesion.
BioEssay002;24: 542-552.

nature of DMD,sap closely resembles kmm Duchenne- 7. Ehmsend, Poon E, Davies K. The dystrophin-associated

causing nonsense mutations in the N-terminal, magamy

protein complexJ. Cell Sci.2002;115:2801-3.

a rew nmodel of the disease and raising the possibility th& Finsterer J, Stollberger C. The heart in human

muscle attachmentilure contributes to the pathology of dystrophinopathiesCardiology2003;99: 1-19.

either Duchenne or other muscular dystrophies. Thevkno 9. Mokri B, and Engel AG. Duchenne dystrophy: electron

localisation of the BPC to this site is consistent with this, microscopic findings pointing to a basic or early

but it seems possible that such pathology mightaschfve abnormality in the plasma membrane of the muscle

been @erlooked, as muscle biopsies are often deliberately fiber.Neurology1975:25: 1111-1120.

taken from sites at a distance from the tendon in order 1®. StraubV, Rafael JA, Chamberlain JS, and Campbell

simplify histological &aminations. It remains to be seen to KP. Animal models for muscular dystroptshow

what extent this nal requirement for the BPC in the different patterns of sarcolemmal disruptidnCell

stability of muscle attachments might contribute to human Biol. 1997:139: 375-385.

muscle diseasesubit might be prudent to re-examine thesdl. Durbeej M, Cohn RD, Hrstka RF Moore SA,

structures, especially myomuscular junctions. Allamand V Davidson BL, Williamson RA and

Campbell KP Disruption of the beta-sarcoglycan
gene rgeals pathogenetic compligy of limb-girdle
muscular dystroph type 2E. Mol. Cell 2000; 5:
141-151

Ettinger AJ, Feng, Sanes JREpsilon-Sarcoglycan,

a lroadly expressed homologue of the gene mutated
in limb-girdle muscular dystroph 2D. J. Biol.
Chem 1997;272: 32534—-32538.

. NigroV, de Sa M, Huso G, \ainzof M, Belsito A,
Politano L, Puca AA, &sos-Bueno MR Zatz M.
Autosomal  reces#  limb-girdle  muscular
dystroply, LGMD2F, is caused by a mutation in the
delta-sarcoglycan geneNat. Genet. 1996; 14:
195-198.

14. CotePD, Moukhles H, Carbonetto S. Dystroglycan is
not required for localization of dystrophin,
syntrophin, and neuronal nitric-oxide synthase at the
sarcolemma but grlates integrin alpha 7B

1. Blagden,CS, Currie, PD, Ingham, PWHughes, SM. expression and caolin-3 distribution. J. Biol.
Notochord induction of zebrafish slo muscle Chem.2002;277: 4672—46709.
mediated by Sonic hedgehd@enes De 1997;11: 15 CohnRD, Campbell KPMolecular basis of muscular
2163-2175. dystrophies.Muscle Nerv@000;23:1456-71.

Futur e research directions for zebrafish models of
muscular dystrophy

The discoeries outlined here provided us with the
tantalising possibility of applying the sophisticatedlz'
embryological and genetic methodologies afforded in
zebrafish to thestudy of the human dystrophic conditions.
In particular gpplying second site enhancer and suppressgr
screens to identify genes that may act to modulate t g
dystrophic condition is a particularly promising research
direction. Furthermore,the molecular defects present
within the remainder of the class of "dystrophic" mutants
has yet to be elucidated, and it remainglikthat these
may represent potentially wel genes that may also be
mutated in human muscular dystrophies.
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Popping sarcomere hypothesis explains stretc  h induced muscle dama ge
David L. Morgan & Uwe Proske
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Summary force on stimulation rate is chandednd the optimum
] ] ] _ length is immediately shifted to longer lengthsn some
1. Exercise that ivolves stretching a muscle while gxheriments, usually in frog fibres, the tension at long
actve @use microscopic areas of damage, delayed O”ﬁg‘f th has been shown to increase, making the changes in

muscle soreness, and adaptation to withstand subsequgsation unable to fully account for the shift in optimum
similar eercise. lengtlP.

. . g
2. Longer muscle lengths are associated with greater Perhaps most importanfly eccentric  eercise

damage, and recent animajperiments shw that it is the  produces a rapid adaptation, so that a second similar bout of

length relate © optimum that determines the damage.  exgcise produces substantially less soreness and Tnjury
3. In humans walking down stairs, takingavat a

time increases the length of the muscle during theopping sarcomese hypothesis
lengthening and increases the delayed onset muscle

soreness. The popping sarcomerg/hothesi8 states that stretch
4. The observed pattern of damage is consistent withduced muscle damage results frorerw non-uniform
explanations based on sarcomere length instabilities lengthening of sarcomeres when eetituscle is stretched

5. The pattern of adaptation is consistent with thB&ond optimum length. If sarcomeres are bend
number of sarcomeres in series in a muscle beiﬁ’@t'mum length, then the longest sarcomeres will be the

modulated by ercise, especially the range of musclevealest, and so will be stretched more rapidly than the

lengths @er which eccentric xercise regularly occurs. others, and so become weagkuntil rising passie ension
compensates for falling aeé tension. Br at least some
Muscle stretch muscles, this corresponds to lengths beyond filament

. ) . . overlap. (The situation in other muscles is unclear

When muscle is stretched during ®etiension  gepending on the origins of the resting tension.) As the
generation, thevent is commonly though not intuitiely,  \yealest sarcomeres are not at the same point along each
described as an eccentric contracti@ther terms include myofibril, this non-uniform lengthening leads to shearing of
pliometric contraction, or ae dretch. Themuscle IS myofiprils, eposing membranes, especially t-tubules, to
being forcibly lengthened ~while trying to shorteniage deformations. This is thought to lead to loss of
Enegetically the muscle is absorbing work, not performingacium jon homeostasis, and hence damage, either through
it. In common terms, the muscle is being used as aebralfearing of membranes or opening of stretch vateil
nota motor. o _ _ channel® It is postulated that the adaptation to eccentric

Eccentric contraction is an important function ofygcise consists of increasing the number of sarcomeres in
muscle, occurring during aviiies ranging from lowering a geries, so that a \gin muscle length corresponds to a
load to walking down hill.It is present in manforms of = gporter sarcomere length. In particukie adapted muscle

exacise, such as running, particularly whenwdonhill is  confines eccentric avtty to muscle lengths less than
included, horse-riding and skiing, where the action could Bgytimum.

better described as shock absorbing rather than braking.
Eccentric contractions seldom occur in cyclingyirgg or  Optimum length
swimming. ) ]
For a smple muscle where all fibres V& the same
Stretch induced muscle damage. number of sarcomeres in series, the optimum length for
tension generation during maximal aetion will be given

Itis a long standing observation that "unaccustomegly, ihe |ength of tendons, plus the product of the number of
eccentric gercise can lead to stibnd tender muscles K& g5rcomeres in series and the optimum length of a

day known as Delayed Onset Muscle Soreness, or DeM%aflcomere. & a muscle containing fibres with a range of
It has become apparent in recent years that unai\ccustomﬁqe number of sarcomeres in series, thevabrelation will

can mean at unaccustomed length, as well\adving an  approximately hold if the number of sarcomeres in series is
unaccustomed number of repefitions or unaccustomgghiaced with thearage number of sarcomeres in series.
forceg3 This is a ley d:)ser\a_\tlon that vy|ll be re_lnforced As the optimum length of a sarcomere igéixand tendons
later DOMS 'is accompanied by microscopic musclgye sigy to remodel, shifts in the optimum length with
damage, with multiple areas of damage scatterefgcise that occur within a ¥e days can be confidently

throughout the muscle, but each confined to a single*fibrgssigned to changes in the number of sarcomeres in series.
The maximum force is also reduced, the dependence of |, ihe popping sarcomere hypothesis, the optimum
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muscle length tads on three very important roles. In theduring the double step, reached 2 between 24 and 48 hours,
first, optimum length becomes a prime determinant of thmit leg B aily reached 0.4A General Linear Model of the
susceptibility; damage is predicted to occur only whe616 pain ratings was carried out for the foliog factors.
sarcomeres are used ybad optimum length. In the The time of measurement was tested as a discagiable,
second, the immediate shift in optimum length aftedue to the rise and fall of pain with time, and reached
eccentric rercise is a measure of damage, which igdgr p<0.0001. Thetime course is shown in Figure IThe
specific to eccentricxercise damage, and independent oEomparison between the A and Byde that is whether the
fatigue or damage that\iolves fibres ceasing to contract,leg had been supporting the body during single or double
both of which contribute to force dropere it is proposed stepping had p<0.0001, with thegléhat was stretched to
that the immediate shift indicates the number dbnger lengths shwing more pain. The length of the
overstretched sarcomeres, an early stage in the procssdbjects’ legs, measured as the height of the iliac crest
leading to DOMS.Experimentally the shift in optimum is abore te floor was significant as a lineaacfor with
closely correlated with theall in tension, but typically p<0.003, with taller people xperiencing less pain,
shaws less scattér In its third role, the position of the presumably because thedik step requires smaller angles
optimum is a measure of adaptatioh.muscle is gpected of flexion for taller people. Subjects also graded their
to be protected from injury if the optimum length is near toegular participation in eccentric and concentriereise on
or begond the maximum length at which the muscla five point scale. From these, arxeecise factor vas
undergoes eccentric contraction. calculated as the ddrence between the indeof
The importance of long length in determiningparticipation in eccentrically biaseaeecise and the inde
damage has been clearly demonstrated in frog sartorfos concentrically biasedxercise. Thisshaved p=0.0001,
muscles, rat vastus intermedius, and cast@cnemius. with high scores shwing less damage. Gender had
Furthermore it has been st that damage to an indilual  p<0.0001 when kglength vas remeed as a &ctor, but this
motor unit within a muscle undgring eccentric xercise became p<0.02 whenddength was included, suggestion

depends on that motor usitptimum lengtRC. that gender primarily acted through heigkiteight was not
) ) ) a ggnificant continuousdctor Measurements of optimum
Walking down stairs two at a time length were not made.

A recent unpublished experiment from our
laboratories also showed a dependence of damage on length
for human knee extensor muscles. When we walkndo 2.5
stairs, the knee extensors of the supportigguredeigo an
eccentric contraction as thesupport the body as it is 2.0+
lowered to place thextended Ig on to he next step.This
does not normally cause muscle soreness, as it is & '°]
evayday «ercise. Descendinthe same distance twgeps %
at a time causes the muscles to undergo eccentfic 1.0
contractions at an unaccustomed longer length, while still
generating the same forces and absorbing the same amount™® |
of energy. 0.0
Twenty one students alked davn ten flights of 24 T ' ' ' '
stairs with instructions to land on their heels rather than 1 2 Days a?ter exem‘i‘se ° ®
their toes. For dternate flights, the stepped dan one step
with leg A leading, and then broughtgld3 dongside, so
that leg B absorbed all the energy of descending one fligitigure 1.Mean with SEM of pain ratings of kneetensor
in 24 eccentric contractions at short length, while the kndauscles after walking down staisipported by one ¢gfor
extensors of lg A were essentially inast. For the other five flights taken one step an a tinaed the other Ig for
flights, they stepped down te seps with Ig B leading, and five flights taken two steps at a tim&he lager steps
then brought lg A alongside, so that A was the supporting’f‘tretmed the muscles to longer lengths and produced mor
leg that underwent eccentric contraction at long lengthe  SOréness.
same amount of energy was absorbed as for the other
flights, but spread ver only 12 eccentric contractions
extending_to Ionger. muscle length. The relations between  These results are all in accord with thgpdthesis
left and right, dominant and non-dominant, and A and Bhat damage only occurs when muscle isvalstistretched
were randomized. _ _ _ beyond its optimum length, and that muscles adjust their
Subjects rated soreness in their left and righfptimum length by adjusting the number of sarcomeres so

quadriceps muscles twice daily for thexnereek on a scale that actve dretch normally occurs only at lengths less than
of 0 to 10, representing no pain anctreme pain optimum.

respectiely. Most &perienced only mild pain. Figure 1
shaws that the mean pain rating foglé, the support lg

-~ Leg supporting during double step
-o- Leg supporting during single step
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Sarcometre addition as a protective mechanism contractions, and because {ttege subject to muscle tears,
) ) o ) which are thought to occur during eccentric contractions in

The idea that adaptation to eccentrereise Consists ctyities such as sprinting where yhact as brakes on the
of adding sarcomeres in series in fibres has a numbergfiyarg swing of the Ig, particularly the lower lp They
supporting obseations. It ties in closely with the 416 also a camnient muscle to usexperimentally as
obsenations thadamage depends critically on the range Oﬁassi/e ension about the knee is smalleo most of the
lengths of the stretch compared to optimurt. alsO  anatomical range.The optimum knee angle for torque
explains wly biopsy studies hee been unable t0 s generation can be reliably measured by isokinetic
differences with adaptation, as the sarcomeres &fgnamometry where an angle torque cenis measured
unchanged. lis consistent with previous observations tha&uring maximum wluntary contraction with constant
the number of sarcomeres in series is capable ofuedati velocity shortening. Doing a number of cycles and
rapid chang¥, though the mechanisms are yet to be fu”)évefaging impraes the reliability.
elucidated. ltalso gves a eason for the rersal of Using this measure before and after a series of

training. Extrasarcomeres in series increase the @Ner gccentric gercises produced a significant shift of about 7°
consumption for isometric force w@opment. This ;, optimum knee angle for torque generatfon The
provides an incenge © shed un-needed sarcomeres in theygcise was a series of "hamstringwkrs”, where the
interests of efciengy of tension generation.Extensve g piact knelt on a pad with ankles restrained and hips
exacise ivolving only concentric contractionsould be  giraight, and leaned slowly foand from the knees as far as
expected to increase this, supporting the anecdoighssible before collapsing. This led to muscle soreness in
obsenration that "couch potatoes" are less prone to eccentfjq hamstring group. Some subjects repeated tbeige
exacise damage to knee extensors thgule gclists. In g days laterand sufered much less sorenesgain

this view, the number of sarcomeres is continuouslyccentric gercise, DOMS, increased optimum length and
modulated up or down to maximisefieiengy while adaptation all occurred together.

avading damage during "normal"_ acitly. Investigating_ A less well iwestigated consequence of the
the mechanisms of the adaptation is beyond our eXpert'Sehypothesis is that the unloaded shortenietpsity should
increase with eccentric training, as the unloaded shortening
velocity of a fibre is the sum of the velocities of the
Direct evidence for sarcomere number modulatiofarcomeres. Soniedications of this hee keen reportet,
has come from rat vastus intermedius muscles, the postdfgugh the long time course nekit difficult to rule out
knee atensord? Rats were trained by running on anfibre type change as an altermatexplanation.
climbing or descending treadmill for about 20 mins per day It has been noted in tetanically stimulated animal
for five days, in a protocol that had been previousiysho muscles with multiple fibre types that the damaged fibres
to cause damage to these muscle in the descending gratg largely fast twitch fibrés In sub-maximal wluntary
but not the climbing groul®. The muscles were fixed andactivity the opposite is trdé presumably because thast
then digested in acid. Intact fibres were identified in seriéitch fibres are not likely to be actied. Hencethe fast
dilutions of the digested muscle, and the number &fores can be seen as being susceptible in tetanic
sarcomeres estimated from fibre length and sarcomdentractions because there not recruited, and hence not
length, measured by laser fdiiction. From these the trained, during normal submaximal ady. If training
number of sarcomeres in fibres was calculated. All groug@nsists of increasing the number of sarcomeres, then slo
had quite broad distriltions of sarcomere numbers, but thénotor units should he longer optima than fast units, or
means were significantly i#rent between training groups. more preciselythe most susceptible units should/éahe
The descending trained animals had the largest sarcomg&@rtest optima and bast type. This was tested for cat
count, the climbing trained rats had the smallest counts, a@@trocnemius motor unit® It was found that all motor
sedentary rats had intermediate counts, though closer to tiéts with optimum length less than the whole muscle
climbing group. This could be interpreted as the respong@timum had a time to peak twitch of less that 50msec, that
to concentric ®ercise being either smaller or slower tharis all slav motor units had long optimalnterestingly a
the response to eccentriceecise. small number of fast twitch units had long optimum
In another series ofkperiment$?, vastus intermedius lengths, suggesting that théxave adapted to, and hence
muscles of treadmill trained rats were tested mechanicalere subject to, regular eccentrieeeise. Havever as he
while still in situ, that is attached to the bonest Wwith all experimental observation was that all damaged fibres were
other muscles about the knee joint reetb Thisavdds fast, not all fast fibres were damaged, tkistence of units
introducing  uncertainties into muscle length. In  thatare both fast and well adapted is not inconsistent.
descending trained rats the knee angle for optimum torque  Different optimum lengths may be due tofefiént
generation corresponded to longer muscle lengths thant@ndon lengths as well as feifent numbers of sarcomeres.
climbing trained rats, and the muscles of descending traindéhere a relatiely rapid (hours to days) shift of optimum is
rats suffered less damage from an acute bout of eccenfitwn, it is more likely that sarcomeres aredived than
contractions wer the same range of knee angles. tendon. Thisis less clear with experiments such as the
In humans the hamstring muscles are of particul&bove mwmparison of motor units, where the adaptation has
interest, because there used relatiely rarely for eccentric taken place ver a lifetime, so that tendon adaptations

Evidence for sarcomee number modulation
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Popping sarcomex hypothesis

cannot be ruled outHowever, the basic fipothesis that

muscle adapts optimum length tovoml eccentric 25 < o Climbing
contractions bgond optimum is not affected by this e Descending
complication.

20 —
Are aher mechanisms iwvolved?

gle (°)

It is possible that adaptation of optimum length doe& 15 |
occur but that other adaptation mechanisms are alsg
important. Thiswas tested by training more rats asg
described abee, ether climbing or descending. Al 8 1p _
animals were then anaesthetised, and the vastus interme@Js
subjected to a series of 20 eccentric contractioAl. =
stretches had an amplitude of 27° of knee angils, bic 5 -
beginning at diferent knee angles. In some animals stretc

began at he measured optimum angle, while in others it

began from 90° of knee angle One way of analysing these 0—®
data is shown in Figure ZDamage has been quantified by ! ! ! ! ! ! ! !
the immediate shift in optimum angle, but the tension 9 8 80 75 70 65 60 55

decrease shows similar resuli&’hen the damage is plotted
agpinst the absolute knee angle from which the eccentric
contractions bgen, the climbing and descending trained
muscles clearly fall on tevdistinct lines, confirming both 25 — o Climbing
the «istence of a training effect and the dependence of e Descending
damage on muscle length. When the same damage dataare 20
plotted aginst the angle rela © optimum from which "

the acute eccentric contractionggae the tvo groups All ?

on the same line. Damage still depends on sarcomese 5 _
length, but not independently on trainingStatistical g
analysis of the data confirmed these conclusions. If trainirg

group (discrete) and absolute knee angle (continuous) wége 10 —
used as factors in a General Linear Model, growgs wO

highly significant. If absolute knee angle was replaced b

relatve knee angle, group was no longer significafhis & 5 —
indicated that déct of training attributable to mechanisms?’

other than the shift in optimum length was not statistically

Absolute included knee angle (°)

@ O®

significant. 0o-®
These ideas and observationsréhdeen useful in ! ! ! ! !
directing current research into eccentriereise, such as 40 30 20 10 0

examination of the role of transverse teés® and in muscle

injury preventionis Included angle relative to optimum (°)

Summary Figure 2.The shift in optimum angle after acute eccentric
contractions from various initial lengths, in climbing and
There is nw an etensve body of evidence that descending trainedats. In the upper panel, data ar
damage from eccentricx@cise is strongly dependent onplotted ajainst the absolute knee angle from hhic
the sarcomere lengthsves which the stretching occurs. stretthes bgan. Themuscles setdhed from 90° & on he
Adaptation in a number of preparations has beewsto |eft, and those sttched fom optimum length wer
be accompanied by a shift in optimum length, and the Shﬂ'é’]erally longer and mag camaged. Mostimportantly the
has been shown to account for the major portion of thimbing and descending animalseadearly sepaated. In
adaptation. Allof this provides evidence that damagehe lower panel the same dataeapotted against angle
occurs when sarcomeres areydied optimum, the central relative to optimum.in this case the musclesetithed fom
prediction of the popping sarcomergpbthesis. Thiss  optimum all appear at zero, and thoseesined from 90°
true whether the stretch progresses to damage by tearinga@f cenemlly stretched from less than optimum and
structures or by opening of stretch aatiéd channels. damayed less. Inthis case the climbing and descending
trained animals a& ot separated.
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Identifying athletes at risk of hamstring strains and ho w to p rotect them
U. Proske, D.L. Morgan*, C.L. Brockett & P. Percival*
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Australia
Summary figures indicate that current pemtative grategies for this
] o o kind of injury remain inadequate.
1. One common soft-tissue injury in sportsalving Epidemiological eidence suggests that hamstring

sprinting and kicking a ball is the hamstring strain. Straigyains are associated with eccentric contractions, where the
injuries  often occur while the contracting muscle igontracting muscle is lengthen®d.Hamstrings undeo
lengthened, an eccentric contractiore Miveproposed that eccentric contractions during sprinting, kicking the ball and
the microscopic dgmage to muscle fibres Whlch r_outmebllckmg up the ball. Indeed, it is gelarly observed that
occurs after a period of unaccustomed ecceni@cise, §yring these activities, players incur hamstring strains. This
can lead to a more e strain injury. fact has led us to propose awnepproach to hamstring

2. An indicator of susceptibility for the damage fromgyrains, indeed, to all muscle strains, based on recent
eccentric rercise is the optimum angle for torque. Whenegearch.
this is at a short muscle length, the muscle is more prone to  \we rave been studying the mechanical changes in a
eccentric damage. It is known that subjects most at risk of@scle subjected to a series of eccentric contractions.
hamstring strain he a pevious history of hamstring pccentric aercise is the only form ofsercise which is
strains. By means of isokinetic dynamomgtwe have. routinely accompanied by muscle damager. & review of
measured the optimum angle for torque for 9 athletes withg, topic see Proskand Momgan.4 Here we hae gne one
history of unilateral hamstring strains.eVdso measured gien, further and proposed that under certain conditions, the
optimum angles for 18 athletes with nopoais history of microscopic damage at thevék of muscle fibres from

strain injuries. It s found that mean optimum angle in thgccentric contractions magpt imes, progress to a more
previously injured muscles &s at a significantly shorter major strain injury.

length than for the uninjured muscles of the othgrasd

for muscles of both s in the uninjured group. This resultMuscle damage from eccentric exercise

suggested that primusly injured muscles were more prone ) ) _ )

to eccentric damage and therefore, according to our ECCentric gercise, in someone unaccustomed to it,

hypothesis, more prone to strain injuries than uninjurggfoduces stiffness and soreness next dais is because

muscles. the eercise has led to muscle damage which, in turn, leads
3. After a period of unaccustomed eccentriereise, to sensitisation of nociceptotsWhy eccentric &ercise

if the exercise is repeated a week latdrere is much less Produces muscle damage can bel&ned in terms of a

evidence of damage because the muscle has undergondl&Qry based on sarcomere dynarﬁmns proposes that

adaptation process which protects it against further damag® descending limb of the length-tension euir sleletal

We popose that for athletes considered at risk of g\uscle is a region Qf instabilityv¥hen a sarcomere, whlch_

hamstring strain, as indicated by the optimum angle f& Wwealer than it neighbours, lengthens on the descending

torque, a regular program of mild eccentniereise should limb, it becomes progressly wealer. In addition, when

be carried out. This approach seems to work sivickerce the y|eld_ pomt of the force-velocity relation is reached,

from one group of athletes, whoveaimplemented such a lengthening is rapid and uncontrolled, without the

program, shas a significant reduction in the incidence oflevelopment of additional force. The rapid lengthening will
hamstring strains. only stop when tension in pagsigructures associated with

the sarcomere has risen fatiéntly to balance the tension
being generated in adjacent still-functioning sarcomeres.
Introduction Then the next weakest sarcomeregibe to lengthen
uncontrollably This process continues for the duration of
; ; 'the applied lengthening during the eccentric contraction.
sports such as Australian football and track and fieddts, Once a sarcomere has been stretched to the point of
including sprinting and hurdling. The Australialmd?t?oall ‘no overlap, when the muscle reles, the sarcomere risks
League (AFL) has the hamstring strain at the top of ii§scoming disrupted, that is, the myosin and actin filaments
injury list W.Ith 16% of all injuries attribted to it. V\Qrse no longer interdigitate propetly A non-functioning,
still, the re-injury rate for players who Ve@d some time iy nted sarcomere represents a point of weakness in the
incurred a hamstring strain currently lies at 34%hese 1 scle. During repeated eccentric contractions the area of

Hamstring strains are a common soft-tissue injury
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Figure 1. A: Changes in sarcomere length-tension relatialdwing a series of eccentric contractionsA computer-
simulated curve of total ssomee tension has beerepresented, based on the active length-tensitation'! to which the
estimated, xponentially rising passive tension has been added. Tension has been normalized relative to the maximum
active tension. Length is of a féopostulated to comprise 10,000 samees with a sasomee length of 2.5um at gtimum
length. The control curve (solid line) is on the left. After a series of eccentric contractions, 10%oafeszs have their
tension output set to zeto dmulate disruption. That shifts the length-tensietation in the direction of longer lengths by
3 mm, as shown by the dashed curve on the right. Redrawn fromeRrudiorgan?

B: Dependence of the shift in length-tension relation on the starting lengthe filled circles epresent the data dm
ead of 6 bad sartorius muscles subjected to 20 eccentric aotitns. These werective stetdes of 3 mm (10%_).at 3
muscle lengthss They were gpplied at pogressively longer lengths, thedtrat a starting length of 0.8 Lthe last at 1.2
L, At longer starting lengths, the resultant shifts in optimumenfarge. To provide an indication of wher on te
sarcomee length-tensionglation these shifts lay superimposed active sewmee length tension curve has been shown
(from Gordoret all?) Figure redrawn from Talbot?

disruption is likely to grev and a point is reached where Signs of damage

membranes are torn and the muscle fibiginseto contract . ) ,
uncontrollably leading to a rise in whole-muscle passi Evidence for the presence of disrupted sarcomeres in

tension? Ultimately some of these fibres are likely to flie. Series with still functioning sarcomeres is provided by a
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Figure. 2. Drque-angle curves for human hamstring muscles, before and after a series of eccentric contradtobmse
and angle values werdbtained from a series of maximal knedeasions carried out on an isokinetic dynamometer
Gaussian curves weffitted by computer to the top 10% of the digitised andamednalues (continuous lines). These gave
values for peak torque and optimum ang@pen circles £ S.E.M.), data acquired immediately b&fahe eercise
(Contml), filled circles ¢ S.E.M.), immediately after thexaacise (Immediate ¢5t-Execise). The xercise consisted of a
series of controlled forwalr falls, using hamstrings to hke the fall. Fgure redrawn from Bodket et all® Downwards
directed arrows indicate the shift in optimum angle (7.2°). Horizontal arrows show the drop in torque (12.6 N).

shift in the muscle length-tension relation in the directionbased on the proposal that damage at thd b single
of longer muscle lengthsi® This can be modelled by muscle fibres can, at times, lead to a major, tearmuscle
means of a sarcomere length-tension eubased on strain® If we are right, it means thatvidence for a
Gordon, Huxlg and Juliant! A disruption of 10% of predisposition for eccentric damage is also an indication of
10,000 sarcomeres, each with a length of gd a vulnerability for strain injury.
optimum, produces, in a muscle 25 mm long, a shift of 3  We have tested this proposal byfirst of all,
mm, in the direction of longer lengths (Fig. 1A). measuring torque-angle curves for hamstring muscles in
Since the instability of sarcomeres is present only amtrained subjects.Curves were constructed using an
the descending limb of the length tension curve, the singispkinetic dynamometerSubjects were agd to carry out a
most important determinant of the amount of damage asdries of isokinetic contractions and the torque and angle
disruption from eccentric contractions is the length rangggnals during each contraction were digitised, sorted
over which the muscle is stretcheéor amphibian muscle, according to length andreraged. A computer fitted a cv
the size of the shift in optimum length is directly dependemd values abee 0% of torque to determine the optimum
on the starting length for the stretch. The shift is small (Langle. Subjectsvere then asdd to carry out a series of
2 mm) when the starting length is beldhe optimum. It eccentric contractions with their hamstring musclest F
increases steeply up to 5 mm whenxiteeds the optimum this they were asked to kneel on a padded board with their
(Fig. 1B)1? feet strapped to the board at the ankle. Subjects were
There has been much debaterdhe reliability of the instructed to lower their trunk dm onto the board, using
various damage indicators after eccentn@reise. In our their hamstrings to brakthe fall. Subjects carried out a
view the drop in force is not as reliable an indicator as series of such ‘hamstring lowers’ and then a second torque-
shift in optimum length. This is because during repeatexhgle cure was constructed immediately afterwards.
eccentric contractions, as occurs in most sports, the force An example of a pair of torque angle oesv
drop may be confounded bwtigue effects. The shift in constructed before and after a period of eccentacise is
optimum is present immediately after thgereise, not shown in Figure 2. For 10 subjects tested @snfound that
delayed lile oreness, and the size of the shift is a dired¢here was adll in optimum torque, by arverage of 25%%
indication of the amount of damage that has occurred.  4%), and a shift of the optimum angle of #3°).1° This
Our approach to the problem of hamstring strains i®sult confirmed that it was indeed possible to obtain
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evidence for muscle damage in hamstrings after a seriesmfich less stiffness and soreness. This is the “repeated bout

eccentric contractions. effect”!’ Folowing damage from the first period of
) o o exacise, the muscle adapts to ymet further damage. It
Previously injured athletes are more prone to injury has been proposed that the adaptation proceslvés the

incorporation of additional sarcomeres, in series, in muscle
players with a préous history of hamstring strains fibres® It is known that such an addition of sarcomeres can
’%ccur in less than a weék.The presence of additional

subsequently re-injure. If we are right in our predictions, ) L
sarcomeres in myofibrils means that terage sarcomere

greaterthan-normal vulnerability for eccentric damagei th ien fibre lenath b | leading t
should mean an increased likelihood for a strain injlinis engih Tor a gren Tore 1eng ecomes 1ess, leading to a
ift in the direction of longer muscle lengths of the

leads to the prediction that previous hamstring-injured . ) .
subjects should shoa geaterthan-normal susceptibility ?ptlrt?]um Ieng}h for.tffc:.rce_.t That, in Itlg:K it less It'b%
for eccentric damage. Itag decided to test thigyothesis. or the muscle, within It nhorma Ing range, to be
Hamstring angle-torque  curves, as describegfretChEd onto its descending limb, thgioa of potential
previously were measured for 9 elite athletes, 5 AFL amas\t/a. - d the traini ffect in h tri
players and 4 track and field athletes all of whom ha\d ethlvtgmeasbqret et.ralnlng € elc mhlﬁar(]jwst:lng;.o
previously incurred one or more hamstring strains in ong Non-athielic subjects optimum angie shitted Dy
leg, 4 weeks or more prisusly. At the time of testing the immediately after a first period of eccentrixeeise (see

had all returned to full training and no one experiencgd a bose). By 8 days after thexercise, there remained a

soreness during testing. Measurements made on %r5|§tenttg j(“é)tﬁh'ft' '%”?W't?]g aloserc]:.?tnd period .Ofd
previously injured hamstrings were compared Wiﬂﬁxausea ay o, thereag a further 1= shilt accompanie

hamstrings of the otheruninjured lgy. In addition y a smallethan-preious drop in force and less

measurements were made on both legs of 18 AFL pIaye?QreneSé? Our interpretation is that the shift in optimum

none of whom had a previous history of hamstring strjétins.Iength after the first period of eccentrikezise reerses

The values for optimum anglesvealed dramatic only partially since repair of damaged muscle fibres is
differences. The mean optimum angle for thevipeesly accompanied by incorporation of additional sarcomeres.
injured hamstrings was 12.1% @.7°) shorter than for the This, in turn, means that the second periockefase is not

uninjured muscle (Fig. 3). A shortdran-normal optimum stretching muscle fibres quite as far asvimesly, s

length means that more of the museleorking range is on avdding the descending .Iimb of the Iength—te.nsion.eurv
the descending limb of the length-tension relation, tH%S a consequence there is less damage and disruption. If we

region of instabilty and damage. Interestinglyhe are right, and a susceptibility for eccentric damage signals a
uninjured muscles of the otherglenot. only had longer vulnerability for strain injuries, the training effect isdli
optima lut these were not significantly  different fromto be a means of providing protection against further injury

values for both legs of the uninjured subjects. So th§ aining with eccentric exercise reduces the incidence of
uninjured muscles of subjects with a history of U””ate@{amstring strains

hamstring strains sho no dgns of a susceptibility for
damage. If, as xperience shows, differences between In order to test some of our ideasjeothe last 3
hamstrings on the twddes are usually small, this findingyears we he bkeen collaborating with one of the AFL
suggests that at-risk subjects within a population afubs. In cooperation with the clibfitness coordinator a
uninjured players may notwadlys be identified by their new training program has been implemented for all players.
optimum angles. It also suggests that for the initial injur@ur approach is based on the proposition that the precursor
other factors are likely to play a role. evant to a hamstring strain is microscopic damage in
It has previously been proposed that a measure mwiuscle fibres from eccentrixecise. It follovs that if it is
susceptibility ~ for hamstring strains is thepossible to reduce the muselelisceptibility for eccentric
quadriceps:hamstrings torque raffoOther obserations damage, this will lead to a reduced incidence of strain
suggest that this ratio is not a reliable predictor of strainjuries.
injuries1® We havecalculated quadriceps:hamstrings torque Pre-season training before weghe our study vas
ratios for the muscle of the pieusly injured leg, the mainly aimed at achieving greater aerobic fithess. The ne
muscle of the othemninjured lgy and for the muscles of program emphasised kicking and othexereises that
both legs in the athletes with no history of hamstringtretched the aet hamstrings. In addition, players carried
strains. Plotting ratios for muscles of ong laanst the out some specific, tgeted eccentric xercises. These
other lgy showed no significant difference for the pireusly  included “straight-legged deadlifts” and carrying out “knee-

As mentioned earliemore than one third of all AFL

injured lgg (Fig. 3B). curls” on a GHG (gluteus-hamstringasgrocnemius)
. ) ) o machine. Br players who had incurred a hamstring strain,
The “repeated bout effect” from eccentric training initially a rather mild program ofxercise was gien and

We have all had the experience that a period 0}his was gradually increased as the subjectvezed from

unaccustomedxercise, biased twards eccentric x@rcise, the injury.

like walking downhill, le@es us $iff and sore next day ki In th.fh 2,[?101 Isebas?n, r\]NZiCh wats dbefotret \I'ngabfe
However the same xercise a week later is followed by working wi e club, the had reported a total o
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Figure 3. A:A plot of the optimum angle for torque in hamstrings for the left, or theddjlay against optimum angle for
the right or the uninjued ley. Data from 9 athletes with a @vious history of a unilateral hamstrings strain (filledat@s)
and from 18 athletes with nogyous history of strain injuries (open circles). The dashed line indicatesewaletres would
lie if they were equal. Optimum angle has beerpeessed in dgrees of knee flexion, wiee€f is when the knee is fully
exended and 110° when it is fullyxéd. Optimunmangles for the m@viously injured muscles werat sgnificantly shorter
muscle lengths, that is, a neoflexed kneethan for muscles with no history of injuryigbre redrawn, in part, fom
Brockett et all4).

B: Ratio of peak torque in quadriceps to peak torque in hamstrings. Values for athletes veiMoaspnistory of unilateal
hamstring strains shown as filled circles. Values from athletes with no history of injury shown as open cifeteacesf
in ratios between injured and uninjured musclesewet significant.
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Predicting hamstring strains

hamstring strains amongst playerafter introduction of
the nev training program, 5 hamstring strains were reported
during the 2002 seasonof~the 2003 season, the club

6. Morgan DL. New insights into the behavior of muscle

during actve lengthening.Biophys. J 1990; 57
209-221.

reported only 2 hamstring strains. This data remains Talbot JA, Mogan DL. Quantitatve aalysis of

preliminary but is encouraging. Currently testing is
continuing and other AFL clubs are beginning to
participate. So we are hoping that in the future widespread

sarcomere non-uniformities in a@i nuscle
following a stretchJ. Muscle Res. Cell Motill996;
17: 261-268.

implementation of a program of targetted eccentxgaise 8. Whitehead\P, Morgan DL, Gregory JE, et al. Rises in

will lead to a dramaticdll in the incidence of hamstring
strains.

Conclusions

The outcome of this first cooperai gudy has
ohviously delighted the AFL clutBut it has also pndded
additional supporting evidence for our proposal of a link
between the microscopic damage routinely incurred aft P
eccentric gercise and deslopment of a more major muscle
tear If protection against eccentric damage can be aethie
with a regular program of eccentrigeecise, this will be the
means of pneenting the occurrence of all such strainll'
injuries. The eidence suggests that in athletes with a
history of unilateral hamstring strains, the uninjured muscle
is indistinguishable in its properties from muscles o
athletes with no history of such injuries. It m#yerefore,
male it difficult, at times, to detect at risk athletes in a
uninjured population. It means that all participants in sporrﬂs3
known to be associated with the occurrence of hamstring
strains should be subjected toguar eccentric xercise
programs, carried out in combination with measurements fil
optimum angle for torque, to malaire that the xercise :
has led to the desired adaptihanges.

Now it remains for other AFL clubs, indeed, other
sporting bodies confronted with the problem of hamstringJS'
strains, to participate in similar training programs, to help
eliminate this kind of injury.
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Summary 1 in 3500 male births. The disease is characterized by
) o ] progressie muscle wasting and weaknesaffected bgs

1. Stretch-induced muscle injury results in theye ysually confined to a wheelchair before the age of 12
damage which causes reduced force and increasgty die in their late teens or early twenties through
membrane permeability This muscle damage is partly yegpiratory muscle failure. 8eral studies hee sown that
caused by ionic entry through stretch-eatgd channels gy muscle fibres (an animal model for human DMD) are
and blocking these channels with 3(§cbr streptomycin - more vulnerable to stretch-induced injury and the increases
reduces the force.deflc[t gssomated with damage. _in membrane permeability were gre&t@mDystrophin, the

2. Dystrophm-deflClent.muscles are more susceptlbﬁrotein absent in DMD and thadx mouse, connects the
to stretch-induced muscle injury and the sy from  cyiosieletal network to the sarcolemma, and is thought it to
injury can be llncompletey\/e have fggnd that Na entry provide mechanical reinforcement to the sarcolemma and
associated with stretch-induced injury is enhanced |finimize damage induced by contractile wtgiin normal
dystrophin-deficient muscles and that blockers of stretchyscle However the reasons whabsence of dystrophin
activated channels are capable ofyerting the ionic entry cayse increased in susceptibility to stretch-induced injury

and reducing the muscle damage. ~and the sequence ofvemts leading to muscle necrosis
3. A model is presented which proposes link$emain unclear.
between stretch-induced injygpening of stretch-aci@ted In recent years, attemptsveakeen made to replace

channels, increasedvis of intracgllular ions and'arious or transform the defeet dystrophin gene using genetic
forms of muscle damage. While changes in Na ,hnroaches such as viral and plasmid vector thesad
accompay stretch-induced muscle injuryve kelieve hat  coprectie gene comersion therap. While such approaches
changes in G4 probably hae a nore central role in the have been efective in the mdx mice®10 in humans these
damage process. therapeutic strategies Ve rot so fr been of therapeutic
value because of inefficiencies in the defery and
expression of the very large dystrophin gene and because of
Muscles which are stretched during contraction afigimune responses to parts of the expressed dystréphin.
susceptible to damage particularly when therase is In this review we focus primarily on the mechanisms
prolonged and unaccustomed. It is widely agreed that damage associated with stretch-induced damage in both
stretch-induced  injury  includes  both  structuravild-type andmdx muscle fibres. Specificallyve dscuss
disoganization and changes to ionic regulation of théhe evidence that the activity of the stretchabtid (or
muscle fibres. The structural and functional changes includi®echanosensit®)  channels  after  stretch-induced
focal sarcomeric disgenisation, increase membranecontraction injury is enhanced. v@n the higher opening
permeability reduction in force, delayed muscle sorenesgrobability of stretch-aotbted channels imdxmyotubes'?
and reduction in joint range® Severely damaged fibres we postulate that this abnormally high activity provides a
may degenerate and this is then normally fedd by leak pathway for C& to enter the cell causing cellular
regeneration aswvidenced by force resery.# In normal damage. Blocking these channels mayigi® a therapeutic
individuals, this gcle of damage and repair lasts 4-6 daygpproach for reducing muscle damage in DMD patients.
and is associated with symptoms of transient musc
soreness, stiffness and weakneldswever in patients with
debilitating muscle dlseases,_the muscle dam_age_ M@&Ranges following stretch-induced muscle injury
frequently leads to degeneration and thgereration is
insufficient to compensate for damage. It has long been recognized that cellular and
Duchenne muscular dystropfDMD) is an X-linked ultrastructural damage occur following stretch-induced
genetic disease caused by the absence of the proteinscle injury in humans and animals. This includes
dystrophin. This desstating disease affects approximatelymyofibrillar disruption especially at the Z-lines and loss of

Introduction

e‘tretch-induced muscle injury in wild-type fibres
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Stretch-induced muscle dagea

the gtoskeletal proteins, such as titin and desiit® In Does [N&], increase following stretch-induced muscle
addition to the morphological abnormalities, a decrease damaye?
the force production and the shift of optimum length) (L

hae keen observed following stretch-induced muscle  If the mechanism proposed afgo for the
injury.16-18 development of vacuoles is correct, then a rise in [1Na

The ‘popping sarcomere hypothesis’ proposed ould followed stretch-induced muscle damage. test

Morgan'® suggested that when muscles are stretched durifilis idea we measured [Nawith a fluorescent indicator
contraction on the descending limb of the tension-lengfi®BF)- Following the stretch protocol, [Nk rose from the
relation the sarcomeres shonon-uniform increases in 'esting leel of 7.3+ 0.2 mM reaching a meleve of 16.3+
length. Ingeneral the weakest sarcomere will stretch firdt® MM. It is interesting to note that the rise of TNa
making it weakr still and then it will stretch rapidly to °ccurred slowly takingS-10 minutes to reach to a steady
some maximum set by structural proteins in the sarcometéite. o ) )
i.e. it will ‘pop’. If lengthening continues after the weak To determine if the rise was caused by increaseti Na
sarcomere has ‘popped’, then thexneeakest sarcomere iNflux, the stretch protocol was performed in aviNa*
will elongate. It is likely that repeated lengtheningsolution. This solution eliminated the rise in [Ng
contractions lead to increased numbers of disrupt&ydgesting that Nanflux from the extracellular spaceas
sarcomeres in which the myofilamentsil f to re- responsml(_a. d determine whether inhibition of_the l_\la
interdigitate. Furthermorethe werstretched sarcomeresPUMP, for instance by damage to the pump or isolation of
increase the series compliance so that there is a shift in {8 Pump within sealed of-tubules, contributed to the rise
active length-tension relation to longer muscle lengths. Thf [Na']; we performed experiments in ouabailocking
shift following stretch-induced damageasvfirst described the N& pump with ouabain caused awldse of [Na]; but
by Kat2° and subsequently confirmed in whole musclef€ rise of [N&]; produced by stretched contractionasw
and humandl?4 Structural ®idence of werstretched further increased suggesting that the this rise was not
sarcomeres was obtained by electron microgaddiibres caused by inhibition of the N@ump:®
fixed during contraction, and supported the non-unifor
sarcomere ypothesis. Theoccurrence of wer-stretched
sarcomeres after a single bout of lengthening contraction The SBFI e&periments establish that [Na rises
has been quantified and has beemshm account for more following stretch-induced muscle injuryut they do rot
than half of the stretéh identify whether the increase in [Nawas via membrane
The primary injury in stretch-induced muscle damaggears. Earlier xperiments hee established that resting
appears to be mechanical in nature with localisgbns of [Ca?*], also rises following stretch-induced damage and this
sarcomere inhomogeneities. There is also evidence thige may be the stimulus that trigger calciumyatéid
changes in excitation-contraction (E-C) coupling may plagroteases which initiate muscle fibregdreratior?? If Ca2*
a rle in triggering the biomechanical and biochemicaéntry were at sites of membrane damage one wouldce
changes following stretch-induced injualcium has long to obsere localised efestions of [C&"]. in the region of
been thought to play a central role in muscle dam&geoverstretched sarcomeresHowever published  studies
Earlier study in our laboratory on single wild-type musclghaved that the distribution of [éai was uwniform.30-31
fibres” shaved that both tetanic [, and force were One possible explanation for these findings is that the
reduced follaving lengthening contractions. Furthermore, &arcoplasmic reticulum rapidly sequesters2*Cavhich
persistent elegtion in resting [C&], was dso obsered enters the fibreFor this reason, imaging [Nk might be a
though the mechanism of this increase was uncle@etter strategy since there is nogkrand actie snk for
Another indication of increases in resting {Jaarises [Na*]. in skeletal muscles and detection of localised
from measurements of passitension which has been elevations might therefore be easier.
shown to rise after a series of eccentric contracfidns. We imaged [N4], with a confocal microscope Viag
One possible cause for the increase in resting'ICa loaded the fibres with sodium green. {Nancreased after
would be if Ftubules were forcibly disconnected from thethe stretch protocol consistent with the SBFI resuits b
surface membrane during stretch-induced injury causingmilar to the earlier [C4], experiments, no localised
increased membrane permeabilifio study this possibility elevations of [Nd], were detectedf These results probably
we performed experiments on single muscle fibres and usg¢@lude lage membrane tears but obviously small,
an extracellular fluorescent dye (sulforhodamine B) whicultiple, transient tears might vex escaped detection.
enters the Tubules. fllowing a series of eccentric (or Another possibility is that the Naentry occurs through a
stretched) contractions the-tdbules were found to be class of Na permeable channels which are open for ynan
distorted and extracellularazuoles attached to-tlibules minutes after stretch-induced muscle damage.
were observed. Previously it had been shown that such
vacuoles were a consequence of increasedigctf the Stretch-activated ion channels in skeletal muscle fibres
Na" pump as it remees excess Na from the intracellular
spacé® and we confirmed that theasuoles observed after
stretch-induced damage were alsovpnéed by inhibiting
the Na pump with ouabaid’

'Boes N4 enter through tearin the membrane?

One possible contrilfor to the increased membrane
permeability following stretch-induced muscle damage is
the involvement of stretch-aetited channels. trolvement
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of the stretch-aoteted channels leading to membranegreater damage than in wild-type muscle filjrés.
depolarization in rat muscle fibres after lengthening The gtoskeletal protein dystrophin is thought to
contractions has been reporfdThese results suggestedprovide mechanical reinforcement to the sarcolemmal
that membrane depolarization was due to an increase'in Naembrane and minimize damage induced by contractile
permeability and the accompanying increase it iNBux.  activity in normal muscles. Since dystrophin normally
Stretch-actiated channels of various ionic seleites hare links the contractile proteins to the DGC membrane
been found in mancell types including striated muscl&s. comple it may prevent the relatre novement between the
These channels were first described in cultured chickyofibrils and the suaice membrane. In the absence of
embryonic skletal muscle cell® They respond to dystrophin there may be relati movement between the
mechanical stress by increasing the open probdBifity myofibrils and the Fubules which attach to the sade

and act as membrane-embedded mechano-electrice@mbrane and then pass perpendicularly through the
switches, opening a lge waterfilled pore in response to myofibrils. Relatve novement would therefore be
lipid bilayer deformations.This process is important in a expected to damage both thetubules and the suate
wide array of cellular activities such as volumgulation, membrane. Anothepossibility is that the dystrophic cells
electrolyte homeostasis and sensory transduction, andaig often abnormal in shape (branching, tapetiag)that
critical to the response ofving olganisms to mechanical stretch might be more prone to cause cell damage because
stimulation3>-36  Non-selectie dretch-acwated cation of the non-uniformity in shape.

channels pass €aas well as Naand K, whereas others Apart from mechanical reinforcement, it has been
classes of mechanosensiti channels are seleedly suggested that dystrophin isvalved in the clustering of
permeable to Kor CI.37-38 ion channels within the sarcolemma. Using the raarge

Gadolinium (GdY) and streptomycin ha& tkeen quench technique, the membrane permeability for cations
reported to block stretch-acsied channel$é3%42 They has been shown to be dwimes higher in restingndx
have keen used to inhibit cation-permeable stretchvatetii muscle fibres than the wild-type fib¥sThese authors
channels in cardiac and edktal muscle cells. Although shaved that this leak channelas blocked by 50 uM Gt
Gd®* is the most widely used blocker of stretchazattid raising the possibility that a stretch-aeted channel might
channels?#3 it is relatively non-specific blocking L-type be involved. Thisidea is also supported by patch-clamp
C&* channels? store-dependent €achannel® and Cli  recordings frommdx myotubes in which single channel
channel® though generally with Ilwer poteng. actvity was recorded and stretch-semviyi tested by
Identification of the physiological role of stretch-matéd applying suction. The results skhed a 3-fold higher
channels has been hampered by the absence of spedifiening probability of the stretch-aaied channel€ in
channel blockers or agtitors. The spider enom peptide mdxcompared to wild type fibres. As these channel& ha
GsmTx-4 described by Sachs and colleafjuisstne most been shown to be present in the sarcolemma, and are non-
potent and specific inhibitor of stretch-meted ion specific cation channels allowing influx of Tand N4,
channels described so far. this pathway could contrilte to the eleated resting [C%l*]i

Given the failure to detect localised Nantry in our and [Nd],. Furthermore, stretched contractions can result in
imaging eperiments, a blocker of stretch-aeted actvation of these channels, and the resulting*Gaflux
channels (Gt or streptomycin) was applied for 10 mincan trigger C&-dependent proteolysis and leack@ually
following stretch-induced damage. Not only did theéo muscle necrosis.
blockers preent the increase of [N after the stretch _ ) )
protocol but it also prented part of the force defidtwe Stretch-activated channel blogs in the pewention of
hypothesise that stretched contractions open stretcHfetch-induced muscle dage
activated channels and aWoinflux of Na and C&* ions.
The consequent rise in [Naactivates the NaK* pump
and the efflux of Naand HO through the Fubules is

thought to cause theaguoles. Thencreased [CH]; may fibres following stretch-induced muscle damage. Single

actvate proteases and phosph_o lipases \_Nh|cdause mdx muscle fibres were isolated and loaded with sodium
membra‘?‘? damage a_QS the increase in membra&eeen for examination under confocal microsctdpWe
permeability (see Fig. 2§ shav that [N&], in mdx muscles (15.4t 1.1 mM) was
Stretch-induced muscle damage imdx muscle fibres higher than control (9.2 1.1 mM). Similar to othemdx
muscle studie®/ there was a greater reduction in force
Function of dystrophin in the gwention of stretch-induced following lengthening contractions than in wild-type fibres.
muscle damge We dso obsere a sgnificantly greater rise in [N

) following lengthening contractions than in wild-type fibres
Duchenne muscular dystroplfDMD) is caused by (see Fig. 1A).Just as in wild-type fibres, the increase in

mutations in the dystrophin gene whichver dystrophin - [Na*). was wniformly distrituted across the cell and there
expression. Lackof dystrophin causes disruption of theyas no aetectable localized efetions. Gien that Gd* and
dystrophin-glycoprotein compte (DGC) and results in streptomycin reduced the weited [N&] in wild-type

sarcolemmal instabilityStudies performed on dystrophic fipres we applied these stretch-gated channel blogs
muscles hee $owvn that lengthening contractions induce

The abee results suggest that €aleak pathvays
which may be stretch-agtited are more pralent in mdx
fibres. W therefore tested the changes in Nan madx
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Figure 1. Na* fluorescencedllowing strett-induced injury in wild-type andndx muscle fibres.The fibres wer loaded

with sodium geen and the fluorescence intensity was normalised to the initial value at the start of the experiment. Note that
the initial fluorescence signal was adjustedrfadx muscle fibres based on timevivo calibration procedures.

Panel A, there was a rise in Nafluorescence after the stich-induced injury potocol in both wild-type anthdx fibres lut

the rise inmdx fibres was significantly highet significantly lamger than initial wild-type control: # significantly lger

than initial mdx control (P < 0.05).

Panel B, under control conditions, Gt has no g&ct on wild-type fibres but lowered the*Naiorescence in thedx fibres

to the level of the wild-type fibres. The fibres underwentetdstinduced protocol and Gd was applied immediately for

10 min (as indicated by the tsr G&* eliminated the rise of sodium green fluorescence following thttsin both wild-

type andndxfibres. Values & nean+ S.E.M.

to the mdx fibres immediately after the stretch protocoforce was impreed to 9% £ 5 % of the control.

(Fig. 1B). Similar to the wild-type muscle data, not only did Based on these results, we postulate that the increase
both agents eliminated the rise of [Ndut, in addition, the in Na" permeability is caused by increased opening of the
force deficit was reduced. After the stretch protocoimaix  stretch-actiated channels, and blocking these channels is
muscle fibres, the forceas reduced to 2& 3 % of the capable of preenting the rise of [N, and, more
control value at the original lengtbbut when Gd* was interesting, the force deficit. Furthermore, it is possible that
applied during or immediately after the lengtheninghe increased resting [€% observed’ was caused by
contractions, the forceas improed to 46 + 4 %. When the increased actity of these stretch-astited channels.This
muscle fibres were stretched to thevmptimum length, the increased [CH], may be responsible for the initiation of
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Stretched contractions

|

Increased opening of stretch activated channels Stretch-activated
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Figure 2. Working hypothesis linking stretie-activated channels, ionic changes and muscle damagée causes of
force reduction following sétch-induced muscle injury could be: (i) samee inhom@eneity (not shown here) and (ii)
damaye aising through increased opening of theesth-activated bannels. Itis likely that the opening of stich-
activated channels is a consequence ot@aee inhomaeneity In wild-type or mdx muscle fibres, elevated levels of
[Na*]; has been shown caused by the increased activity of ttehsactivated channels. One possibility is thawateons

in resting [Ca@*]i which occur following stetdh-induced injury a@ a onsequence of Gainflux through the setch-
activated bannels. It is possible that the associated inflammatsgansemuscle weakness and pain observed following
stretdh-induced injury is caused by increased?Calf the stetdh-activated hannel bloges (G, streptomycin,
GsmTx-4) a& capable of pewenting the cascade o¥ents following stetch-induced injury they may piove \aluable in
reducing muscle danga

protease activity causing damage to the SR* @Galease different genetic approaches. The exact role of dystrophin

channel and to the membranElevations in [C&*]i have in the regulation of stretch-aeted channels is not certain

been shan to induce inactietion of E-C coupling but we haveevidence that these channels are abnormal in

associated with a decrease in tetaniczf];aand reduction muscular dystrophand cause part of the stretch-induced

in force®?%3 The disruption to the membrane &® muscle damage. The various bleck of the stretch-

leakage of the intracellular contents out of the muscle celistivated channels and their capabilities ofverging C&*

and as edenced by eleted serum beels of muscle and Nd meant that thehold as potential therapeutic agents

enzymes and accumulation of inflammatory cettSsAn  to overcome irreersible muscle damage in DMD patients.

overview of this hypothesis is summarised in Fig. 2. However much work remains to be done before this therap
The force deficit praeides an indication of thexeent can be applied to patients.

of muscle damage and the results seem to suggest that the )

stretch-actiated channel blockers can protectamgt Conclusion

muscle damage at leastvep the 30 min post injury

Whether these blockers are capable x#teng protection

for longer term damage is uncertaiblevertheless these

findings hae potential implication in the treatment of DMD

patients.

Dystrophin deficieng is the precipitating feature in
the muscle pathology of patients with Duchenne muscular
dystroply. The role of dystrophin in normal muscles
remains unclear; possible roles include contributing to
structural stability by connecting thetoslkeleton to the
Clinical applications dystrophin-asssociated proteins in the membrane and

contributing to channel function by anchoring and/or

DMD is a chronic, dgeneratie dsease and there is regulating ion channels.One channel whose function is
no efective reatment at present despite attempts usirgjtered in the absence of dystrophin is the stretchateti
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channel which allows increased influx of ‘Nand C&*
following stretch-induced injury The alteration of CH

homeostasis in muscular dystrgptmay be responsible for 14.

muscle dgeneration. Consequentlglockers of stretch-
activated channels may f@ terapeutic potential by
reducing stretch-induced muscle damage in DMD patients.

15.
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The role of contraction-induced injur  y in t he mechanisms of muscle dama ge
in muscular dystrophy

Gordon S. Lynch

Department of Physiology,
The University of Melbourne,
Victoria 3010,
Australia

Summary the limb muscles ofmdx mice at 3-4 weeks of age, the

) muscles regenerate extremely well. &ctf despite ongoing
1. Duchenne muscular dystropkDMD) is a seere  cycles of (less sere) degeneration and generation
disease of sietal muscle, characterised by an X80k {hroughout adulthood, the musclesndixmice are actually
recessie inheritance and a lack of dystrophin in mUSCkﬁypertrophied compared to wild type mice. vidwer,
fibres. Itis associated with progregsiand se&ere wasting despite their lager size thg are comparatiely wealer,
and weakness of nearly all muscles, and premature deathdiyre their maximum force output per muscle cross-

cardiorespiratory failure. sectional area is usually lower.
2. Studies imestigating the susceptibility of

dystrophic skletal muscles to contraction-mediatedDystrophin and the costamere

damage, especially after lengthening actions where o o

activated muscles are stretched forcjbhave concluded Dystrophin links actin in theytosleleton through the
that dystrophin may confer protection to muscle fibres gjansmembrane  dystrophin-associated  glycoprotein
providing a mechanical link between the contractil€OMPplex (or dystrophin-glycoprotein complex, DGC) to
apparatus and the plasma membraite.the absence of laminin in the xtracellulgr matrix (ECM?. The DGC and
dystrophin, there is disruption to normal force transmissidifner gtosleletal proteins form rib-li lattices on the

and greater stress placed upon myofibrillar and membrapdoplasmic face of the sarcolemma, called costameres.
proteins, leading to muscle damage. Costameres help stabilise thgaskeleton to the ECM; the

3. Contraction protocols (ilving activation and act as mechanical couplers to distribute contractile forces
stretch of isolated muscles or muscle fibresyehteen from the sarcomere through to the sarcolemma and basal

developed to assess the reltisisceptibility of dystrophic lamina; and the help facilitate uniform sarcomere length

(and otherwise healy muscles to contraction-inducedPetween fibres, at rest and during contrac’cb'llh
injury. These protocols e keen used successfully toDystrophin has also been found at the myotendinous
determine the rela dficag of different (gene, cell, or junction and has therefore been postulated to play a role in

pharmacological) interventions designed to ameliorate 8}€ transmission of force to tendoiis:

cure the dystrophic pathologylore research is needed to The precise functional role of dystrophin and the
develop specific ‘contraction assays’ that will assist in th®GC has not been described defiy, but it has been
evduation of the clinical significance of @ifent postulated that its primary role is to anchor the sarcolemma

to costameres and thus stabilize the sarcolemnamstg

physical forces transduced through costameres during

Duchenne muscular dystroply and the mdx mouse muscle contraction, most especially when muscles are

i activated and stretched forciblySuch muscle lengthening

Duchenne muscular dystropliDMD) is a seere X ctions usually occur when muscles act as éwafuring

chromosome-lingd myopath caused by a ariety of gjgning mavements (e.g. when running downhill), andythe

mutations and deletions in the dystrophin gehdn the 5o commonly referred to as ‘eccentric’ or ‘pliometric’

absence of dystrophin expression, theletal muscles of -qniractiond415

boys with DMD undergo continuous cycles ofgeé@eration In addition to its membrane stabilising role, the DGC

and insufficient regeneration that leads to progvessiis postulated to play a role in thegedation of intracellular

muscle wasting and weaknesBaients are confined t0 cqicium, molecular signalling, and in signal transduction,

wheelchairs by their early teens and die of respiratory @[ich as neuronal nitric oxide synthase (nNOS)-mediated

heart failure by their early twenti€sThe mdx mouse, a regulation of blood flw to contracting muscle¥ For the

commonly used animal model for DMD, carriesamutatioBurpose of this sgew | will limit my discussion to

in the dystrophin gene and lacks the vaalfirotein similar dystrophins mle in protecting muscle fibres aigst

to the human condition, ub exhibits a more benign oniraction-induced injury.

pathological phenotype. The diaphragm musclesndk

mice shav progressie dructural and functional Evidence for a functional role of dystrophin

deterioration consistent with DMD, whereas limb muscles

exhibit a relatvely mild pathology for much of the life Contraction-induced injury is associated with a
span®” Despite an early period of s&e degeneration in mechanical disruption of sarcomeres that are stretched

therapeutic strategies for muscular dystsoph
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excessvely. Whether dystrophin helps maintain sarcomertherapies such as injection of viruses carrying full-length
stability is not knan, but there are seral lines of dystrophin or microdystrophirf8:3° DelloRusso and
evidence supporting a functional role of dystrophin ircolleaguedt developed an assay based on the high
skeletal muscle fibres, including: increased susceptibility wusceptibility to injury of limb muscles imdxmice for use
osmotic stres$1® increased permeability of thein evaluating such therapeutic intemtions. Theassay
sarcolemma inmdx mice indicated by increased serumnvolved two dretches of maximally actited tibialis
concentrations of muscle enzymes (e.g. creatine kinasajterior (TA) muscleén situ. The stretches of 40% strain
and eleated intracellular C& concentratiot? An uptale relatve © muscle fibre length were initiated once peak
of Evans blue dye (EBD) by fibres in quiescent muscles @fometric force was attaineddamage (injury) was assessed
mdx but not control mice, provides further support for amne minute later by the deficit in isometric force. yhe
increased permeability of the sarcolemma of fibres lackiffgund that the force deficits were fetwn seven-fold higher
dystrophin?® Furthermore, whemndx and wild type mice for muscles ofmdxcompared with control mice. Such an
are subjected to downhill runningxeecise, there is in situlengthening contraction protocol was used to assess
extensive BBD uptale in muscle fibres ofndxbut not wild  whether intramuscular injection of gutted adéred
type mice, indicating increased sarcolemmal fragility andectors expressing full-length dystrophin inté Tuscles
permeability in the absence of dystropHin. of mdx mice could confer protection from contraction-
mediated injury The force deficit after each of the dw
stretches was used to determine the muscle resistance to
injury. Despite a relate inefficieny of the intramuscular
injection delvery leading to only 25% of the muscle cross-
sectional area being transduced, thigelleof dystrophin
expression conferred am0% correction of the functional
difference between musclesmtixand wild type micé?

More recently Consolino and BrookSexamined the
dsusceptibility to sarcomere injury induced by single
stretches of maximally aetited muscles ofmdx mice.
Single stretch protocols are lesslikto result in fatigue or

Intact Muscles

A number of diferent contraction protocdtd?-26
have cemonstrated that skeletal musclesmfxmice hae a
greater susceptibility to injurparticularly when maximally
activated muscles are stretchetlvhether whole muscles
are studiedn vitro, in situ, or in vivo, the oserwhelming
evidence indicates that intact skeletal muscles of addk
mice shav a greater susceptibility to contraction-induce
injury than muscles of control micelnterestingly the

muscles of very young (9-12 day olaijdxmouse pups are . )
relatively resistant to injury from acute mechanical injuryder’Ietlon of energy storesadtors that can complicate the

suggesting that the early onset of the dystrophic procéggchgnistic interpretation of mqscle injury after protocols
might be independent of a mechanical perturbation to t yolving mary repeated contractions. In this géat study

sarcolemma?® The fav reports that muscles of aduttdx the authors hypothesised that on the basis that muscles of

and control mice do not differ in their susceptibility tomdxmlce would be more susceptible to injusyetches of

contraction-induced injury imlved protocols  with lesser strains would be expected to cause more damage (i.e.

hundreds of these lengthening actih® These arduous €2YS€ @ greater forc;a deficit) to m“SC'ef‘.“‘."k compared
protocols may hae poduced such sere damage to with wild type mice3® In fast extensor digitorum longus

muscles in bothmdx and control mice that tlyedid not (EDL) muscles of wild type mice, single stretches of 30%
discriminate the differences between the two strain were necessary to cause a significant deficit in
It should be noted that the majority of these Studié’gometric force, whereas imdx mice, single stretches of
have ot reported the sarcomere length range or thme only 20% strain caused significant loss of force producing
of the length tension cuevover which the damaging capacity After stretches of 30, 40, and 50% strain, force

contractions occurred. This is important since recent stud@gficits were two- to three_— fo'f' greater .for EDL mqscles of
have indicated that this is a major determinant of tie et mdx than for. wild type micé: Ir_1terest|ngly_ analysis of
of damage in normal musclés. Whether the optimum dye uptak into muscles follwing the single stretch

length of a muscle corresponds to the same joint angle%OtOCOIS reealed no membrane damage. Th?. au@hors
normal and dystrophic muscles has not been descrilmed_concluded that on the basis of greater force deficits, in the

examining the relatie wsceptibility of normal and absence of fatigue, depletion of energy stores, or significant

dystrophic muscles to contraction-mediated damag ,embrane damage, the fdinces in the force deficits

experiments conductedver the same joint angle, the same r]?rg_ S|ngtlg st;etct?]es vlﬁeretdu? tofetn]:ar}ces n them;:.nt
part of the length-tension clweVrelatve o optimum), or ? |strup |on_tt.0 f utras ruc_tlrJ]re ° bot:;e—genera Ing or
the same range of sarcomere lengths, amsthw of orce-transmitting structures within or between sarcomeres,

consideration and would provide interesting informa'[iof'ilnd that in addition to a compromised membrane, the lack

about the dierences and similarities between normal angl dystrophin in EDL muscles aidx r;uce results in a
dystrophic muscles. mechanically compromisedy/ioskeletor?® These findings

Studies hee recently focused on deoping support a role for the DGC in the maintenance of the

contraction-induced injury ‘assays’, with some eryjig ;trulctgral ?ttﬁb'“ty. Olf sarcomerttas d and ther:_ce V‘:ﬁt St
as fav as two lengthening contractions, to fdifentiate involving erther singie or repeated contractions that are

between the injury susceptibilty of muscles fronnnocuous for muscles in control animals may be injurious

: : : : dystrophic muscles®® However, it should be noted that
h I lly af
dystrophic and wild type mice, especially after gent e precise mechanism for the proteetiole of the DGC
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remains elusie. Other contributing mechanisms to the losto contraction-mediated damage could also disrupt normal
of force transmission after damage, including alterations @xcitation-contraction coupling, and thus subsequently
excitation-contraction coupling, cannot be ruled Hut. affect (post-stretch) force generation.

Single Fibres
A
Similar studies h&e investigated the susceptibility of

dystrophic muscle to contraction-induced injury at the
cellular (single fibre beel) using membrane permeabilized
and intact single muscle fibre preparatioréeung and
colleague® reported that single (flexor brevis) muscle
fibres from mdx mice were more susceptible to stretch-
induced damage and showed an associated rise in”
intracellular sodium concentration thatsvgreater than in
wild type mice. Each muscle fibre was subjected to 10
isometric tetani follawed by 10 eccentric tetani of 40%
strain relatte © muscle length. Fdlowing the stretch- 032_|
induced injury protocol, isometric force decreasedi34%
of the control in fibres from wild type mice and@@3% in
fibres frommdxmice3®

Chemical permeabilization of muscle fibres disrupts
the integrity of the sarcolemma veeely3® In a study
comparing the susceptibility of muscle fibres frordxand
wild type mice to contraction-induced injurizynch and
colleague¥’ proposed that since the igtéty of membranes
of muscle fibres froommdx and control mice would be
compromised equally any protection conferred by
dystrophin and the DGC to intact fibres from muscles ¢ B
wild type mice would be eliminated, and thus the
susceptibility to contraction-induced injury (as determined |, . enic
from the force deficit) would not be different (Fig. 1). force before ﬁ Force Deficit

04 Length change (mm)

Force (mN)

0.16—

0.00 Time (ms)

stretch

Fibres from EDL muscles of wild type angdxmice were

maximally actvated by C&" and then subjected to a single /
stretch of either 10, 20, or 30% strain refatio muscle
fibre length. The obseation of no difference in the force
deficits of fibres from muscles afidxand wild type mice
provided indirect evidence that the protection conferred on
skeletal muscle fibres by dystrophin and the DGC is a
stabilisation in the alignment of sarcomeres through the
lateral transmission of force from the myofilaments to the
laminin 2 and, eentually, collagen IV in the ECM.Taken
together the findings on permeabilized fibres and

membrane-intact fibres indicate that dystrophic symptorﬁAs' Typical force trace of a maximally activated single

do not arise fromdctors within the myofibrillar structure of perr_neablllzed filer before end after a s_lngle Smdl of 20%
fibres but, ratherthrough a disruption of sarcolemmaIStram' Upper trace shows  the gmtgde (20% sain
integrity that normally confers significant protection fromrelatlve to muscle filar length) an_d duration (400 ms) of the
contraction-induced injury The greater force deficits for ramp stetdh, performed at 0.5 fibrlengths/s. Lowelrace

) o 4 L shows the coasponding force response during esth.
single permeabilized fibres compared with intact musclt?\?ote that the file has attained maximum isometric der
(following single stretches of identical magnitude) indicategefoIe the stetch has been imposed. Force ceficit is
the significance Of. the verall prote;ction from injury calculated as the di#rence in maximl.Jm isometric Ger
afforded the myofibrils by the linkages  among th?PO) after stretch compaed with befoe dretch, expressed as

myofibres, the sarcolemma, and the EEM:.% The a percentaye d the pre-streth maximum isometric force
findings also supported the premise that the dystrophin and® 3 P '

DGC are major dctors in the stabilisation of the

membrané! the lateral transmission of forég,and the New directions for clinical strategies: Protecting

alignment of sarcomeres, particularly during stretches gfstrophic muscles from contraction-induced injury
actvated muscle$®3” One other possibility not

immediately apparent when using permeabilized fiber For clinical application, ap theray for muscular
preparations, is that the susceptibility of dystrophic musclelystroply, whether it be gene-based, cell-based, or

Max. isometric
force after
stretch

0.1 mN

20 sec
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pharmacological in nature, must not increase thaitikod

of contraction-mediated damage. This is especiallywante

for therapies that do not replace the functional protein and
sene to aneliorate the dystrophic pathology and either

JM, Sladly JT, Kelly AM. The mdx mouse
diaphragm reproduces the gdmeratie dhanges of
Duchenne muscular dystrophNature 1991; 352

536-538.

increase or decrease muscle fibre siz&. long-held 5. Dupont-\érstegden EE, McCarter RJ.Differential

contention was that lger, fast muscle fibres were most
susceptible to contraction-induced injury and that this
explained wly smaller calibre fibres were relaly spared

expression of muscular dystrophin diaphragm
versus hind limb muscles ofmdx mice. Muscle
Nervel992;15:1105-1110.

from the dystrophic pathology#® This notion has been 6. Petrof BJ, Shrager JB, Stedman HH, Kelly AM,

challenged more recently by studies in mice thateha
blocked the myostatin gene product (ayaeve requlator of
muscle size) either through transgenic approaches or

Sweeng HL. Dystrophin protects the sarcolemma
from stresses deloped during muscle contraction.
Proc. Natl. Acad. Sci. USP993;90: 3710-3714.

through the use of antibodies, and produtetkmice with 7. Lynch GS, Rafael A] Hinkle RT, Cole NM,

larger and stronger muscles and with an attenuated
dystrophic patholog§*“? Although assessments of muscle
function were not performed on the moreesely afected
diaphragm, the lesser dystrophic pathology highlighted the
possibility that lager muscle fibres might be
susceptible to contraction-mediated dam&gdhis is an
important question that needs to be addressed carefully
through future experiments employing the contraction-

Chamberlain JS, Faulknef.JContractile properties
of diaphragm muscle gments from oldmdx and
old transgeniendxmice.Am. J Physiol. 1997;272
C2063-C2068.

less8. Lynch GS, Hinkle R, Chamberlain JS, Brooks SV

Faulkner JA. Force and power output afsf and
slow skeletal muscles frommdx mice 6-28 months
old. J. Physiol 2001;535 591-600.

induced injury assays described earligdne approach 9. Williams MW, Bloch RJ. Extense kut coordinated

could be to increase muscle fibre size through
administration of anabolic agents, such #ig-agonist. Ina
preliminary study Lynch and colleagués examined
whether long-term (18 weeks’) cleuterol treatment in 10.
mice affected muscle fibre susceptibility to contraction-
induced injury After a single stretch of 20% strain relati
to fibre length, no diérence was evident in the force deficitl1.
of permeabilized fibres from EDL muscles of treated and
untreated mice. These preliminary findings suggest that
although B,-agonists increase sletal muscle mass and12.
fibre size, the do not increase muscle fibre susceptibility to
contraction-induced injurdft

Given the continual deslopment of na therapeutic
stratgies for treating neuromuscular disorders, assessmeh&
of muscle (fibre) susceptibility to contraction-induced
injury will become increasingly important as a tool for
evduating treatment &ftacy and their waerall clinical
significance.
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Summary What is EDH(F)?

1. The principal mediators of vascular tone are The aim of this brief ndew is to povide a critical
neural, endothelial and pbical stimuli that result in the oveview of the EDH(F) field, with a focus on the role of
initiation of dilator and constrictor responses &gilfitate  gegp junctions in the EDH(F) phenomenon. Mordemsve
the control of blood pressurefwo primary vasodilatory reviews on EDHF are provided by McGuiret al,!
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 theesodilatory factors; NO, prostaglandins and EDH(F).
hyperpolarization mediated relaxation that remains after tl@assically EDH(F) is the hyperpolarization and associated
inhibition of the synthesis of NO and prostaglandins. Thi®laxation 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)vegti
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
activity is dependent on contact-mediated mechanismsnequvocal evidence, are due to EDHFRhose that are
This involves the transfer of an endothelium-dedi 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.4? 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 betweenagcular mediated mechanism isvisived 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 a&etion of receptors and/or
further heterogeneity has resulted from the less thapplication of plisical stimuli such as shear stress results in
optimal design, analysis and interpretation of data in soraerise in intracellular EC calciurh®19 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 theaticin of EC or
factors are proposed as EDH(F), and highlight th&MC large (B) Iga.l This channel actgtion results in the
correlatve gructural and functional studies from ourgeneration of an EDH or the release of an EDiich is
laboratory that demonstrate an integral role for MEGJs subsequently transmitted to the adjacent SMC layer either
the conduction of EDH which account for the heterogeneitjia MEGJs or by dffision? 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 eityi. Furthermore, antagonists, such as apamin (§Kantagonist) and
in addition to the reported heterogeneity in the nature astlarybdotoxin (non-selest K., and BK., antagonist,
mechanism of action of EDH(F), the contribution ofwith additional eflects at voltage-dependent potassium
experimental design and technique to this heterogeneithanneld in combination’? or apamin and TRAM-34
will be examined. (IK ., antagonist) in combinatighi*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) obsened in studies of the samascular bed. Forxample,
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 diffusible factors in 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 frefting to the cell &l Study proposing that CNP is an EDH(F), the response
membrane, as well as modulatng gap junctiof? sensWe o 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®@ ~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®’

' shay that K- was EDHF. Thus, based on these ‘control- Iveendothelal gap junctions, EDH and gap junction
datd-5152K* jons are not an EDH(F)ubrather may simply inhibitors

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 is there auch a disparity of views as to 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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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+ as an 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. Components of 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 voltge rmamps (insets). Ab, ChTx (30 nM) and Bb, apamin (08 reduced the EDHF cuent. Ac,Bc,
subtraction of the cument in Ab from Aaawals the ChTx-sensitive component of current, and subtraction of the current in
Bb from Ba ewals the apamin-sensitive component of eotrr 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 th 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 EDHF a which the ionic mechanisms cannot be readily studied.

. . - . . In the submucosal arterioles, with the membrane
reparation ws required in which the endothelial and . .
prep d otential clamped at around -65n#id in the presence of

smooth muscle cells remained in their normal functionﬂ : b
“-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 tﬁéﬂ‘(’g respetct'velg, acetylctholti;w% ('ta‘((“;h?[ arIIEdDTJ:%:bl?tag_ce 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 afurrent responses to periodic voltage rampggaled that

electrical length constant of about 160, and that the Fhe_EI?_HF&urtr?Et 'Egsl_e'g ata pot'ifgtla:jatLound;:tgt fOT%K
arterioles could be cut into short segments that remaingy cating 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 ws 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 ChTx-sensiie mmponent of current mived the

L . . . )
which the membrane could be clampethe contractile activaion of K* channels whose gating was insemsiti

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 cefld® In contrast, in endothelial cells,

) ) ) _ electrophysiology immunohistochemistryand expression

Myoendothelial electrical coupling and the location of analysis reeal an abndance of IK. and Sk,
IK cq and SK¢, 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

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 membrag@)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

58 Proceedings of the Australian Physiological and Pharmacological Society (3804)



H.A. Coleman, M. Tarand H.C. Parkington

a ) b c
Control i Ba?* . Ba?* + Ouabain [ 400 ~
Vi

o
Current (pA

=400

ACh ACh 1 min
d f
Control Ba®* + Ouabain | 300 <
- Vi-v =
c
-100 @
i . i i . . . . =)
-1002" (mV) 100" (mV) 60| 40 ©
. b , 1200 _
Ba e Ouabain <
1 -1 o
10 Wao 1‘0W 600 B
- - - m - =
0" (mv) (mV) s

--200

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 by?B430 uM), or c, by the
addition of ouabain (20M) in the continuing presence of 8a d, the I-V relationship for EDHF obtained from the
current responses to periodic vai@mamps in panel a, was well-described by the GHK equation for @ukent (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 G8lisThese 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 diabetesvieakeen studied in

o most detail in streptozotocin (STZ)- induced diabetes in
EDHF in disease rats. In the mesenteric bed, the EDHF

i i 0,101 i 0-102

Endothelial dysfunction is a feature of a number Orlaype'r.polarlzatlpﬁ? . and relaxafuoho were
diseases and this has prompteesitigations into the dte significantly diminished compared with responses from
of EDHF in \arious diseases. The effects gfpbrtension control animals. EDHF-induced relaxations were also
on EDHF hae keen assessed in vessels from spontaneou§ .U(.:Edn vivoin the renal circulation, V.V'th the mostvee
hypertensie rts (SHR) compared with essels from ficit occurring in the smallest artericl®s The EDHF
Wistar-kyoto (WKY) rats. In the mesenteric arterghe relaxation was also impaired in the renal artery of obese
EDHF hyperpolarization was haid and the relaxation Zucker rats, which is an animal model of insulin resistance
significantly reduce®, while in the tail artery the and Typg Il diabeté$’. Howeve, in a mouse .model ,Of
hyperpolarization was decreased by $8%An increase in Type 1l 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 Réferences

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

Kenichi Goto, Koji Fujii, Yasuo Kansui & Mitsuo lida
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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 increasdntroduction
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 antihypertensve reatment on EDHF-mediated
in the type, seerity and/or duration of hypertension. responses in 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 m@ssue 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

(@)
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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 acings showing hyperpolarisation to-9@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 Wistar yi§to rats (WKY-12), WKY treated with a combination of hydralazine and
hydrochlopthiazide (WKY-12-H), enalaprileéated WKY (WKY2-ENA), and candesartan-treated WKY (WKX-CAN).

(b) ACh-induced relaxation in mesenteric arterial ringeqantacted with norepinephrine (f0mol/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.
Vaues ae neantSEM (n=6-12). * P<0.05 vs. WKY-12; t P<0.05 vs. WKY-12-H. (Modified from Gatal,3! with
permission).

pharmacological profiles: @E inhibitors preent the Effect of renin-angiotensin system inhibitors on EDHF-
degradation of bradykinin, a peptide that inducesnediated responses in 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 shwved 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 ~ USNg 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. Al the treatmentswered blood
EDHF-mediated responses (Fig. 2). pressure to a similarxeent (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 H@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 méegetet 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.

Futur e directions 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.
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Activation of renal calcium and water excretion b  y novel physiological and
pharmacological activator s of t he calcium-sensing receptor

Arthur D . Conigrave & Hiu Chuen Lok
School of Molecular and Microbial Biosciences, University of SyddeW 2006, Australia.

Summary allosteric  actiators of the CaR. Furthermore,
] ) physiologically releant fluctuations in the concentration of
1. Activated 'Cétsensmg receptors (CaRs) plagyk prysiological amino acid mixtures can modulate receptor
roles in the rgulation of whole body calcium metabolismactivitys, The amino acid binding site is likely to lie in the
by inhibiting the secretion of theek a@lcitropic hormone, onserved N-terminal, Venus FlyTrap donfain
PTH and promoting urinary calcium excretion. In the kidng, the CaR is expressed in multiple sites.
2. We havenow examined the éécts of infraenous  These include the apical membrane of the proximalléyb
administration of neel calcium receptor astéiors on renal e pasolateral membrane of the cortical thick ascending
function in anaesthetized female Wistar rats. limb (CTAL) and the apical membrane of the medullary
3. The type-Il calcimimetic, NPS R467 and the CaRg|lecting ducts (ndew:’). Thus,fluctuations in the serum
active anino acids, L-Phe and L-Ala, which act at distinCieyels of C&* and amino acids might bexgected to
binding sites on the receptor all aeted urinary flov rate, | oqulate CaR adlity in the CTAL and fluctuations in the
calcium and osmolar excretion and suppressed uring{yy,lar fluid levels of C&* and amino acids might be
osmolality. expected to modulate CaR activity in the proximaluieb

4. The efects of L-Phe and NPS R-467 on urinewlo anq collecting ducts. Consistent with a role for the CaR in
rate and calcium excretion were stereoselectonsistent o rggulation of urinary phosphate excretion, dietary

with the idea that thesefefts were mediated by Ca|Cium'phosphate loading has been shown to suppress the

sensing receptors. ) expression of the CaR in the apical brush border membrane
5. However, D-Phe also suppressed urinaryof the proximal tuble®. Furthermore, the CaR agonist
osmolaﬁty and promoted qsmolqr excretlop possibly béjadolinium (G#*) and the type-Il calcimimetic NPS R-467
exceeding the tranfqurt maximum in the proximal tqbule. reversed PTH suppression of phosphate reabsorption in
‘6. The data indicate that nel activators of calcium-  cytyred proximal tubule cefls On the other hand,
sensing  receptors, including L-ame acids abypression of the CaR in the I has been linked to the
physiologically releant serum concentrations, play acontrol of urinary calcium excretion anapeession of the
significant rple in the regulation of urinary calcium angaR in the collecting tutle has been linked to the control
water excretion. of urinary water excretion and osmolalityn particular,
CaR actiation suppresses vasopressin-inducedtew
reabsorption, facilitating the excretion of solutes such as
The calcium-sensing receptor (CaR) is a member 6@lcium, phosphate and oxalate that might otherwise
group C of the G-protein coupled receptor stfperily. contribute to the formation of renal calcfli
These receptors play multiple roles in calcium homeostasis The patterns of expression described vabanply
including ley mles in mediating the feedback regulation ofoles for CaR actétors in the regulation of multiple renal
paratlyroid hormone secretion and urinary calciunfunctions including proximal tubular transport, calcium
excretion. Inacwating mutations of the CaR underlie €xcretion and urinary concentrationor=example, CaR-
several human pathological states including the redhyi actve amino acids (e.g., L-Phe and L-Ala) and type-II
benign condition familial hypocalciuricypercalcemia and calcimimetics are predicted to promote calciureretion
its more seere tut much rarer homozygous form, neonata(Fig. 1) and raise urine o and suppress urinary
se/ere hyperparatiroidism which requires osmolality (Fig. 2). We have examined the impact of
paratlyroidectomy within the first f& weeks of life intravenously administered L-amino acids or the type-Il
(reviewd). The widespread distribution of these receptorgalcimimetic, NPS R-467 on renal calcium andtev
together with their resistance to desensitization, points @cretion in rats and report herein our preliminary findings.
much wider roles in mammalian physiology (reviéw: The data provide support for theygotheses that CaR
Recently two rew dasses of calcium-sensingactvators including L-amino acids promote urinary calcium
receptor (CaR) aatitors hae been identified. The type-Il and water excretion.
calcimimetics (e.g., NPS R-467 and R-568) wensldped
from a lead pheralkylamine compound identified in a

large-scale drug scre&n Type-ll calcimimetics sensitize NPS R-467 and its 100-fold less potent isomer S-467
the CaR to calcium ions_by binding to a site in thgeare the generous gifts of Dr Edwl Nemeth (NPS
receptors ransmembrane géor’. More recently seveal  pharmaceuticals, Toronto, Canadanimal experiments
sub-classes of L-amino acids (including aromatic, polagy 4 total of approximately forty rats were performed with
and aliphatic amino acids) V& keen shan to act as approval from the Unversity of Sydng Animal Ethics

Introduction

Materials and Methods
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amino acids were commenced, continuing for 60 min prior
Blood _ to return to the control solution. Blood samples (0.25 mL)
were collected at regular intervals for analysis of serum
creatinine, osmolalitytotal calcium and various amino
acids. Urine samples were collected at 15 min iaterto
assess flo rate, osmolality and the concentrations of
creatinine, calcium and amino acids. Osmolalitasw
determined by apour pressure osmomet@reatinine vas
determined by an adaptation of the alkaline picrate
method! using a Wallac ¢tor2 multi-well plate reader
and serum and urine total calcium concentrations were

+ 2+
Naza-r Ca 4+ determined using an autoanalyzer (Roche/Hitachi 912).
. Amino acid leels in serum and urine were determined by
Tubular Fluid HPLC separation and fluorimetric detection of O-

phthaldialdehyde-conjugafésIn some experiments, bolus
injections were administered to test for acutfea$ of
R-467, S-467 and amino acids including L-Phe and L-Ala.
The data are routinely expressed as maa8EM (number

of experiments).

Figure 1. Sbematic diagram of a thik ascending limb
cell. The digram shows the inhibitory fett of calcium-
sensing eceptor activation on apical N&*/2ClI co-
transport and K recycling The impact of CaR activation is
believed to be a reduction in the lumen-positive potentiabesults and Discussion
difference that drives Gareabsorption.
The type-ll calcimimetic R-467 administered as a
bolus intraenous injection of 2 pmol stereoselgely
) enhanced urinary calciunxeretion (by 3-4 fold; Fig. 3A)
Vasopressin and also promoted urinary florate (Fig. 3B). In addition,
R-467 stereoselewtily suppressed urinary osmolality from
a haseline lgel of 946 + 70 mosm/kg to 723 80 mosm/kg
(n = 4; p = 0.01) after 15 min consistent with an inhibitory
action of the CaR on asopressin-induced ater
reabsorption in the collecting ducts. Although the
osmolality dropped, the osmolaxaeetion rate increased
following exposure to R-467. The baseline osmolar
excretion rate was 1252.4 posmol/min and this increased
to 34.6+ 0.8 posmol/min follwing R-467 (n = 3; p = 0.01).
R-467 also lowered serum total calciumds (not shavn)
as previously reported for the related calcimimetic R'568
The 100-fold less potent isome®s467 was much less
effective than R-467 on all of the parameters tested.
Infusions of the CaR-ast L-amino acid, L-Phe
sufficient to raise the serumvd from 0.05 mM to about 2
mM (determined by HPLC), also gkted urinary calcium
excretion (by about 2-fold; Fig. 4A) and urinarylaate
Figure 2. Schematic diagram of an epithelial cell from the(Fig_ 4B). Both effects were L/D seleai Fig. 4). In
collecting tuhules. The digram shows the inhibitory fett addition, both D-Phe and L-Phevessibly suppressed
of CaR activation on vasopressin stimulated watqfrinary osmolalityIn the case of L-Phe, urinary osmolality
reabsorption via aquaporin-2. In this wagaR activatos a5 maximally suppressed from 76720 mosm/kg to 599
that have entered theemal filtrate and have not been. 17 mosm/kg (n = 3) after 60 min. The reason for the
reabsorbed in the proximal nephron mayomiote urinary  gpparent lack of L/D selectivity of thisfeét is not clear
water excretion. However, it may hae aisen from higher local D-amino
acid concentrations in the wibar fluid as a result of the

Committee. Female Wistar rats (200-300 @) werg€lectvity of proximal tubular amino acid transporters for
anaesthetized with halothane (2% in oxygen; 0.8 mL/miky@mino acids. In addition, the osmolar excretion raies w
then catheterized. Both jugular veins were cannulated apignificantly increased followingxgosure to L-Phe and D-

the animals were infused at a constant rate (4 or 5 mL g&pe. The baseline osmolar excretion rate was 1336

h) with an isotonic physiological saline solution of thé!0Smol/min and this increased to 3%44.2 posmol/min

following composition: 140 mM NaCl, 4.0 mM Kcl, 15 following D-Phe (n = 3; p < 0.01) and 36% 5.3

mM NaHCQ, 2.5 mM CaC}, 1 mM MgCl,. After a 60 min Hosmol/min follaving L-Phe (n = 3; p < 0.01). Bolus
equilibration period, continuous infusions of D and/or Linjections of L-Phe and L-Ala also acutely\eted urinary

Tubular Fluid Urine

~
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Figure 4. Efects of L-Phe and D-Phe infusions on
urinary calcium excretion and flov rate. Female Wistar
anaesthetised and infused intravenously with phygicdd rats wee awae;thet|sed and infused mtravgnously W.'th
i . . : physiolagical saline at a rate of 4 mL/h via a jugular vein
saline at a rate of 4 mL/h via a jugular vein cannulehe . . . i .
cannula. After60 min, the infusion was switched to saline

CaR actl\{atqr R467 and its stergqso_m er S-467 &€l that contained D-Phe (200 mM) and, after 120 min, to
delivered intravenously as bolus injections (0.5 mL) in

physiological saline The data ae meanst SEM (n=4). saline that .contalr]ed L-Phe .(200 mM). The maximum
plasma amino acid conceation observed under the

conditions of these experiments was approximately 2 mM
calcium excretion and flo rate and lowered urinary (baseline level aund 0.05 mM) and the urine amino acid
osmolality (not shown). concentation rose to asund 20 mM in the case of D-Phe

Taken together the data are consistent with the ideand aound 10 mM in the case of L-Ph&he data ae
that navel activators of the CaR including L-amino acidsmeanst SEM (n=4).
and type-Il calcimimetics such as R-467 mimic thea$
of elevated plasma C4 concentration on urinary calcium
excretion, flav rate and osmolality Increased serum and References
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Summary it is the dysregulation of this highly imgeated system that

) o ) o ) ~may lead to man of the complications associated with
1. Diabetic kidng disease is initially associated with yigpetic kidng diseasé

hypertens?on gnd increased urinaryuaitin excretion. The The hypertension usually obsed/in patients with
hypertension is mediated by enhanced volumgassion giahetic nephropaghis well recognised to be mediated by
due to enhanced salt anater retention by the kidgeThe \,0jume expansion due to enhanced salt aatemretention
increased urinary albumin is not only due to increasqﬂ/ the kidng®. This suggests a dyspelation of the normal
glomerular leak bt to a decrease in albumin reabsorptiogyechanisms to maintain volume homeostasis occurs in the
by the proximal tubule. The precise molecular mechanismgapetic milieu’ long before a functional decline in renal
underlying these tw phenomena and whether there iy angnction deelops. Microalluminuria is well recognised as
link between the increase Naetention and proteinuria being associated with primary glomerular pathofogy
remain unresolved. _ However, there is nw clear evidence that the renal té
_ 2. There is significant evidence to suggest tha{ss g critical role in the reabsorption of filtereciatin and
increased Naretention by the proximal tute N&-H" i the deelopment of alominurid. As microalbuminuria
exchange isoform 3 (NHES3) can play a role in some formg,g yolume-mediatedypertension occur in patients with
of hypertension. Increased NHE3 activity in models Ofjizpetes mellitus, this may suggest a more direct
diabetes mellitus, may explain in part the enhanced S?éﬁationship between albumin handling and *Na
retention observed in patients with diabetic kiddisease. reabsorption. This wew will focus on the possible
3. NHE3 also plays a role in receptor mediatedompartmentalised roles of NHE3 in Neabsorption and
albumin uptale in the proximal tubule. The uptakd  5inumin uptale in the proximal tubule and ho the
albumin requires the assembly of a macromolecuquaﬁicking of NHE3 between the tw functional
comple that is thought to include the guetin/cubulin compartments may provide a link toxpéain the co-

receptoy NHE3, the vacuolar type 'WATPase gyistence of hypertension and albuminuria in diabetic
(v-H*-ATPase), the Clchannel, CIC-5 and interactions W'thnephropam.

the actin gtoskeleton. NHE3 seems to exist in dw Under normal conditions, the kidye filter
functionally distinct membrane domains, oneolied with approximately 180 lires of blood and reabsorb
Na* reabsorptioq and the othewatved ip allumin uptale. approximately 1.7 kg of NaCl per dayThe proximal
4. This review focuses on the evidence ded from 3 je facilitates ‘mik’ reabsorption of N& responsible for
in vivo gudies as well as complementary studies in ce§g 7504 of tullar N& reabsorption. At the brush border

1 +
culture models for a dual role of NHE3 in both "Namemprane of proximal tubules approximately 0.7 moles of
retention and albumin uptake. eVsiggest a possible sogium are reabsorbed per hdur Thus relatiely small
mechanism by which disruption of the proximal ulé changes in the capacity of the proximal tubule to reabsorb
albumin uptale mechanism in diabetes mellitus may lead tq g+ and water in response to dions in plasma glucose
both increased Naetention and proteinuria. or cytokine leels may result in dramatic changes in*Na

Diabetes mellitus, hypertension and albuminuria retention and volume expansion.

+ g+ :
Diabetic nephropathis the most prealent cause of Na'-H" Exchanger Isoform 3 and N& Retention

chronic renal dilure and end-stage renal disease in the  The |uminal reabsorption of Nain the proximal

Western vorld and can account for up to 40% of thg,p,le is achieed primarily by the secondary acé
patients requiring renal replacement thgtaghe onset of transport of the NaH* exchanger isoform 3 (NHE3)
renal filure in patients with diabetes mellitus is associate\ediated by the Nagradient generated by the basolateral
with hypertension and increased urinary BN N4 K+ ATPasé. There are ne seveal lines of eidence
excretior?. Although mesangial x@ansion, glomerular to suggest that changes in the \dgti of NHE3 may be
hypertroply and thickening of the glomerular basemenfinkeq to hypertension. Importantla recent study in
membrane leading to hyperfiltration and microaflinuria hypertensie mtients found that proximal tute Na
are hallmarks of diabetic nephropgtlit is the degree of yaapsorption s an independent determinant of the blood
interstitial fibrosis that more closely correlates with th%ressure in elume-dependentypertensiof®. Similarly, a
decline in glomerular filtration rateThe tululointerstitium reduction in NHE3 actity has been reported in acute

represents a dynamic environment that maintains tfﬁ?pertensioﬁl,m implicating a role for NHE3 in pressure
structural and functional homeostasis within the kjda® [ 5triuresis.
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Several studies in spontaneouslygdertensie rats glucose via SGIL-1 transporters may contike to
(SHR), a commonly used model for human essentiaicreased Nareabsorption by the kidgé!. Howeve, when
hypertension, are consistent with a role for NHE3 in ththe significant role that NHE3 plays in Nand fluid
genesis of volume expansion. In theul@s of normal rats, reabsorption in the proximal tuke is taken into account,
Na'-H* exchange activity ws inhibited by paragmoid hypemglycaemia-induced increases in the \attiof NHE3
hormone (PTH) and dopamine utb stimulated by potentially also contrilte to increased Naretention and
angiotensin Il (Angll) and norepinephrine. uliules related volume expansion.
obtained from SHR tubules, Wwever, were not respong: The first evidence that NHE3 was increased in the
to PTH or dopamine and thevls of stimulation by Angll proximal tubule in diabetes was provided by Harris and co-
and norepinephrine were significantly reddéedrhese workers in 1988 who demonstrated increased *N4t
imbalances could conttilbe to the deglopment and exchange in brush borderesicles from rats induced to
maintenance of hypertension in this mdélel NHE3 diabetes with streptozocin (STZ). Micropuncture studies in
activity was also found to be elgted in a further study in our own laboratories ka dso clearly demonstrated in STZ
SHR rats, with v-F-ATPase also implicated in the rats that there is a pronounced increase in tubuldr Na
regulation of N& transport in the proximal tuiie'®. reabsorptioff2*and that this increase was primarily due to
Consistent with the ale gudies, proximal tubule cells enhanced NHE3 aeity?>. In vivo models of diabetes
freshly isolated from SHR demonstrate a 3-fold increase mellitus using STZ rats ka dso demonstrated altered
NHE3 activity with a 50% increase in NHE3 protéin renal handing of Hand increased HCP absorption, a
Furthermore, in SHR there appears to be defeatupling result attributable to increased NHE3 wityi?S. In vitro
of the dopamine receptor to agéryclase, resulting in an analysis of intact tubules and freshly isolated proximal
alleviation of the cAMP mediated inhibition of NHE3, with tubule cells from STZ rats has shown increased NHE3
subsequent elation in Na retentiod®. In a more recent protein expression and adty?’. In addition, studies from
study it was found that proximal tulles of 5 week old our lab and others in cultured opossum kid(@K) cells
SHR had greater Vels of NHE3 and v-F+ATPase actity have down that &posure to high glucose for 48 hours
compared to age matched normoteaddonryu rats. These results in a significant increase in both NHE3 miR&hd
findings led the authors to conclude that enhanced proxinmabteirf2°
tubule fluid reabsorption is likely to contrte to the Furthermore, there kia keen at least tav reports in
development of high blood pressure in young SHR humans that she increased proximal tuttar Na
Immunofluorescence studiesvealed that there was a reabsorption in patients with diabetes mellitus. A study in
significant leel of redistritution of NHE3 in the proximal children with Type 1 diabetes found a significant increase
tubules in both SHR and Goldblattypertensie rats ([(20%) in proximal tublar reabsorption as determined by
providing evidence for the dynamic role of NHE3 in statefractional lithium clearané® Similar studies in adults
known to alter proximal tubular Naeabsorptiot?. with Type 2 diabetes also found @0% change in

Further conclusie evidence for the role of NHE3 in reabsorption ratés Thus, considerable evidence exists that
control of blood pressure was demonstrated using NHHE3e NHE3 mediated component of renal salt reabsorption
knoclkout transgenic mice. Microperfusion studiegeeded may be at least in part responsible for thgdrtension
that fluid and HCQ reabsorption were reduced byobserved in patients with diabetes mellitus.

[60-70%, demonstrating that NHE3 is the major apical _ ) )

transporter mediating Naand HCQ' reabsorption in the Albumin uptak e in the proximal tubule -a

proximal tulule. These changes were associated with smaacromolecular complex reliant on NHE3 activity?

but significant decreases in blood pH and HJ,CGB.
!mportantly the systolic gnd_ mean arterial blood pressurgs, o o1 cial role in reabsorbingydiitered allumin®2. The
in these mice were significantly reduced. These da&%nce

theref ' th i that th . N ntration of albumin in the glomerular filtrate in rats
erelore suppor € e tha € major renal Na 4nq dogs ranges from <1 to 50 mg/IRecently the

%oncentration of albumin in humans has been estimated to
be 3.5 mgA® which translates to approximately 630 mg of
NHE3 in diabetes mellitus albumin being filtered per day by the human kigme
However, only around 30 mg is normallyxereted in the
As discussed ale, diabetes mellitus is associatedurine per dayindicating that the tubes reabsorb at least
with renal NaCl retention andkganded extracellular fluid 95% of all albumin filtered at the glomerulus. The uptak
volume, characterised by systemic suppression of the renof- albumin by the proximal tulbe from the glomerular
angiotensin  system. olume expansion is Igely filtrate has been shm to occur by a highly ast receptor-
responsible for hypertension in diabetes mellitus and mayediated endocytotic patlyy  involving the
contritute to the altered haemodynamics responsible famegdin/cubulin comple* (Figure 1). The albumin is then
diabetic nephropagh Diabetes mellitus is associated withtrafficked to the lysosomes where it is beokdown to its
chronic or intermittently high plasma glucoseds, which  constituent amino aci@s Importantly the C-terminus of
are implicated in a number of agtge effects on the kidme megdin contains numerous potential protein binding
There is widence to suggest that increased' llax with domaing®. Recently it has been demonstrated thfitieht

It has long been recognised that the proximalileib

term control of arterial blood presstité°
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Figure 1. Macromolecular complex wrolved in pracimal tubule albumin endocytosis(1) In the plasma membrane at the
intravillar cleft CIC-5, v-H-ATPase NHE3 and megalin associate by C-terminal tail imtgtions with scaffold pteins

that anchor the compteto the actin cytosideton. (2) When albumin binds thegakn/cutulin complex, endocytosis is
initiated. (3) As the nascent endosome forms it is pincHefioaf the membrane by dynamin. Entry into the cytoplasm
requires the dissolution of the local actin filaments. This involves the C-terminal tail of CIC-5 recruiting the actin
depolymerising protein cofilin to the compléit this stge he endosome containgtecellular fluid high in Na with a
neutrl pH. It is thought that NHE3 may initiate endosomal acidification by eleetital exchang of exdosomal Na for
cytosolic H. (4) When the Nagradient is dissipated, the v*HATRase continues the acidification and CIC-®ydes the
necessary anion shunt and albumin dissociates from the megalin/cubulin complex.

trafficking of madin through the endosomal pathway ishas also been demonstratiedvitro using OK cells, that
dependent on interactions of its C-terminus with the adaptdHE3 plays a role in albumin uptak This is based on
protein ARH®. The dependence on the gaén/cubulin  several papers from the laboratory of Gekle and our
complex for the constitutie reabsorption of albumin is own?®4°shaving that pharmacological inhibition of NHE3
evident in mgdin knock-out micé” and cubulin deficient with amiloride analogues or HOEG694, or inhibition of
dogs® both of which hae ponounced v molecular NHE3 with o/clic adenosine monophosphate, results in
weight proteinuria and albuminuria. pronounced decreases in albumin uptdk Most

In addition to the mgdin/cubulin receptor compbe  convincingly in NHE3 deficient OK cells, albumin uptak
there is nw increasing evidence deed from knoclout is efectively abolished while reintroduction of NHE3
models and disease states that the albumin gtidoc normalises albumin upta®. The most likely gplanation
complex consists of a number of accessory plasmtor this effect of NHE3 is that it plays a role in the initial
membrane transport prote¥fisThere is a clear requirementacidification of the nascent endosome, by acting to dissipate
for the v-H-ATPase, the pump that is responsible for théhe high intraendosomal Na&oncentration inyxhange for
acidification of the endosome and lysosoth@sSigure 1). It cytosolic H'. Interestingly it has been reported that NHE3
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binds mgdin via a C-terminal tail interaction, suggestinglevels of megdin/cubulin at the plasma membrane also
that NHE3 may play an additional role as a moleculattributed to defectie rrafficking®®. These findings strongly
scaffold. Although there are no reports of proteinuria irsuggest that CIC-5 has an additional role imeting ley
NHE3 knoclout mice, this model is characterised byese proteins iwolved in allumin uptale to the plasma
volume depletion, a significant reduction in glomerulamembrane. Consistent with the role of CIC-5 at the plasma
filtration and an associated reduction in filtered préfein membrane, we k& wed surice biotinylation to
Hence the specific role of NHE3 in Neeabsorption in this demonstrate that CIC-5 is present at the cell aserf
model is difficult to ascertain. (unpublished observations; 3.

The critical role of epithelial ion transport in tuar We haverecently ivestigated a potential mechanism
albumin transport is x@mplified in Dents dsease, where by which the C-terminal tail of CIC-5 can regulateuaitin
inactivating mutations of the CI channel, CIC-5, uptale. We found using a yeast 2¢brid screen and
significantly inhibit tubular albumin reabsorptf8n In  glutathione S-transferase (GST)-pulldes that CIC-5
patients with Deng dsease there are genetic abnormalitiemteracted with the ubiquitouslyxpressed actin binding
in CIC-5 leading to defects in channel trafficking or channgrotein ~ cofilif® that is ivolved in  actin
functiorf243 that in turn result in v molecular weight depolymerizatiobt. We reasoned that the passage of the
proteinuria as well as alminuria due to defeste proximal nascent endosome through the cortical actin web required
tubular protein reabsorption. A similarfeft on tulmlar remodelling of the actin microfilament network. By
protein uptak is dsened in CIC-5 knockout midé45 It  phosphorylating cofilin with LIM kinase and thereby
has been considered that the main role of CICas o inhibiting the remodelling of the actin web we were able to
provide an anion shunt for the poséi chage translocated inhibit albumin uptak in OK and LLC-PK1 cell§°. This
by the v-H-ATPase into the endosome duringstudy demonstrates a critical role for CIC-5 via its C-
acidificatiorf® (Figure 1). In support of this, in the kidree terminal domain in mediating remodelling of actin
of CIC-5 knockout mice, the uptalof markers of recepter microfilaments essential for albumin endocytosis. Our
mediated and fluid phase engtmsis is seerely current hypothesis is that, although CIC-5 is expressed at
impaired**®> and the acidification of the endosomes ishe plasma membrane, the ion channel activity is redundant
decreased. This finding is also consistent with thacf and that the protein plays aey mwle in mediating
that mary channels of the ClCafmily are beliged to ke macromolecular compte assembly This occurs via C-
involved principally in rgulating intracellular Cl terminal tail scaffolding interactions with proteins directly
movement. involved in albumin endocytosis (viHRTPase and

More detailed analysis, tever, of the CIC-5 megdin/cubulin) as well as accessory proteins such as
knockout mouse suggests that CIC-5, as well as acting as@filin to form a localised and specialised endiac
anion shunt, plays an additional role in wdbn comple (Figure 1).
endocytosi®. If CIC-5 were acting solely as an anion Taken together these data suggest that wifin
shunt, it would be predicted that the nascent endosomptale by the proximal tuble requires the assembly of a
would be able to form and that the frefing of the macromolecular compke at the plasma membrane that
endosome wuld only be affected at a later (earlyinvolves mgdin/cubulin, CIC-5, NHE3 and v-HATPase.
endosome) stage when significant electrogeni¢ HDetermining the molecular composition and fuldb
movement occurs. This is particularly re@t when associated with this compleand the precise grilatory
considering the role of electroneutral NHE3 exchange mechanisms represents aykresearch focus in renal cell
initiating endosomal acidification, because thiould physiology.
remore the need for electrogenic transport of* H _ o )
immediately following the budding of the endosome fromf*Pumin uptak e in diabetes mellitus
the membrane. In support of this, there are reports
mdpgtmg that the v-FiATPase is not required for in the capacity of the proximal tubule to reabsorb
acidification of the early endosofife ) albumirP?, and this may een precede glomerular damage,

In the brgsh borders of Cl.C'S knock_out miopesed demonstrating the importance of yeeting tulular
to the endocytic mask horseradish peroxidase, the neark dysfunction early in the course of diabetes mellitus. Further

was found to be trapped in a sub-plasmalemmal Pr'&Vidence comes from studies in rat models of diabetes
endogrtotic compartment andiiled to enter the endosomalme”itus_ Absolute tublar reabsorption of albumin is

5 L . . i
pathway®. This is somewhat surprising, since if the.decreased in STZ r&fsand ultrastructural studies Ve

v-H*-ATPase and hence anion shunt are not required dur'gﬂcwn a decrease in albumin u d a reduction in the
nascent endosome formation, ibwd be expected that thelevels of maydin in the kidngs of STZ rat¥ It is

Iapel Wt?]mq entetr tr:e egrtlyther;dtzsomal (;pmdpa;rtrr:ent. Tm’?‘lportant to note that the presence of increasedldub
raises the important point that the engodc defect may protein werload leads to the gelopment of inflammation

also be occurring earlieat the formation of the nascent and fibrosi® via actvation of the nuclear dctor«B

gpdosomeh. Fl.mhi: \xtaftsrtllgaltlons f'n p?tlefnttﬁ WCM: Derst F-kB) transcriptional pathay?2. This in turn induces the
ISease showing that the 1oss of part of Iné &-erminus o, q,,ction of a number of proinflammatory stimuli such as

CIC 5 also results in mistrliEking of the v-H-ATPasé® o
; . I ulated upon actétion, normal T cell expressed and
and in CIC-5 knoctiut mice there are significantly reduceJeg P P

Paients with diabetes mellitus slvaa dear reduction
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Figure 2. Possible alteration in NHES3 traficking pathways in diabetes mellitusPanel A: Under normal conditions in
proximal tutule cells the majority of NHE3 exists in recycling endosomes froneuttierinserted into the miowilli (1) to
reabsorb N&. Because of its role in albumin up&gka poportion of the NHE3 may therafmslocate to the intravillar cleft
wheee is associates with ngalin/cutulin (2). This compbe is then internalised and the NHE3 either returned to the
recycling endosomes or gimded in the lysosomes (3Panel B: The proteinuria associated with diabetes mellitus is in
part due to an inhibition (x) of the normal albumin umaathway in the proximal tuble. As a result, the endocytosis of
NHE3 via the mgalin-associated pathway (2) is inhibited. He®e insertion from the recycling endosomal pool is not
affected (1), resulting in an accumulation of NHE3 in the awitar pool and increased Na reabsorption with
proteinuria.

secreted (RANTES), mongie chemoattractant protein-1levels required to inhibit albmin uptake. Thus there
(MCP-1) and transforming growtladtor beta (TGPB1%%). appears to be a direct link between NHES3 vitgtiand
TGF{1 is regaded as the &y inflammatory cytokine in albumin uptale in OK cells. Furthermore, it has been shm
diabetic nephropash Furthermore, it has been st that in OK cells exposed to pathophysiologicaldis of altumin
elevated lesels of intrarenal Ang Il may indct mediate the similar to those xpected in diabetic nephropgththat
autocrine production of TGHR. In fact, a recent study in albumin uptale is reduced. Thigs due to a decrease in the
STZ rats has shen that Ang Il blockade restored wibr number of albumin binding sites by an as yet undetermined
albumin uptake, further highlighting the renin-angiotensimechanism that mayvolve dtered rates of trafficking of
system in the delopment of diabetic nephropafff. Inthe megdin to or from the cell membraf® It has been shvan,
OK cell model of alamin uptake, it has been shown thahowerer, in both primary cultures of human proximal
TGF$1 can regulate albumin uptaek by decreasing the cells® and OK cell$®50 that exposure to high
binding, internalization and trfidking of the megdin/  concentrations of albumin results in an increase in NHE3
albumin comple®’. Given that TGRBL1 levds are eleated expression and aefity. A similar increase in NHE3
in the diabetic kidng this may provide a partial actvity in response to increased uiér albumin has been
explanation for the molecular basis for the reduction ineported in puromycin aminonucleoside nephrotictats
albumin uptak doserved in wo. These data collesttly suggest that NHE3 mayist
Interestingly we have found that in OK cells, in different functional pools, one associated withuaiin
exposure to high glucose results in an increase innaith  uptale and the other imolved in Nd reabsorption and not
uptake?®. This efect is specific for glucose and not due tanvolved in albumin uptak (Figure 2). The ddence for the
an osmotic déct and may occur as a result of the increaggesence of NHE3 in twdifferent pools in the proximal
in NHE3 activity that is knen to accompanexposure to tubule brush border as presented in a recentiev by
high glucosé?® It is likely that under these in vitro McDonough and BiemesderfeOne pool is located in the
conditions, leels of autocrine TGB1 cannot reach the microvilli and the other in the intermicvdlar cleft where
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NHE3 co-localises with ngain. A number of studies va intermicrovillar clefts characteristic of their in wo

shavn that NHE3 can shuttle between theotwools in counterparts (for réew se€’) despite retaining the core

response to acuteypertension and other stimulit is this  functional features of the proximal e, namely NHE3

association with ngdin by an as yet uncharacteriseddependent Na uptale and maydin/cubulin  mediated

molecular interaction that may explain the apparent rolbumin uptake. Therefore, although much can be learned

that NHE3 plays in allmin uptake. Furthermore, recentfrom studies in OK cells about endocytic conxpdesembly

studies in OK cells hee shown that a fraction of NHE3 is and regulation of almin and NHE3, care must be

located in lipid rafts and that this may represent fediht execised when xrapolating these data to the situation in

functional microdomain within the plasma membf&ifé the intact proximal tubule. Nertheless, experiments in the
Based on thexstence of different functional pools cultured cell system can yield muchlwable information

of NHE3, we postulate the foling model that links regarding precise molecular interactions under defined

increased Na retention and proteinuria in diabeticconditions. For example, studies the on the role of NHE3

nephropathh (Figure 2). (i) NHE3 gists primarily in uptale in OK clls hae hghlighted an apparently

subplasmalemmal pools where it igitable for insertion in  facilitative function of NHE3 in albmin uptale that may

to the plasma membrane in response to numerous stimualdt hare keen as readily identified in studies in the intact

(ii) A significant proportion of NHE3 is rgcled/ rem@ed proximal tubule or in NHE3 knockout mice.

from the membrane in conjunction with athin, such that )

NHE3 opportunistically exploits the highly ati dbumin ~Conclusion

endogtic pathway for its recycling and that this represents

L ) There is nw compelling e&idence for increased
a oonstitutve requlatory pathway for mulation of surfce

; . L proximal tubule NHE3 actity contributing to the Na
levels of NHES. (iii) The NHE3 associated with gain is retention that may underlie certain forms gfpartension

not primarily irvolved in N reabsorption. (iv) When Ce"S,incIuding the hypertension often associated with diabetes

are aposed to high albumin, th? endocytic pathway 'Mellitus. The existence of functionally ffifent membrane
reduced by an as yet uncharacterised mechanism, resul ains and signalling/transporting comxge in te

in proteinuria (reduced albumin upgkand a reduction in proximal tubule brush border may in parpkain the

the intgrnalisgtion rates of NHES. .(V). This in_.tu.rn maBFeIationship between increased *Natention and reduced
result in a shift in the normal trafficking equilibrium Ofalbumin uptale chsened in diabetic kidne disease. It is
NHE3 with increased swe leels of NHE3 and becoming apparent that the location of NHE3 irfedént

.poten_tlatllon of Na& retention. W ae currently membrane domains is a critical determinant of NHE3
investigating the exact molecular mechanisms that M&Y nction. In addition, albmin uptale by he proximal

underlie the diierences in NHES3 trafficking and alimin tubule involves a macromolecular comglat the plasma

uptale in_ @nditions of high glucose and high glbumin. membrane that imlves mgdin/cubulin, CIC-5, NHE3 and
ltlt.'s _als_of rep;orltted tt_hatxpotsure :gl Tgh. glucose v-H*-ATPase. Determining the molecular composition and

;gfs]:u S Itn S|g|;|n|t|can al er? lons mf r:ﬁtmsk. e:; '(;‘ MaR  scafolds associated with this compleand the precise

ifferent cell types. In terms of the kidnedudies in regulatory mechanisms represents ey kesearch focus in

mesang|aldcells exposed tto fhlﬁh glq(t:[?;i/le?momnt renal cell plysiology A precise understanding of wahese
pronounced rearrangements of the acy eton hal olecular interactions are altered in disease states such as

may contrilute to the hyperfiltration associated Withdiabetes mellitus will alle nove approaches to the

diabetes mellitl8. In addition, microarray analysis of . : LA
: ' diagnosis and management of diabetic kjddisease.
mesangial cells k& demonstrated altered Vds of g g
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Differential neural control of glomerular ultrafiltration
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Summary the first instance, the ddopment of clearance techniques
. to measure RBF and GFR demonstrated that changes in

1. The renal nerves constrict the renaiseulature rine flay rate do not reflect changes in RBEcondly the
causing decreases in renal bloodvfl&BF) and glomerular 4naesthesia and gical stress to which the animals were
filtration rate (GFR). Whether renal haemodynamics ar&ubjected resulted in egied basal feds of renal nere
influenced by changes in renal rerectivity within the  activity, Bernards finding of increased urine fig probably
physiological range is a matter of debate. - o was associated with an increase in RBEt was due to the

2. We haveidentified two morphologically distinct glease of the kidiyefrom the stress-induced increase in
populations of nerves within the kidnewhich are (ong nere activity. Smith’s awn studies, made painlessly
differentially distrituted to the renal afferent andfeeent i, conscious and unstressed animatfiedl to demonstrate
arterioles. TYPH nerves almost xclusively innervate the ary change in RBF or GFR following renal denation. It
afferent arteriole whereas TYPE Il nerves are distéd |55 oncluded that kidnefunction was not dependent on
equally on the afferent andfefent arte_rioles.\Ne mve_also tonic renal sympathetic aetiy2. Soon after the first kidrye
demonstrated that TYPE Il n@w are immuno-reaus for  yangsplantations were performed, the apparent lack of long-
neuropeptide Y while TYPE | nerves are not. ~ term efects on body fluid balance was taken as

3. This led us to hypothesise that in the kigne confirmation of the independence from rers system
distinct populations of nees innervate specific fettor gntrol of renal vascular and tubular funcion
tissues and that these nesvmay be selewtly activated, However, in the 19705 there was a resurgence of
setting the basis for the differential neural control of GFRyterest in the neural control of renal function, sparky
In physiological studies, we demonstrated thafedéntial quantitatre analysis of the distribtion and density of

changes in glomerular capillary pressure occurred {yroefector junctions in the kidiyé and appreciation that
response to graded reflectivation of the renal nems, transplanted kidneys rapidly re-innenfate

compatible with our hypothesis.

4. Thus, sympathetic outflo may be capable of Significant role for nerves in renal function
selectvely increasing or decreasing glomerular capillary o )
pressure and hence GFR by feliéntially actvating Today it is widely accepted that changes in renal
separate populations of renal resy Thishas important SYmpathetic neevectivity (RSNA) play a significant role in
implications for our understanding of the neural control giontrolling body fluid homeostasis during normal daily

body fluid balance in health and disease. actvity and in the pathophysiology of manclinical
condition$§8. Whether this is primarily due to changes in
Introduction renin release and tular reabsorption, or also violves
o . changes in RBF and GFR, is debated {8e
Historical perspective In this review evidence is considered which supports

the typothesis that different populations of renal msrv
selectvely affect the afferent and efferent arterioles thereby
t%Iowing differential control of glomerular capillary

Opinion as to the importance of the renal eenn
controlling RBF and GFR has risen aradldn over the last
150 years. In the first study to demonstrate a role for t . o
renal nerves in the control of renal function, Claud ressure and hence single nephron glomerular filtration rate
Bernard in 1859 transected the renal nerves and noted NGFR).
marked diuresis, which he attributed to an increase in.RBEgntrol of glomerular ultrafiltration
This and similar studies in the vyears fallog,
demonstrating the phenomenon of denervation diuresis, A brief outline of the pisiological basis of the
dominated the understanding of the neural control of renabntrol of glomerular ultrafiltration is necessary to
function (se€?). During this period the renal nerves wereunderstand he the renal nerves might contribute to its
thought to ®ert a profound d&ct on the regulation of RBF control. Moredetailed accounts can be found elkere
and GFR. (see!.

Yet 80 years later opinion had swung full circle, The primary force driving SNGFR is glomerular
when Homer Smith dismissed the renal nerves in hgapillary pressure. Precise control of this pressure is
landmark bookThe Physiology of the Kidpe as haing important as significant afls in glomerular capillary
little importance in the control of renal function except irpressure can lead to acute renal failure, whereas increased
cases of s@re stress. Smith damningly wrote of Bernard’ glomerular capillary pressure causesviersible glomerular
study sating that “His conclusion is admittedly coect, damage that leads to nephron loss and chronic renal
but his experiment was unfortunate in twespects? In  diseas&.
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The unique arrangement in the kignef two within the varicosity in clusters associated with thgioe
resistance vessels in series, thderaht and d&€rent on the membrane that is in contact with thieabr cells.
arterioles, allows fine regulation of pressure in thét the point of contact, theavicosity and effector cell are
glomerular capillaries4 RBF only becomes an importantseparated by a ap that is less than 100 A2
factor in determining SNGFR under conditions of filtratiorConsequently contacting aricosities release
equilibrium, which is not the normal psiological neurotransmitters directly onto junctional receptors rather
statéd314 Thus, glomerular capillary pressure and thereforhan relying on diffusion of the transmitter to receptors
SNGFR will increase if the pre (afferent) to posfgednt) across the suate of the smooth muscle cell membraré
glomerular resistance ratio decreases and decrease if B#sed on this definition of a neuroeffector junction, we re-
resistance ratio increases. examined the inneation of the kidng and drev vastly

Importantly for the majority of glomeruli the resting different conclusions to those dna from the studies of
diameter of the érent arteriole is smaller than théemént Barajas (seé).
arteriold®>!8 Since resistance is versely proportional to o _
the fourth power of the radius thispgains, in part, he Two dructurally distinct types of sympathetic axons.
this relatvely small, sparsely muscled vessel can
counterbalance the fetts of constriction of the bigger
more muscular afferent arteriole (Sédor a more detailed
explanation). Br juxtamedullary glomeruli - those 10% of
glomeruli, whose efferent arterioles descend into t
medulla to form the asa recta - the situation is fdifent
since these efferent arterioles are agdaf not larger than
their afferent counterparts. Therefore the control

Using three dimensional reconstruction
ultrastructural analysis of serial thin sectionsxarsine the
innenation of the juxtaglomerular géon, we identified tw
ultrastructurally distinct types of sympathetic axdns
PE | axons were large in diameter with atypical
varicosities and TYPE Il axons resembled those inatéry
lood vessels in other gens, with typical fusiform
. S aricositie$®. These axon types were identified in rats and
glomerular capillary pressure may well befefiént in rabbit$3. At the time the functional significance of dw

juxtamedullary nephrons. axon t . o
. . . ypes was unkmm, though conduction elocities
SNGFR can also be influenced by alterations in thﬁould be expected to be fifent. Laterin support of our

glomerular capillary ultrafiltration cofitient (Kf).’ which study another study demonstrated that there was a bimodal
represents the product of the glomerular capillaryasert distribution in the diameters of the renal nesvwith

area gailable for filtration and draulic conductiity. K; different conduction velocitied
has been shown to decrease in response to a number o? '
vasoactve gimuli, though the mechanisms are not welinnervation density of TYPE | & Il axons

understood (se#).
Next we described the distition and density of

Neural control of renal function neuroefector junctions made by theseawypes of axorf.
Several important findings were made: (i) The sympathetic
axons were located in gmns adjacent to the renal
The kidng receies an atensie smpathetic Vvasculature and therefore primarily the arterial vessels were

innenation. Whileit is generally agreed that all the majorinnénated. Hovever, the majority of tubular tissue in the
structural elements of the kidnere innervated, including COT& was not innerated. (i) The aferent arteriole s
vascular smooth muscle cells, renin secreting celithe most'densely inneated tlsgue. The afferent arterioles
mesangium and tubules (proximal, distal and loop ¢¥ére 3 times more densely innervated than theresft
Henle}®20 the relatve censity of the innervation of each grtgr!oles (Fig. 1 .& 2). (||'|) There as little evidence for
tissue type has been dispied Whether functionally individual axons innervating more than ondeefor cell
specific or non-specific renal sympathetic eerfibres YP€: (iv) Most significantlyit was shan that TYPE | axon
innenate the dector cells has also been questioned/@icosities made contact almostctusively with afferent
Barajas concluded that the sympathetic innervation of tﬁéte.rlqles wher'e'as TYPE Il axons innervated both arterioles
kidney was diffuse and non-specific, based on otateons &t Similar densities (Fig. 1 & 2). o
that each sympathetic axon made contact with multiple ~ This finding vas of great potential significance, and
effector tissues (see!®). These studies pwerfully Was @so recognized as such by others, being rapidly
influenced hw the nerves were thought to control renalncorporated into standard textbooks on the kya?wé. It
function (se). However, the definition of a neurofefctor ralsed.the p053|b|I|ty'that TYPE | and Il axons originated
contact in Barajas’ sudies is na/ considered very broad. from different populations of neurons.
Varicosities that were separated from the effector cell by
to 300 nm and in which twlayers of basal lamina were
present were included (s&9. The presence of distinct combinations of immuno-
Our definition of a neurotector junction is much histochemically detectable substances can be used to
more specifit®?2 The varicosities along an axon can bedentify populatons of nerves serving féifent
divided into contacting and non-contactingcontacting functiong”22 On this basis, we ha recently shown that
varicosities form specialized junctions with thefeetor neuropeptide Y is located in TYPE Il axons whereas TYPE
cell; neuroeffector junctionsThe vesicles are ganized

Renal innervation

%hemical coding of distinct nerve populations
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Hypothesis

On the basis of our morphological and immuno-
histochemical @dence, we hypothesised that feient
patterns of sympathetic outfloto the kidng may esoke

Afferent Glomerulus Efferent selectie danges in pre- and post-glomerulaaseular
> ——> resistance to regulate GFR.
_ Pec We typothesise, based on the distribution of the

TYPE | and TYPE Il nergs on the afferent andfefent
arterioles that (see Fig. 1 & 3), (i) SeleetiTYPE | axon
activation would result in pre-glomerularagoconstriction,
reduced RBFa reduction in glomerular capillary pressure
SNGFR and a fall in GFR. (ii) Seleate TYPE Il axon actiation
would result in pre- and post-glomerulaasoconstriction

Figure 1.Diagram representing the relative TYPE | (solid and decreased RBFHoweve, the effgct on re5|_ste_1nce
would be greater on the fefent arteriole, since it is a

line) and TYPE Il (dashed line) axon innervation density %Lnaller vessel (Poiseuilkelaw), leading to little effect on
afferent and dkrent arterioles. The &rent arteriole is 3 ’ g

times moe censely innervated than thefeent arteriole glomerular capillary pressure resulting in the maintenance

7 g
TYPE | axons (solid lines) almostatusively innervate the of GFRT. (iii) Activation of both TYPE | and Il axons

. . would cause a predominant decrease in pre-glomerular
afferent arteriole TYPE Il axons (dotted lines) axgually vascular resistanc% due to the greater inaiBp m%engsit of
distributed on the &érent and derent arterioles. (P, g y

. : GC'  the afferent arterioleWe have pursued this possibility in
glomerular capillary pessue. NGFR, single neplbn physiological studies outlined belo

glomerular filtration rate).
Differential sympathetic outflow

25 I The sympathetic neous system is capable of
] producing selecte changes in déérent outflov to different
20 organs (see 3133, Increasing knowledge of central
Junction Density autonomic nervous systemgenisation, indicates that the
X 10%/mm? 15 output to diferent sympathetic pre-ganglionic neurons
of tissue surface area " depends on the relaé @ntributions of a wide range of
brain nuclei and on the particular pattern of inputs to those
/ %/ I I nuclei (baroreceptpchemoreceptgrsomatic receptors and
[ ] inputs from all areas of the braih) We ae proposing
‘ S within the kidng, as has been demonstrated in otheyanis
:I;f:rfig?;s :'f:rfig?;s *mgﬁ;g'sa' s;ec'r':t‘ing _(eg there are at least 3_ distinct types of s_ympathenc neurons
cells in the gut®), that there is further differentiation of the signal
such that specific ffctor tissues may be seleety
activated, depending on the nature andresity of the
stimulus. Inthe literature there is limited and conflicting
evidence as to whether subpopulations of renal post-
ganglionic nerves can seleetly regulate different renal
functions*:3

Figure 2.Staked bar graph of the density of neagffector
junctions of TYPE | (open bar) and TYPE Il (tegd bar)
axons on the &rent arterioles, dérent arterioles,
proximal tubules (*only those adjacent to thefesdnt
arterioles wee innervated) and renin secreting cell$he
combined bar equals the total junction density onheaghysijological studies

effector tissue.
Current vievs on the neural regulation of renal

| lack ide?¥ Our findi . d function rely mainly on data from electrical stimulation
axons fack neuropeptide”y. Lur Tindings are in goo studies, or wen the efects of simple acute denation. It

accord W.ith the study of Rein@kt a.l'_SOWhQ reported that has been widely accepted that individual renal eerv
the_densny of neuropepide Y postl ?e”“'”a's Was &Y innenate multiple tissues &scular smooth muscle, renin
similar on the afferent andfefent arterioles; that is, similar secreting cells and proximal wiesf® and that renal
to_(tjhe d'smb?t_'ro\?;g TYPcIjEIIII axons. Th_'s ;:mdfes further function is affected entirely by the frequeraf their firing,
evdence tha an axons originate from SeparaWith low to moderate frequencies stimulating increased
popu_lgtlons of neuronsT_he Seaf"h for a neuropepetlderenin release and sodium reabsorption and only high
specific to TYPE | axons is on going. frequencies stimulating a decrease in renal bloos &ud
GFR (see?!). Accordingto this viav renal sympathetic
nene ativity (RSNA) is generally too o to influence
renal vascular resistance and glomerular ultrafiltration
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under normal physiologic conditiofls This does not rest and that the number of nerves watéid during
accord hwever with a large body of physiological and physiological bursts of neev activity varies widely®.
clinical evidence that suggests that renal hemodynamics &Maysiological actvation of the renal sympathetic nesris
under the control of RSNduring daily eents (seé). therefore fundamentally different to electrical stimulation.
Not surprisingly snce the afferent arteriole is much )
more densely innervated than the efferent artéfiole The influence of R$\on GFR
electrical stimulation of the renal nerves results in a
predominant increase in pre-glomerular resist&hcghis
causes glomerular capillary pressure and GFR to decre
as predicted when both TYPE | and Il resvare fired
simultaneously (see Fig 3). These studies therefore shed
light on the possible effects of seleeti fhysiological
recruitment of different populations of renal neswon the
renal resistance vessels.

A number of studies k@ examined the kidngs
response to refke activation of the renal sympathetic
Shes. Agin not surprisingly in response to sere
increases in RSNA, when manenes are firing, RBF and
&R decrease (&8, indicatve d TYPE | and/or Il nere
firing (see Fig. 3).However, in seveal studies no change in
GFR was reported in response to moderate increases in
RSNA-43 |t is quite possible that in these studies subtle
changes in pre- and post-glomerular vascular resistances

Type | were occurring to maintain glomerular capillary pressure
and GFR. However, no dudy measured glomerular
- m capillary pressure to verify such a conclusion.
Renal micropunctur dlows discrimination of pre- & post-
»LPGc glomerular vascular resistance.

At this time, it is not possible to identify indiual
Type | versus Type |l neesin vivo, and thus seleotely
record or stimulate these neuronidowever, we do tave
tools whereby we can determine whether the pattern of
changes in pre-and post-glomerul@seular resistance in
response to reflestimulation of RSM is presumptve o
TYPE | nene recruitment, TYPE Il nem recruitment or
both. In vivo micropuncture is a challenging and time
consuming procedure, but it is the only means whereby
pressure can be directly measured in the glomerular
capillaries and is thus essential in studigduating the
contritution of the pre-and post-glomerular vessels to

changes in renal hemodynamics and glomerular function
13,14

Differential recruitment of TYPE | and Il ner ves

To begn to investigate this hypothesis, wec@mined
the efects of physiologically induced increases in renal
sympathetic nem activity (RSNA) in response to graded
hypoxia on pre- and post-glomerulascular resistances in
anaesthetised rabbifs We dhose hypoxia to refidy
increase RSN because we had prieusly shown that it

i . . . produces graded increases in the amplitude of renak nerv
Figure 3. Diagram demonstrating the hypotheticafeets firing (i.e. graded recruitment of individual nesf

of selective activation of TYPE | (upper panel), TYPE u|ypoxia has the further advantage that it does not

_(middle _panel) or both TYPE | and 1l (lower p_anel) axon§ignificantly alter arterial pressure in the rabbit, thereby
innervating the dérent and derent arteriole on

gIomeru_Iar capillary pessue (ch). See text for
explanation.

avdding confounding autoregulatory effects on renal
haemodynamidé. In the first study of its kind we
measured simultaneously glomerular capillary pressure,
renal nere eativity and whole kidng function, while
RSNA varies in both the frequepdreflecting the subjecting the rabbits to different degrees ghdxial®.
rhythms of the central generating circuits and barorefleThe results were cleaut, and compatible with the
input) and amplitude of its discharge (reflecting the nedati hypothesis that TYPE | and Il axons can bdedéntially
number of actiated neresf’38 Thus, whereas electrical actvated (see Fig. 3).
stimulation actiates all nerves simultaneously is now We found that moderate (14%,0and seere (10%
evident that relatiely few individual nerves are agé & O,) hypoxia increased total R3Nby 60 % ad 170 %
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respectiely, chiefly by increasing the amplitude of therenin activity wvas not increased in response to moderate
sympathetic brsts rather than their frequgncModerate hypoxia, intrarenal effects cannot be discoutted

hypoxia decreased RBF (26%),
capillary pressure and maintained GFR (Fig. Bdpth pre-

and post-glomerular ascular resistances were increased;

but there was a predominantfedt on the post-glomerular

vasculature. Thisgreater effect on the efferent arteriole

when the TYPE Il innetion density is similar on both
afferent and efferent arterioles, can belained on the

basis of Poiseuills’ Law and the smaller resting diameter

of the efferent arteriol. In short, the recruitment of
nenes in response to moderate hypoxia appeared to
predominantly TYPE Il nerves (Fig. 3)n contrast, seere

hypoxia decreased RBF (56%), with a significant fall i'},een

glomerular capillary pressure and GFR (Fig. 4)his

pattern reflects a substantially greater pre-glomerular th
post-glomerular vasoconstriction that is compatible with threé

further recruitment of nerves by v&ee hypoxia being

predominantly TYPE | nerves (Fig. 3)These results

provide esidence that different \els of reflexly induced

increases in RSAImay differentially control pre- and post-
glomerular vascular resistance, compatible with setecti
activation of TYPE | and Il renal sympathetic nerves.

400 -

300
%
change 200
from
baseline 190 -

0+

-100 -

MAP

RSNA RBF PRE POST

Figure 4. Responses to moderate (14%,; @rey) and
sevee (10% Q, black) hypoxia in anaesthetisedbbits.
Vaues (meang s.em. n = 7) ae the pecentagje dhange
from baseline (room air21% Q,) for mean arterial
pressue (MAP), renal sympathetic nerve activity (RSN
renal blood flow (RBF), glomerular filition rate (GFR)

increased glomerular

Contribution of ANGII

The question of the wolvement of the renin-
angiotensin system in the response to moderate (14% O

hypoxia was inestigated. Therenin-angiotensin system

was rendered unrespons by the simultaneous infusion of
an angiotensin camrting enzyme inhibitor and ANGII to
restore normal blood pressure (‘ANGIlI clamp’).
Measurements were made in rabbits néogi either the
‘R(?\IGII clamp’ or vehicle infusion before (room aire.
21% Q) and during moderate hypoxia (14%,)3°. As

in our previous stuldy in the \ehicle group RSN
increased in response to 14%, @d this decreased RBF
@tnout efecting GFR or arterial pressure. Though the
sponse was attenuated in the ‘ANGII clamp’ group,
glomerular capillary pressure increased in both #dgicle
and ‘ANGII clamp’ groups during 14% (Fig. 5). These
results are consistent with the notion that direct actions of
TYPE Il nenes on the efferent arterioles are responsible in
part for the increase in post-glomerular resistance in
response to 14% (¥ These results further support our
hypothesis that diérent populations of renal new
selectvely control pre- and post-glomerular resistance and
hence glomerular pressure and ultrafiltratiofruture
studies will tend these findings by examining the renal
microvascular response to stimulation of central nuclei
involved in cardiwascular contrott.

100 -

% 50 ¢

change * .
from
baseline ﬁ;
0 =
W T
%*
50 © MAP RSNA RBF GFR PRE  POST

and pe (PRE) and post (POST glomerular vasculalrigure 5. Responses to moderate (14%) @ypoxia in

resistance * P < 0.05 dange from hbaseline,” P < 0.05
14% Q vs 10% Q.

We ae confident that the fefcts of hypoxia were
mediated via the renal nerves as wevehgreviously
demonstrated the absence ofy aenal action of Wpoxia
following renal denemtiorf?*% Howeve, neurally
mediated renin release may vha @ntributed to the
response to increased RSNA, as renin cells are iatestv
by both TYPE | and Il axoR8 In particular the renal
response during moderatggoxia might be explained on

anaesthetised rabbits eated throughout the study with
vehicle (gey) or ‘ANGII clamp’ (infusion of an angiotensin
corverting enzyme inhibitor plus ANG Il testoe Hood
pressue to rormal; hathed). \dlues (meang s.em. n =
6) are the pecentagge dang from baseline (oom aiy 21%
O,) for mean arterial pessue (MAP), renal sympathetic
nerve activity (RSA), renal blood flow (RBF), glomerular
filtration rate (GFR) and @ (PRE) and post (POST
glomerular vascular esistance* P < 0.05 dang from
baseline,! P < 0.05 vehicle vs ANGII clamp.

the basis of an increase in renin release being responsible

for the rise in post-glomerular resistancEhough plasma
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Perspective

Alterations in renal sympathetic nervectivity
produce important effects on renal function, which
contritute to the kidng's main task of regulating body fluid
balance. Ourdata suggest that there are functionally
specific post-ganglionic renal nerves that can be sedcti

actvated. Basean our evidence, we propose that TYPE 1o

nenes predominate in the yiological control of arteriole
resistance to maintain GFR constant during dailyigti

whereas Type | nerves play a role when the animal is undgj

stress (hemorrhage, dehydration gereise), when blood
flow is required for other gans at the expense of renal
function. Owractvity of the renal nems has been 14
implicated in the pathophysiology of ypertension,
congestie heart filure® and chronic renalailure®. Studies

examining whether one or other of the populations of rengk

nerwes are imolved in these diseases offer possibilities of
new therapeutic targets.
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Neural control of renal medullar y perfusion
Gabriela A. Eppelt, Smon C. Malpas’, Kate M. Dentont & R oger G. Evang

!Department of Physiologionash UniversityMelbourne Vic 3800, Australia and
2Circulatory Control LaboratoryDepartment of PhysiologWniversity of Auckland, Ne Zealand.

Summary a aitical role in protecting the renal medulla from
] . ischaemia due to renal nerectivation, but is not the only
1. There is strong evidence that the renal medullaiycior jnvolved. For example, unique structural aspects of
circulation plays a &y mle in long-term blood pressure ihe medullary circulation probably conuite, and
control. This, and evidence implicating Sympatheticangiotensin Il may he a sirprising role as a counter
overactivity in da/elopr_nent of hypertens_;ion, provides theregulatory \asodilator within the medullary
need for understanding Wosympathetic nerves ##ct microcirculation. There is also the potential for

medullary blood fla (MBF). neurochemical differences between msrvinnerating
2. The precise ascular elements that regulate MBFa5cyjar elements controlling MBF and CBF to contribute.
under physiological conditions are unknown, butellk The aim of this reiew is to examine the mechanisms,

include the outer medullary portions of descendiagav gnq implications, of the neural regulation of MBF
recta, and afferent and efferent arterioles of juxtamedullafy,ve/er we must first discuss three important issues: the

glomeruli, all of which recee dense sympathetic ynique wascular architecture of the kignthat underlies the
innervation. _differential control of MBF and CBRhe plysiological

3. Mary early studies of the impact of sympathetiCimperaties of precise regulation of MBFnd the nature of
drive an MBF were flaved, both because of the methodsne renal sympathetic innervation and its role in blood

used for measuring MBFend because single and oftenyressure control. W will then consider the védence of

intense neural stimuli were tested. _ differential neural control of CBF and MBRnd the
4. Recent studies ke established that MBF is less potential mechanisms that underlie it.

sensitve than cortical blood fl@ (CBF) to electrical renal
nene dimulation, particularly at v stimulus intensities. The renal medullary circulation: structur e and function
Indeed, MBF appears to be refractory to increases in )
endogenous renal sympathetic reeractivity within the The blood supply to the renal medulla arises from the
physiological range in all but the most extreme cases. ~ efferent arterioles of juxtamedullary glomeruli, which
5. Multiple mechanisms appear to operate in concefPMPrisetl10% of all glomeruli in the kide(Figure 1).
to blunt the impact of sympathetic i an MBF, including Thus, while all blood f_Iw to the kidng enters the renal
counter-rgulatory roles of nitric oxide, and perhapsre cortex, only EH_O% of thls enters the_ renal medulla. In rats
paradoxical angiotensin Il-induceasodilatation. Rgional and dogs, reliable estimates of regional kidbeod flow
differences in the geometry of glomerular arterioles are al8g/€ anged from 2.6-7.4 ml/min/g in the cortel.3-3.2
likely to predispose MBF to be less sewmsithan CBF to ml/mm/g in the outer medulla, an_d 0.2-5.9 mlln_un/g in the
ary given vasoconstrictor stimulus. inner medulld Although these estimates shoonsiderable
6. Falure of these mechanisms would promoté/ariability between warious studies (and species), it is
reductions in MBF in response to physiological \ation widely regar_ded that blood _fkv per un?t tissue weight in the
of the renal nems, which could in turn lead to salt andouter and inner medulla is approximately 40% and 10%,

water retention and hypertension. respectiely, that in the cortex. The maintenance of a
relatvely low MBF appears to be critical for maintaining
Introduction the cortico-medullary solute gradient, and so urinary

‘ . ) o __concentrating mechanisfsOn the other hand, because the

~ ‘Neural control of the capillary circulation in specific ena| medulla is aypoxic environment\en under normal
regions of the kidnghas not been adequately studied'. Thigongitions, there must be some tradginfthe control of
statement from Pomeraret al.in 1968 could reasonably \BF, between maintenance of the cortico-medullary solute
have been made almost 30 years Iawith little progress  gragient (and so normal tular function), and the supply of
being made in this field in the intervening periodwieer,  oyygen within the renal medulla (Figure 2). As will be
renaved actvity in this area since 198%as increased our described in detail beto (see MBF and blood pessure
understanding of the influence of renal sympatheti®dn  qntyo), there is also strongielence that the el of MBF
regional kidng blood flov. As we will describe in this g 4 jey factor in long-term control of blood pressure.
review, there is nw strong evidence that medullary blood The precise vascular elements that regulate MBF
flow (MBF) is less sensite han cortical blood flo (CBF)  nder physiological conditions remain unro Howvever,
to increases in renal sympathetic veri within the fom a  theoretical perspeeti changes in ascular
physiological range. This has important implications for thegsjstance in juxtamedullary arterioles, or invdetream
control of renal function, and in particulahe long-term yascylar elements within the medulla itself (eg, outer
regulation of arterial pressureNitric oxide appears to play medullary descending aga recta), could lead to dar
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the pressure diuresis/natriuresis mechanisnviges a

T T T T T T —_— ‘non-adapting’ feedback system by which arterial pressure
\‘\\\~ can be controlled in the long-term. The relationship,
ﬂ PERITUBULAR between renal perfusion pressure and salt amderw
% CAPILLARIES excretion (pressure diuresis/natriuresis), is set at higher
I pressures in all forms of hypertension thatvehdeen
8 studied, and hypertension can be ameliorated by treatments
EFFERENT INTERLOBULAR ARTERY that restore this relationship wards normal. Another
ARTERIOLE important line of evidence comes from studies of renal
ﬂm transplantation betweenypertensie aaxd normotensie
subjects. Both in rats and humans, there is gatdkerce
_________ that ‘the blood pressure follows the kighe That is, when

a kidney from a normotense subject is transplanted into a
hypertensie abject, arterial pressure falls. Gersely,
when the kidng from a lypertensie sbject, or a
normotensie  aubject genetically pre-disposed to
hypertension, is transplanted into a normotemsiibject,
hypertension deslops.

In a series of efnt studies reiewed in detail
_______ previously¥1%, Cowley, Roman, Mattson and colleagues
have provided persuase evidence that MBF is a critical
factor in the long-term control of arterial pressure. yThe
have uilised a conscious rat model in which CBF and MBF
are measured chronically using implanted optical fibres,
while vasoactire gyents are administered directly into the
renal medulla. Chronic medullary interstitial infusion of
vasoconstrictors, at doses that reduce MBFoduce
hypertension, whereas similar infusions akudilators that
increase MBF can ameliorateygertension. This &fct

seems to be mediated through alterations in the pressure

renal vasculatue, and the atent of renal innervation t0 i resis/natriuresis relationship, which is shifted to higher
various vascular elements (shaded). Based on origing}

: P 7L : _ Bressures by both chronic and acute medullary interstitial
gg;res béfth '~ Innervation data adapteddm Bamjas  jnf,sions of wasoconstrictors, and shifted to lower pressures
owerg4,

by medullary interstitial infusions of vasodilatorse\Mave

. confirmed some of these obsatiens in a different species,
changes in MBF without significant alterations in totaphoving that acute medullary intersitital (but not
CBF. On the other hand, because juxtamedullarfgraht intravenous) infusion of noradrenaline shifts the pressure
arterioles arise near the origin of intetddr arteries diuresis/natriuresis relationship to higher pressures in
(Figure 1), changes in interlolar artery calibre would be anaesthetized rabbits'3
expected to impact less on MBF (and juxtamedu”ary The precise mechanisms by which reductions in MBF
cortical blood flow) than on the bulk of CBF. shift the pressure diuresis/natriuresis relationship to higher

Heterogeneity of the geometry of glomerulaPressure remain a matter of contxsy. Cowley and

arterioles may also contribute to thefeliéntial rgulation colleagues hae devdoped the hypothesis, for which there
of CBF and MBF Afferent and (particularly) fefrent is considerable experimental suppbHt, that increases in
arterioles of juxtamedullary glomeruli v& onsiderably MBF in response to increased renal perfusion pressure
greater calibre than their counterparts in the mid- and-outéctually mediate pressure diuresis/natriuresis. Increased
cortext (Figure 1). Becauseagcular resistance isviersely vasa recta capillary yrostatic pressure (secondary to
proportiona| to vessel radius to the power of 4, Comparatjrécreased vasa recta blood ﬂOW) will result in increased
changes in vessel radius result in lesser absolute chang&gdullary interstitial hydrostatic pressure, which will be
vascular resistance in the larger juxtamedullary arteriole§ansmitted throughout the kidnebecause of the Vo
than in their counterparts in other regions of the cértex ~ compliance of the kidyedue to the presence of the renal
capsule. Increasedenal interstitial hydrostatic pressure
reduces sodium reabsorption in a number of segments of
he nephron, probably in part through enhanced back-leak
long paracellular pathways. Wever, the integrity of this

DESCENDING
VASA RECTA

INTERLOBAR ARTERY

Figure 1 Sdematic digram of the athitecture of he

MBF and blood pressue control

Although the precise aetiology of essentia
hypertensmn remains l'mknown,. therg IS perseas hypothesis depends on the idea that M&fike total renal
evidence that the initial trigger resides within the kighe blood flw (RBF) and CBF is relatvely poorly
One line of gidence in support of this notion arose fro

. i utorgulated. The dgree to which MBF is autogelated
the seminal work of Guyton and colleagyjesowing that remains a matter of contrersyl415 probably in part
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Interstitial Osmolarity Blood Flow Interstitial PO,
(mosmol/L) b (ml/min/g) (mmHg)
Cortex 300 5 50
Outer 600 2 30
Medulla
Inner
Medulla/ 1400 0.5 15
Papilla

Figure 2 The tade-of between maintenance of the cortico-medullary solutalignt and medullary hypoxic dage
Diagram of the renal vasculateiredapted from Beeuwkes & Bamtre3, Data relating to intestitial osmolarity blood flow
and interstitial PQ compiled from Vandéf, Palloneet al?, and Liibbes & Baumgartf® respectively.

because of limitations invailable methods for estimating nenes enter the kidiyein association with the renal

MBF. vasculature, and follw the course of the renal arterial tree
as it branches to form interloharcuate, and interlabar
Renal neves and blood pressue antrol arteries. Theseeurones in turn innervate the afferent and

efferent arterioles, and the outer medullary portions of
descending vasa recta, but not vascular elements within the
inner medulla and papifid (Figure 1). Consistent with
these anatomical obsations, juxtamedullary afferent and
efferent arterioles of the raytironephrotic kidng constrict

in response to renal nergimulatior?.

Previous studies of ggonal differences in inneation
density within the kidne indicate that juxtamedullary
afferent and dérent arterioles, and their associated outer
medullary descending vasa recta, are densely iatesty
For example, Mckenna & Angelakos found the
juxtamedullary corte and outer medulla to ka the
greatest concentration of noradrenaline within the dog
h’an, levds being (M0-60% less in the mid- and
subcapsular-cortg and lav in the inner medul®. Barajas

There is clear evidence that renal sympathetiedsi
increased during the dgopment of lypertension both in
the spontaneouslyypertensie rat (SHR) and in human
essential Ypertension. Thus, basal postrglionic
sympathetic nee activity'é, and emotional stress-induced
increases in post-ganglionic sympathetic eeastivity and
reductions in sodium xeretion'’, are enhanced in SHR
compared with normotens Wstar Kyoto control rats
(WKY). Furthermorerenal sympathetic dre, as neasured
by noradrenaline spiller, is dso increased in human
essential ypertensiof?. Increased renal sympatheticveri
appears to contrilte to the pathogenesis offertension,
since in SHR chronic bilateral renal dersgion, achieed
by repeated denervation between weeks 4 and 16 after bi

lock -40% of th i i f
blocks 30-40% of the expected progressgevtion o and Powers provided more direcvidence of dense

arterial pressuf€ A similar regimen of bilateral renal . X : :
denervation in WKY has no effect on arterial pres$ure juxtamedullary vascular innervation, using autoradiogyaph
? detect uptak o exogenous JH]-noradrenaline

The precise mechanisms by which increased ren iV b heti . Ki Th
sympathetic dvie @ntributes to the pathogenesis of presumpurely by sympathetic nerves).m rat @ﬁé ey
found greater density of autoradiographic grains on

hypertension remain unknown. Thacf that reductions in ¢ d with fefent arterioles th hout th
MBF can shift the pressure diuresis/natriuresis relationsh erent, compared wi rent arterioles througnout the
to higher pressures (rightard shift), which if maintained CC'&. but autoradiographic grain densityasvsimilar in

chronically producesypertension, provides the impetus for.each of these vascular elements in the eutgd- and

our interest in the neural control of MBE. juxtamedullary cortex. Quantitag aalysis of the
innenation density of outer medullary descendingsa

Innervation of vascular elements controlling MBF recta was not included in their studithough the amount
of autoradiographic grainsverlapping the vasculatureas
The origin of the efferent sympathetic inn&ien of greater in the outer stripe of the outer medulla than yn an
the kidng differs among speciesyubin general arises from other kidng regon. It must be born in mind, h@ver, that
multiple ganglia of the celiac ples, the lumbar splanchnic the techniques that te been applied to this problem e
nene ad the intermesenteric ples. Post-ganglionic considerable limitations. Most evidence suggests that
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sympathetic neurotransmission in bloo@ssels occurs studies of the neural control of intrarenal blooavfie that
chiefly via specialised neuromuscular junctions, at whidey often employed single, intense stimuli, wellybad
varicosities form a close contact (< 100 nm) with arteriolawvhat one might consider to be ysiologically releant.
smooth muscle cef® In the rabbit kidng, [B0% of However, it is worthwhile for us to briefly consider the
sympathetic varicosities within the arteriolar region formmesults of studies using these techniques, becaugdllihe
these specialised neuromuscular junc&n©n the other us to appreciate both the heroic efforts of earlier
hand, it has also been gaed that sympathetic investigators, and thewelution of our understanding, of the
neurotransmitters can also act at some distance from thedural control of intrarenal blood o
site of release within the kidpeparticularly in the control Trueta et al. were the first to study this issue (in
of tubular functioR’. Nevatheless, the relat dstribution 1947), using the intrarenal distribution of injected
of specialised neuromuscular junctions @seular elements radiocontrast material and Indian ink as nesskof blood
controlling CBF and MBF would better reflect the densitflow in anaesthetized rabbis Their observations were
of ‘functional’ sympathetic inneation in the renal entirely qualitatie, but prophetic, in that thesuggested
vasculature, than measures of tissue noradrenaline conttret renal nerg dimulation induced redistrition of blood
per s&3, or the density of sites of noradrenaline ugfdk flow from the outer corteto the inner corte and medulla.
There is a need, therefore, for further detailed studies of thecontrast, Houck (in 1951), who also used the Indian ink
innenation of \ascular elements controlling MBF and CBFdistribution method in anaesthetized dogs, to study the
) ) effects of intense electrical stimulation of the renal esrv
Neurochemistry of renal sympathetic neves concluding that CBF and MBF were similarly dramatically
nq\iecreased by intense renal reergimulatior®®. Similar
conclusions were drawn by Aukland in 1968, using a
%athod for determining local Jas dearance within the
@éer medulla in anaesthetized dogs. yTfeund that total
F and outer cortical Jgas dearance both fell by40%
uring intense renal nezvgimulation, but also conceded
that ‘due to the counter current exchange a$ petween
ascending and descending vasa recta, the clearance is not
ecessarily linearly related to blood vit6”. Similar
bsenations, using a similar technique in anesthetized rats,
were reported by Chapmat al.in 19828, Thus, with the
exception of the initial study by rlieta et al, the
unanimous conclusion from the studies describedveabo
was that CBF and MBF are similarly sensgéit the efects
of activation of the renal sympathetic nerves.
Some studies were performed in which graded neural

Most eidence suggests that the predomina
neurotransmitter in  renal sympathetic rev is
noradrenaline. Thus, while dopamine also appears to
present in these nerves as a precursor of noradrena
synthesis, there is little compelling evidence of specifi
dopaminegic nerves within the kidry8% Moreover, while
acetylcholine is found within the kidpeit appears not to
be associated with renal negf. Nevatheless, there is
now strong evidence that co-transmitters, includin
neuropeptide Y and P participate in renal sympathetic
neurotransmissiGA and partially mediate renal nerv
stimulation induced-reductions in global RB& Other
neurotransmitters, including asoactie  intestinal
polypeptide and neurotensin, vieakeen identified within
the renal asculaturé!, and galanin has been identified in a

roportion of the neurons innervating the kigftfe Their N ) . -
brop g imuli were applied, tt the picture arising from themas

roles in renal sympathetic neurotransmission and 5
regulating renal function remain to be determined® from clear Pomeranzet al. (1968) used the®Kr

Neuropeptide ¥ and its binding sitéd and also autoradiograph technique in both anaesthetized and
neurotensin and asoactie intestinal polypéptioeé have conscious dogs, and concluded that although intense renal

been localised to vascular elements of the medulla(F}‘fr\e etivity reduced both CBF and MBHild stimulation

circulation (including juxtamedullary afferent andesént the renal nerves actually increased MBF admost

arterioles), raising the possibility that these sympathetic c&—red contrast, Hermanssenal. reported their study using

; : Rb uptale in anaesthetized rats in 1984, concluding that
transmitters could contribute to the neural control of MBF. " ! .
MBF was more sensite than CBF to the ischaemicfetts

Neural control of MBF: early studies of low frequeng renal nere dimulation®®. These
obsenations are clearly at odds with the results of more

All available methods for estimating regional ki@ne recent studies using laser Dopp|er f|owmetry'
blood flav havelimitations that must be considered in the

interpretation of ®perimental dafa®%. Methods used in Studies using laser Doppler flowmetry
early studies of the control of MBFbased on para-
aminohippuric acid clearance, washout ofudiible tracers
such a$*r, H,, and heat (thermodilution), renakteaction
of diffusible indicators such a®K and #Rb, indicator
transit time, albumin accumulation and microsphere® ha
been shan to be (more or less) vdid from either
practical or theoretical standpoifit8 For the most part,
these methods are also limited by the fact that tternot
provide ‘real time’ measurements of blood viloin
individual animals. A further limitation of mgnearly

At present, the most widely used method for
estimation of blood fl in gecific regions of the kidiyes
laser Doppler flaemetry, This technique has the ahtage
that measurements can be made in real-time, and in
anatomically specific regions of the kigndhere is good
evidence of a direct relationship between laser Doppler flux
and erythrocyte velocity both in model systens
vitro1®49-42 gnd in the kidng in vivo>404344 Howeva, it
must also be recognised that in highly perfused tissues such
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as the kidng laser Doppler flux is relaly insensitve o might exist within the medullaTo investigate this latter
changes in the olume fraction of red blood cells in the possibility we tested the effects of graded renal merv
tissué®4%41 Therefore, changes in MBF due to changes istimulation on laser Doppler blood Wlaneasurements at 2
the number of perfused capillaries (capillary recruitmenthm intervals from the surface of the carte dose to the
are unlilely to be detected by laser Dopplerwiioetry. tip of the papill4% We found that responses to renal reerv
Nevertheless, this method does represent a considerabtamulation in the renal comte(< 3 mm telow the kidng
technical breakthrough in the study of regional kidnesurface) were alays greater than those within the medulla
blood flov. Over the last decade, studies from a number & 5 mm telow the kidng surface), but that responses
separate research groups using this technigue lea to within the inner and outer medulla were indistinguishable.
the unequiocal conclusion that MBF is reladly Thus, while these data confirm that renal eesstivation
insensitve o renal sympathetic drg, especially at stimulus can differentially a&ect CBF and MBFthey do not support
intensities within the physiological range. the notion that it can differentially affect perfusion at
different levels of the medulla.

0-
Impact of endogenous renal sympathetic nee activity

on MBF

Ny
=)

Electrical stimulation of the renal sympathetic reerv
is a useful technique for producing graded increases in renal
sympathetic dxie, but it does not mimic naturally occurring
renal sympathetic neevactivity (RSNA)%6. Endogenous
RSNA has a hbrsting pattern, with the amplitude of each
burst probably lagely reflecting the recruitment of
individual axon&’. In most cases, reflechanges in RSN

VBF mainly reflect changes in the amplitude afrdis, rather
ReF than changes in their frequefi®*. Relating the frequeryc
of electrical stimulation to changes in endogenous REN

-100 T T T T T T T d therefore problematt€. Given this caveat, we can at least
0 1 2 3 4 5 6 7 8 say that similar reductions in CBF G20% are achieed in
anaesthetized rabbits with 1 Hz electrical stimul&fioand
a hypoxic stimulus that increases RSNby [B0%™.
Therefore, our observation that the refatinsensitvity of

Figure 3 Mean responses of total renal blood flow (RBFVIBF t0 renal nere dimulation is most clearly seen awlo
e), and laser Doppler flowmetry measurements of Corticgﬂe_quenues of stimulation raises the possibility that MBF

blood flow (CBFo) and medullary blood flow (MBH), to  Might be refractory to the basalék of RSNA, and to
graded frequencies of renal nerve stimulatiof€fl& increases in RSN associated with pysiological
(supmmaximal voltge, 2 ns curation) in anaesthetized manoeuvres that reduce RBIFhis does indeed seem to be

rabbits. Symbolsepresent mear s.emean of observations (€ case. For example, CBRitnot MBF is .redl,éced by
in 8 rabbits. Note that analysis of variance showed thagrtrial chemoreceptor stimulation in conscious taand
across all fequencies of electrical stimulation, responses ¢PYPOXia in anaesthetized rabﬁ&:{Flggre 4). Furthermore,
MBF differed from those of RBF and CBP ¢ 0.001). In while hypotensie hraemorrhage consistently reduces CBF

contrast, responses of RBF and CBF evrdistinguishable MBF has been obsegd to either remain unchanged or to
(P> 0.05). Redrawn from Leonast al45 increasé*®3 or to be educed less than CBF®

Corversely, renal denervation in anaesthetized rats
increases CBF but not MBE
Rudenstamet al. shaved that graded renal nerv On the other hand, MBF does not appear to be
stimulation (2-5 Hz at 5 V and 1 ms duration) irentirely insensitie © reflex increases in RSNA. Bking
anaesthetized rats produced progresgductions in RBF  the nasopharyngeal reflén conscious rabbits, byxposure
and CBF-but only small changes in blood an the renal to cigarette smoke, transiently increased RSNy
papilla (the very inner part of the medufla)We [1135%8 This refl is accompanied by little change in
subsequently performed similar studies in anaesthetizgﬁeriau pressure, but falls in cardiac Output, RBBF and
rabbits, shaing that in this species inner MBF was reduce§iBF are obsemd® (Figure 5). Indeed, MBF and CBF
in a progresse fashion by graded (frequenor amplitude) were reduced similarly by the nasopharyngeal xefte
renal nere gimulation, but that MBF was reduced less thagonscious rabbits, which seems at odds with the notion that
RBF or CBF particularly at stimulation frequencies of 3 HZMBE is less sensite than CBF to refle increases in
or les$® (Figure 3). Collectiely, these studies suggestedRSNA. An explanation for this paradox might lie in
that the medullary circulation is refaly insensitve © the  differences between the dynamic responses of CBF and
ischaemic effects of renal sympathetiovériut also raised MBF to neural actiation. In particular MBF seems able to
the possibility that some regional differences in sefiiiti respond faster to renal sympathetic \&idn®, and to be

& A
o =

Percentage reduction from control
&
=)

Frequency of stimulation (Hz)
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Figure 4. Responses of renal sympathetic nerve actigitgd laser Doppler measements of cortical blood flow (CBF)
and medullary blood flow (MBF) to @yessive hypoxia. Experiments weperformed in anaesthetized, artificially
ventilated rabbits, and hypoxaemia was induceddppsue to progressively hypoxic gas mixtures. Responses of CBF and
MBF wee determined in rabbits with intact renal nervese;(n = 7) and in rabbits in whib the renal nerves wer
destoyed 6; n = 6). Symbols and error barrepresent mear s.emean. *P < 0.05 for interaction term between ‘state’
(intact or denervated) and the response togmssive hypoxia, from analysis of varian@ata redrawn from Leonat et
also

more sensitie than CBF or total RBF to oscillations intheoretical perspee®, a rumber of potential mechanisms
RSNA at frequencies normally present in endogenousould contribute, which are discussed separatelywbelo
RSNA®. This might increase the reladi responsieness of _ _ _

MBF to transient increases in RBNassociated with Regional hetergeneity of glomerular arteriole geometry
manoeuvres such as the nasopharyngeal reflex. The
mechanistic and anatomical bases of the differing frewen&rcul
response characteristics of CBF and MBF remain unkno

As discussed earlier(see The renal medullary
ation: structue and function, the fact that
juxtamedullary d@krent and (particularly) efferent arterioles
Mechanisms underlying the relatie insensitve d MBF ~ hae geater calibre than their counterparts in othgiares
to sympathetic drive of the kidng, should theoretically predispose MBF to be
less sensie tan the hblk of CBF to virtually all
Because MBF is refractory to mild to moderatevasoconstrictor stimuli. In support of this notion, werda
increases in RSNA, it seemsdllg that the renal nees found that while some asoconstrictors preferentially
play little role in its physiological regulation. Wever, in reduce MBF more than CBF gevasopressin peptides),
pathological conditions such as heart failure, where RSNmost reduce CBF more than MBFg(BSNA, angiotensin
can increase byver 200%°, MBF might be chronically I, endothelin peptideg§61¢7 Furthermore, renal arterial
reduced, which would exacerbate salt aratew retention. infusions of angiotensin 41and endothelin®f constrict
Furthermore, MBF might also be chronically reduced if itgixtamedullary afferent and efferent arterioles similarly to
sensitvity to RSNA were someho increased, perhapstheir counterparts in other gens of the kidng
through failure of mechanisms protecting the medulla frorfdetermined by vascular casting methods), yet MBF is little
the ischaemic effects of sympathetic aaton. Potentially affected by these agents in the face ajdachanges in total
this could lead to the gelopment of hypertension. Much RBF and CBF>%¢ |t seems lilely, therefore, that the
of our recent research, therefore, has focussed wascular architecture of the kidnés aranged in a way that
elucidating the mechanisms underlying the redati protects the medulla from the ischaemic effects of a range
insensitvity of MBF to renal sympathetic d&. From a of vasoconstrictor stimuli, including sympathetic reerv
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elements within the kidyeis required before this potential

A mechanism can be completely excluded.
< 200 - 60 Regional differences in sympathetic co-transmitter function
z '|' o in vascular elements controlling CBF and MBF
[

_Dg: é We recently tested the effects of blockade of
2 100 - '|' -30 S a,-adrenoceptors on regional kignblood flow responses
s 3] to renal nere dimulatiorf®. As epected, the
g B a,-adrenoceptor antagonist prazosin greatly blunted
o n\g responses of RBF and CBF to renal eegimulation, hut
° 0 T T 0 ° to our surprise, had no detectabléeef on responses of

RSNA RBF MBF. We an exclude roles fora,-adrenoceptors in
= B mediating the post-junctional response to renal eerv
,_,—? 60 stimulation, because thea,-adrenoceptor antagonist
3 rauwolscine did not inhibit responses of MBF to renal eerv
o) stimulation. These obsations raise the interesting
g possibility that sympathetic co-transmitters makn
= 30+ important contribution to mediating the fexdts of
-% sympathetic new activity on MBF.
>
3 Interactions between hormonal and neural medmtbr
g 0 r r r . renal vascular tone: paracrine hormones

!
CO RBF CBF MBF The role of the &scular endothelium in modulating

responses toasoactie factors is well establish&d More

recently it has become clear that such factors are also
Figure 5 Responses in conscious rabbits afnal released from the tubular epithelium, and that so-called
sympathetic nerve activity (RSNA), renal blood flow (RBFjubulovascular cross-talk’ plays & role in the rgulation
cardiac output (CO), cortical blood flow (CBF) and©f renal vascular tort& Previous studies of the contrition
medullary blood flow (MBF) toxposue o cigarette smoi  Of these mechanisms to the neural control ioreal
(the nasopharyngeakfie). Panel A epresents theesults kidnéy blood flov have for the most part, relied on
of a study in abbits equipped for simultaneousintravascular administration of noradrenaline as a swt®g
measuement of RSN and RBF in the left kidyé8. Note for neural noradrenaline release. Such experiments must be
that changes in RSW and RBF ae shown on diferent interpreted with care, since noradrenaline infusion does not
scales. Bnel B shows the results of an experiment igdequately mimic sympathetic nervectivation, which
rabbits equipped for simultaneous measurement of CO, alf¢€ly involves neurotransmitter (including co-transmitter)
RBE CBF and MBF in the left kidyé® The eflex release at specialised neuromuscular junctions
comprises transient reductions in heaate CO and RBF Nevertheless, thesexperiments hee provided important
that usually eadh a maximum within the fat 5 s after Mechanistic information that has formed the basis of our
exposue to snole. Data represent the mean s.emean (n  'esearchinthisarea. _
= 8-12) of maximum langs from control. Note that The relatve insensitiity of MBF to noradrenaline
responses of RBF in the twaperiments & mmparable, [nfusions (intraenous or renal arterial) appears to be

and that both CBF and MBF arreduced by thiseflex 'argely due to nitric oxide relea®e¢® Our recent results
which more than doubles RSNA. suggest that a similar mechanism might operate to protect
the medulla from the ischaemicfexts of sympathetic
o nene ativation, since blockade of nitric oxide synthé&3is
actwation. enhances MBF responses to renal eesimulation in
Regional differences in the density of nerve bundles and/o&:gg:tiel;'ew:ivrﬁrdIgtlieonna;tteilz ?eltcrifcz);ldl\i Bsg r;g;assteh::]océligge,
varicocities innervating vascular elements controlling CBF. = . . . .
and MBE indicating that other mechanisms also contribute to the

relatve insensitity of the medullary circulation to
As previously mentioned (séenervation of vascular Sympathetic acigtion. Prostanoidappear to hze little net
elements controlling MB); available evidence suggests thatrole in modulating renal vascular responses tovattn of
juxtamedullary glomerular arterioles and outer medullarfleé sympathetic nerves, as thgclooxygenase inhibitor

descending vasa recta are richly innervated, so this seehtgProfen did not significantly tct responses of RBF
unlikely to account for the rela® insensitvity of MBF to  CBF or MBF to renal nees dimulation in anaesthetized

sympathetic  aciation.  However, more detailed rabbit®. Howeve, we dso recently found that under

information at the ultrastructural Ve, regarding the conditions of prior cyclooxygenase blockade, nitric oxide
density of neuromuscular junctions on the varioascular Synthase blockade did not enhance the response of MBF to
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Figure 6 Responses of cortical blood flow (CBF) and medullary blood flow (MBF) to renal nerve stimulation in
anaesthetized rabbits receiving enal arterial infusion of isotonic saline ( ), or angiotensin Il (2-4 ng/kg/min(n = 9).

Saline infusion did not significantlyfa€t baseline CBF or MBRvhereas angiotensin Il infusion significantlgduced
baseline CBF (by 14 5%) but not MBF* P < 0.05 for significant dference across all fequencies, in the responses to
renal nerve stimulation during angiotensin Il infusion, compared with the responses during saline infusioredimaitan r

from Guildet al®?

renal nere dimulation®. These observations contrastappear to selecly inhibit renal nere gimulation-induced
directly with those of our previous study under conditionsschaemia in the medullary circulation. Theygiological

of intact g/clooxygenase adtity®?, and raise the intriguing significance of this phenomenon, and the mechanisms
possibility, that the impact of nitric oxide synthase blockadenediating it, remain to be determined.

on responses of MBF to renal nergimulation, are at least ) -

partly mediated through vasoconstrictor products dfonclusions and futue drections

cyclooxygenase. There is nwv strong evidence that actition of the
renal sympathetic nerves has less impact on MBF than
CBF, particularly at moderate stimulus intensities. Indeed,
the medullary circulation appears to be refractory to basal
We recently obtained evidence that circulatindevels of endogenous sympathetic nemretivity, and to all
hormones such as angiotensin Il andirine \asopressin but the most profound refteincreases in sympathetic \hi
could play a ky mle in determining the nature of theThe precise nature of the mechanisms that limit the
regional renal haemodynamic response to increased reseahsitvity of MBF to sympathetic dvie remain unknan,
sympathetic drie®3. For example, angiotensin Il is kwa  although recentx@eriments suggest roles for nitric oxide
to act at a number of dels to enhance sympatheticand possibly angiotensin II. It also seemsellk that
neurotransmissiol, but this endocrine/paracrine/autocrineregional differences in the geometry of glomerular
hormone also has a unique action within the medullagrterioles pre-disposes MBF to respond less than CBF to
circulation, in that it can induceasodilation through ary given vasoconstrictor stimulus (Figure 7). Other
activation of AT,-receptors, and subsequent release of nitrimechanisms, including the potential for roles of
oxide and vasodilator prostaglandih®-646> To test sympathetic co-transmitters, requirggstigation.
whether angiotensin Il might dérentially affect responses Dysfunction of the mechanisms that protect the
to sympathetic actaétion in the medullary and cortical medullary circulation from ischaemia due to watton of
circulations, we tested the effects, on responses to rettad renal nems would increase the sensitivity of MBF to
nerne gimulation, of renal arterial infusion of angiotensin lirenal sympathetic dré. This could potentially lead to
in anaesthetized rabbits, at a dose that slightly reducelronic reductions in MBFalt and water retention, and the
basal RBF and CBF but did not significantly affect basalubsequent delopment of hypertension (Figure 7). Future
MBF®3, We found that the angiotensin Il infusion virtually studies should aim to directly test this hypothesis, and
abolished reductions in MBF induced by renal Bervdetermine whether neurally-mediated reductions in MBF
stimulation, without affecting responses of RBF and CBEontrikute to the deslopment of essential hypertension, and
(Figure 6). Thus, ela@ted intrarenal feels of angiotensin Il also to salt and ater retention in pathological conditions

Interactions between hormonal and neural medstbr
renal vascular tone: endocrine hormones
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Post-Ganglionic Sympathetic Nerve Activity

\

Innervation Density
v

Noradrenaline/co-transmitters

Vascular Geometry
Outer medullary descending vasa recta, Juxtamedullary arterioles

l -) Counter-regulatory
Medullary blood flow | Mechanisms
NO, All ??

Salt and water balance

'

Long-term blood pressure control

Figure 7. Waking hypothesis of the fac®nderlying the relative insensitivity oémal medullary blood flow (MBF) to
renal sympathetic driveResponses of MBF to sympathetic activation will depend on the level of post-ganglionic
sympathetic nerve activjtthe functional density of the sympathetic innervation of vascular elements controllingpBF
the natue of reurotransmission in these neurones, and on the basal eadibvascular elements controlling MBFlative

to those in the bulk of the renal cotteNitric oxide (NO), and perhaps also circulating angiotensin 1l (All), seem to play
key roles in blunting responses of MBF to renal nerve stimulatiaitufe of hese mechanisms could lead to salt and water
retention under conditions of sympatho-adrenal activation, and so the development of hypertension.
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Functional Imaging Introduction: Gaining ne  w insight from biophotonic imaging
Mark B. Cannell

Department of Physiolog$chool of Medical Sciences,
The University of Auckland, Auckland,wWg&ealand

Over the past 2 decades, there has beerxglosve calcium within sarcomeres with a fast confocal line
growth in the range of measurement modalitiegilable to  scanning methdd Two decades ago, such gradients could
the physiologist. dday a wery large part of the only be deduced from computer models of my rather poor
electromagnetic spectrum is used to probe and recagdality calcium signals obtained using aequbfin That
physiological function from the &l of the whole body to such exquisitely sensie methods can ne be routinely
tissue, cell and ven organelle. This use of photonic applied to follev cellular processes promises great insight
methods includes radio aves in the form of nuclear into cell ptysiology This has been aided by the co-
magnetic resonance imaging, through light in, fareple, development of better probes for cell function (as well as
microscoy and video imaging, and on to real timeinstrumentation).
fluoroscoy with Xrays. Even gamma rays from In the area of calcium metabolism, calcium imaging
radioisotopes find some imaging applications wilmga inside cells is not new; for example in 1928 Pollack
ray camerasPerhaps the most common use of photonics injected an amoeba with alarazin which precipitated as a
physiological research is in the area of microgcapd cell calcium salt at the site of pseudopod formationithw
biology. Here we see methods that enyp@bmost most of increasing wareness of the multiple roles of calciunwne
the fundamental features of light itself to generatmethods were deloped to image Ca and obtain sub-
physiological images; for example polarization andellular resolution. Autoradiographic imaging®€a with
interference are routinely used to help generate contrasctron microscopwas applied to muscle in the 196.
within unlabelled cells. The deeopment of calcium measurement techniques

The efort to clarify cell function has been aided byoccurred quite rapidly around 1980 (see 10 foiexe). To
the deelopment of a wide variety of probes thawveal improve tmporal response and the ability to directly
elements of cell function that cannot be directly obsgrv measure function in living cells required thevelepment
through other contrast enhancement methods. With thesmed application of more sensii coompounds (e.g. aequorin
probes we can moimage intracellular ion &ls, vesicle and metallochromic indicators) and ultimately fluorescent
trafficking and &en protein synthesis and deadation probes such as furd®'2 The high signal strength of the
within living cells. Although today we talk about “cell fluorescent probes made real time video fluorescence
biology” , “neuroscience” and “delopmental biology” as imaging possibEé14 The spatial resolution of the
cutting edge disciplines, in reality theare simply fluorescent microscope was been inyetb by the
physiological research repackaged to detach the temevelopment and application of laser scanning confocal
“physiology”. It is possible that a part of this has arisemicroscopy®'8 Such laser scanning methods promise
from the viev that the more classical forms ofy#inlogy resolution to the Mel of single molecules within cells —
involved rather more quantification, mathematics analthough it is akays questionable whether the study of the
physics than is palatable for mastudents. This is a pity interactions of single molecules really falls under the
for careful measurement can often be mokeaking than umbrella of “plysiology”. More uncommon microscopic
cursory e@amination. Br example, digital imaging imaging modalities are still geloped in areas such as non-
microscoyy is routinely used in all of the alle dsciplines linear ecitation in multiphoton microscgp fluorescence
but detailed analysis of the already digitized data is rarelgnegy transfer quantitatve krefringence and quantitag
performed. Unfortunatelythe massie anount of real data phase microscgp These methods are bringing awne
contained in microscopic images is frequently ignored argéneration of physicists and engineers into the life sciences
image processing applied to only “beautify” images rathemd helping to further accelerate ourvedepment and
than provide feature extraction and quantification. | cannapplication of nes methods.
help but wonder what Bernstein and Starling wouldeha That visible light has pred so wseful for studying
made of this “science”. cell function is easy to explain. In order to measure

Measurement within meimaging methods hasvgn  something it must be probed by egyein some form and to
powerful insight in to cell function. As an example, oumaximize the signal to noise ratio, you need to eyfite
discorery and quantification of microscopic calciumhighest possible ergy levels. Since the energy of the
spark$® has shan that signal transduction occurs invisible wavdength photon (2 eV) is somewhat lower than
microscopic domains where behaviour cannot be deducdit of a typical chemical bond, molecules can be
from whole cell measurementsSuch experiments kia repeatedly probed by visibleawdength photons without
firmly established the need for confocal microgcoplive  destrying them. Of course, the energy difference is not so
cell imaging. Bday | am dill amazed that we & keen large that damage can be ignored, but with careful
now been able to directly measure microscopic gradients ekperimental design we can record cell function and cell
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responses to mgnstimuli and bracket responses with9. Winegrad, S., Intracellular calcium mements of frog

controls. In e cll imaging, noisy signals are to be
expected and not to be confused with pagregimentation.
Therein lies the true artistry of vital imaging: to ackidhe
clearest possible imaging results while treading carefully
along the boundary of cell damage. In connection with this
point, we should also not fget that introducing anprobe
carries the risk of changing cell function and that molecular
biological manipulation to makthe cell report is owvn
functions is also not without the risk of changing cell
function/behaviour.

In summary | suggest that the greatest adees in
understanding physiological functionegacome about from

the deelopment and application of we measurement 13.

methods and the physiologist hasvals been quick and
creatve in goplying nev methods to problems in his/her
area of research. Application of thesewnenethods is

always harder than using well established methadstiie 14.

rewards are also greateéfhus while imaging is not mein
physiological research, meimaging modalities are \gng
fresh insight into cell bek#ur. The application of ne

imaging technologies within the life sciences is likely tdb5.

continue to reeal unexpected complexity in psiology and
life. In the following four papers presented in this
symposium, we can seaamples of the latest quantitadi
imaging techniques. As we continue thisrk; we can also

take a noment to enjp the beauty of the images that can bd6.

made.
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Development of lo w affinity , membrane tar geted Ca?* sensors
suitable for measuring presynaptic Ca  2*
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Summary approximately 100M° within 800 microseconds over
o . distances of less thanpym from the point of entrfy Ca?*
1. Our aim is to measure near-membrané*GaX microdomains are determinants of neurotransmitter réease
within presynaptic - terminals of central neurons byng play an important role in the modulation of synaptic
modifying nav genetically encoded Gasensors to de@lop  gtrengt. Historically, it has been a challengingegcise to
tools capable of measuring localisedCsignals. _ measure C4 microdomains due to their small spatio-
2. We wsed standard recombinant BNechnologies temporal profiles, with the most reliable data tifrom
to generate the DA coding for a fusion construct of & modelling and simulation studfes The  difficulty in
modified fluorescent “pericam” €a bloseznsor With @ measuring C& microdomains means that a wide range of
presynaptic P2X7 receptor (P2X7R). The"Csensitivity  cz+.specific signalling processes may go undetected by the
of the biosensor was modified by rational site-directeg;rrent “olume-aeraged’ methods routinely used. There is
mutagenesis of the calmodulin portion of the pericam.  ¢jearly a need for a biosensor that is capable of sensing
3. Biosensoreceptor fusions were transfected intacz+ microdomains. Genetically encoded 2Casensors
expression systems fprvaiuation. Expression studies in y55ed on green fluorescent protein (GFP) provide an
Human Embryonic Kidne293 (HEK-293) cells shwed  gyciting opportunity to deslop tools to measure these
that biosensor-receptor fusion construct \ieéid protein |4calised signals.
was localised Eclusvely to the plasma membrane, GFP dened from Aequoea \ictoria jelly fish is a
confirming that fusion did not affect the ability of they3g amino acid protein with an apparent molecular weight
receptor to undergo normal protein synthesis ang »7.30kD4°. Seveal GFP mutants with distinct spectral
trafficking. . . qualities hse been established as sensors of cellular
4 The C& -'depende'nt fluorescence.of the Pericargynamics, for gkample, in monitoring local pH or &a
portion of the fusion protein was also retaingite-direct gncentration inside cells A powerful example of this
mutagenesis within the calmodulin moiety of the perica’féchnology has been the recenvaiepment of pericanid
significantly reduced the €aaffinity of the comple&. The hat consist of a single GFP variant sewsiti ©

dynamic range of the sensor following this modificgtiqn iBhysioIogicaIIy rel@ant substrates such as Ldons. ©
better matched to the higher Ldevels expected within  construct the pericams, circularly permuted enhanced
presynaptic C& micro-domains. yellow fluorescent proteins (cpEYFP) were used in which
the amino and carboxyl portions had been interchanged and
reconnected by a short spacer between the original termini.
Calmodulin vas fused to the C terminus of cpEYFP and its
C&* is a ubiquitous cellular messenger controlling &arget peptide, M13, to the N terminus. The pericaasw
diverse array of physiological processes from fertilisatioghovn to be fluorescent with its spectral properties
through to gene transcription, muscle contraction, cethanging reersibly with the amount of G4 Of the three
proliferation and migration, cell differentiation andmajor pericams deloped, ratiometric-pericam (RP)
ultimately, cell death. Tight control of the spatial, temporaRppeared to be most promising, in that due to its capacity
and concentration profile of €ainflux is therefore for dual ecitation nature, it has potential for quantiaeti
required to define specific functional roles in cells. This inaging.
important in the neuronal setting, especially within the  Insertions of genetically encoded sensor into host
presynaptic terminal where the release of transmitter figceptors that already velocalisation signals offers awe
critically dependent upon small changes in 2'Castratgy for measuring localised €a Our goal is to
concentrations The irvasion of an action potential into the measure C& microdomains within presynaptic terminals.
presynaptic terminal opens voltage-dependent?* Cal'he requirement therefore is a receptor that localises to the
channels allowing the rapid influx of €dons, giving rise presynaptic membrane, but does not play a critical role in
to a small local volume (microdomain) of edied C&* 24  evdked release. The P2X7Rs aredigd-gated ion channels
Ca* microdomains coincide with avé mnes that are that are gated by ATP and other nucleotiéés Studies of
areas of presynaptic membrane densely packed with cgxpression patterns of P2X7RJeamnfirmed localisation
channels and docked with neurotransmittesieles. At in presynaptic neevterminals in both central and peripheral
these microdomains the €a concentration reaches neuron$®. Further immunoreactity studies in the

Introduction

Proceedings of the Australian Physiological and Pharmacological Society (2804) 107



Membrane-tageted C&* biosensors

hippocampus indicate that P2X7Rs colocalise with thie vitro pectroscopy
vesicular glutamate transporteivGLUTL1), placing them o
within excitatory terminafs. This males P2X7R an ideal To essess the spectral characteristics of the RP and
tool for tageting C&* sensors to excitatory presynapticRPE31Q proteins, HEK-293 cells were transfected with
nene terminals in the hippocampus. Smart and colleagu&&Ch DM construct using  Lipofectamin2000 (Life
have revealed that fusion of the purinergic P2X7R to GFP echnologies). Transfected HEK-293 cells were lysed 3
directed the compieto the plasma membrane in the simpledays post transfection and liberated cytosollc proteins (RP
HEK expression systelh Here we use this simple and RPE31Q) were collec_ted.@'determme t_he Kds of RP
+

expression system to characterise a RP-P2X7R constri@d RRE31Q) a G#* Calibration Buffer Kit (Molecular
determining its trafficking and asensing ability. Probc_as, C-3009) was used. The_ spectral prope_rtles of the

As Ca&* concentrations within the presynapticpmte'”s were measured using a Hltach_l F-4010
microdomains are thought to be in the 50-100uM range, thé!orescence Spectrophotometlr separate periments
dissociation constant (Kd) of RReported to be 1.7uM, is RP and RAHE31Q)were excited at 480nm, with an emission
therefore laver than required. As part of fine-tuning thev@elength scan performed from 480 to 650nm. The
ca&* affinities of a previous G4 sensor cameleon¥, a solutl_ons_, were maintained at pH 7.20 and 247@e Kd of
number of mutations were performed in the calmodulifoth indicators (RP and RE§1Q) was calculated from a
moiety of this construct to optimise the Kd for thidinearised (Hill) plc_Jt of fluorescence intensity asafur)ctlon
reporting range. In particular a substitution mutation in tH&f Ca?* concentration. Data were generated by scanning the
first C&* binding loop of calmodulin, where the 8amino ~ €Mmission spectrum of _the indicator in the presence of
acid was changed from glutamic acid (E) to glutamine (Q§I,|fferent C4&" concentrations. All data for RP or AE31Q) _
shifted the titration cuer of cameleon-1 to the right Were _C(_)rrected for the fluorescence or a reference solution
reflecting an increase in the Kd of itswloaffinity —Ccontaining non-transfected HEK-293 cells
component from 4IM to 700uM™°. Here we use a similar (@utofluorescence).
stratgyy to lower the diity of the RP making it more
suitable for measuring the high Laconcentrations
expected in presynaptic microdomains. Fluorescence-based approaches were used to

characterise the €asensors. Wo o three days after
Methods cDNA transfection with Lipofectamid&2000, HEK-293
Gene construction adherent on poly-L-lysine-coatedvenslips were analysed
microscopically Cells bathed in HEPESuffer (mM: NacCl

To incorporate the E31Q mutation into RP a total 0147, KCI 2, HEPES 10, Glucose 10, CaACIpH: 7.4) were
three PCR reactions were performed. First theADNthe imaged at 24°C on a laser scanning confocal (Biorad
5’ portion of RPE310Q was amplified with a sense primerMRC-1024ES) empling an argon-ion lasgcoupled to a
containing a Hindlll restriction site and aveese primer 5° Nikon Diaphot 300 microscope. Both the tagged and
C GGT GCC AAG TT G CTT TGT GGT GA GG (with  untagged RPs were illuminated at 488 nm, whictited
the base change introducing the mutation of interest beitite  YFP portion of the constructs. YFP fluorescence
underlined). Br both RP and REB1Q a dycine-rich emission of the RP as collected through a 510 long pass
spacer sequence, GGA GGT GCA GGT AGT GGA GGTichroic mirror and OG515 emission filter (>515nm).
corresponding to Gly-Gly-Ala-Gly-SdBly-Gly, was Fluorescence distribution patterns of tagged and untagged
included upstream of the start codon in the forward primdsiosensors were achia by ollecting 51%512 pixel
In the second PCR reaction, the o®Nf the 3’ portion of confocal images (slo scan rate — 1 s/image), a bright field
RPE31Q was amplified with a forard primer: 5CC AC  or transmitted image, and a simultaneous imagevisigo
ACC ACA AAG C AA CTT GGC ACC G, and a verse the colocalisation of the confocal signal with the
primer containing a Xhol restriction site. Finally the entirdransmitted image which vealed fluorescent cellular
cDNA of RP(E31Q was amplified with the Hindlll and structures. Some images were éakas an \&rage of 4
Xhol sites containing primers by using a mixture of the firstonsecutie £ans (Kalman algorithm) to smooth random
and second PCR fragments as the template. The restricteise fluctuations. For assessment of thé*Gansing
product vas cloned in-frame into the Hindlll/Xhol sites ofability of the C&"' sensors the acquisition package
pcDNA3.1 (Invitrogen) ector To generate the chimeric ‘Timecourse’ was used. Inamgjiven field of cells seeral
sensors, P2X7R-RP and P2X7R-EBB{Q, a subcloning regions of interest (RI) were defined. Examination of the
stratgyy was employed. The cDNencoding P2X7R ws C&" sensing properties of the RRP(E31Q) or chimeric
amplified by using primers containing 5’'Nhei and 3’Hindlllconstructs was performed in transfected HEK-293 cells
restriction sites. The restricted PCR fragments weeddily being exposed to 24/ ionomycin (Sigma).
to the 5’end of RP or REG1Q gene in pcDNA3.1 to yield
the tagged Ca sensor constructs of P2X7R-RP and
P2X7R-RPE31Q.

Imaging
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next. P2X7R-GFP is known to localise to the plasma
membrane in the HEK x@ression systeth P2X7R-RP
RP exhibits an identical xgression pattern (Figure 1C) to that

of P2X7R-GFP suggesting that the normal P2X7R
trafficking is not disrupted by the addition of RFRhe
signal sequence on the P2X7R therefore directed the
ratiometric pericamsxelusively to the plasma membrane.

RP E31Q Confirming the locality of the sensors piges us with the
potential for &clusively reporting neamembrane CH
signals.

Fine-tuning the Kd of ratiometric pericams to meadugh

C&* concentrations
P2X7wt - RP

The high affinity of RP mads it unsuitable to
accurately measure the large ?Caflux expected at
presynaptic microdomains. Site-directed mutagenesis
within the calmodulin portion of the €a sensor,
cameleon-1, shifts the fluorescence“Caelationship®. A
single glutamic acid to glutamine mutation (EBLQ)
wealens the interaction betweenand its binding loop,
decreasing the fafity of the sensor and increasing its
dynamic rang®. The mutation was introduced using a
PCDNA3.1 standard PCR protocol and it was confirmed by direct
sequencing. RP and REZ1Q)displayed virtually identical
emission spectra, with an emission maximum at
approximately 515nm, coinciding with the emission peak of
the YFP portion of each pericam (Figure 2A). This

P2X7wt - RP E31Q

Figure 1. Sub-cellular localisation of tagged and
untagged C&" sensor constructs expressed in HEK-293,p <0 ation confirms that th&31Q mutation did not alter

cells. . . the spectral characteristics of the proteifihe E31Q
'"?5‘95 vere capture_d using a Iaser_sc_annmg confocaly ation in RP altered the Kd from 2.1uM to 19.1uM
microscope (488 >eitation, >510 emission)Left panel effectively improving the dynamic range of 0428l-19uM
represents the fluorescence iges, displayed at identical approximately @M-170uM (Figure 2B). RFE31Q)
gan and blak lewel settlngs.R|ght p_anel IS the_ CO"  expressed in HEK cells is uniformly distributed through the
registration of the fluorescence i@ wth transmission o o1a5m  but is xcluded from the nucleus (Figure 1B).
light image d the_same field. ransmission light imges The P2X7R-RFE31Q) construct vas also generated and
reveal the cell outline and presence of organelles. Scale b&fsplayed an identical expression pattern to P2X7R-RP

- 5“”?- . . limited to the plasma membrane (Figure 1D). Theelo
A Rat!ometr!c Per!cam (RP) fluorescent signal seen with RER31Q)is consistent with its
B Ratiometric PericanE31Q(RPE31Q) lower C& affinity (Figure 1C,D).

C P2X7R-RP '

D P2X7R-RPE31Q) Will the sensas be ensitive enough to measure

E pcDNA3.1 vector (control) whicshows no fluorescence Ca?*microdomains?

In turtle hair cells the Ca concentration in C4
microdomains was found to be at leagui@8. Others hae
Results and Discussion reported microdomain Gaconcentrations of 100-2QM,
necessary to produce rapid neurotransmitter secretion
With a dynamic range of 0.aM-19uM the original RP
A fusion between a ratiometric pericam and g1dicator vyould be expected to satura?ed at thesg high
membrane taeted protein, the P2X7R was carried oufOncentrations. Heever, the RPE31Q), with a dynamic
using standard molecular biology techniques. Thiss w@nge of 21M-17+1pM, is ideally suited to the xpected
revealed by imaging HEK-293 cells transfected with eithelevels of C&"  concentrations  within  presynaptic
the tagged (localised) or untagged (unlocalised) pericarfficrodomains.
and comparing fluore_scencg dis_tribution pattg-rns. A§ensing C% in a mammalian expression system using
expected, untagged ratiometric pericams (RP) d'Splayedgaqetically encoded sensors
bright fluorescence intensjtyvhich was confined to the
cytosol but excluded from the nucleus (Figure 1A). Our HEK-293 cells transfected with each pericam were
tageting strategy of fusing the RP to P2X7Rismested exposed to the ionophore ionomycin (2.5uM). Both the

Development of a near-membrane’*Caensor
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Figure 2.In-vitro properties of ratiometric pericams.

A Fluorescence emission spectrum of ratiometric peri€hQ (RPE31Q). HEK-293cells transfected with REG1Q)

were lysed and the libated cytosolic proteins containing FEJ1Q) were dluted in phosphobuffered saline (PBS).
Emission wavelength scans (490nm-650nmgwigtained using a speadphotometerThe spectrum was measdrat 24°C

and pH 7.20, and the results corrected for witheéeence solution identical in composition to the sample except for the
absence of RIE31Q) The results wex dmilar to YFP spect, showing an emission peak at approximately 515nm. A very
similar emission spectrum was obtained for REsyits not shown) with a maximum peak at 510nm, indicating the
maintenance of YFP spectral properties.

B Dose response curves of ratiometric pericams, showing relative fluorescence intensity (RFI) as a function of pCa
('|0910[C32+]free)- Thecurves wee geneilted by scanning the emission of the indicator (RP ERPQ) at 515nm. The
concentation of free C&' ions in solution was varied by cross dilution of?C&high Ca?* solution”) and EGR (“low

Ca’* solution”) to produce a series of eleven solutions with increasinglOahile keeping the concentration of the
indicator (RP or RPE31Q) constant. The pH was kept at 7.2 during experimentationEBA€ mutation shifted the dose
response curve to the right, reflecting a chaingKd fom 21.M for RP to 19.LM for RPE31Q).

P2X7R-RP and P2X7-RBE81Q sensors demonstrated anWill the sensor only measiCa®* from presynaptic C&
increase in fluorescence intensity in response to applicatiorcrodomains?

of ionomycin (Figure 3). As expected, P2X7R-RPvebo a . ) ] )

significantly larger change in fluorescence intensity than the ~_ USing simulation studies, Fogelson and colleadjues
lower affinity sensqrP2X7-RPE31Q). These Eperiments predicted with a three Fhmensmnal model thaf*Ganters
demonstrate that the Easensing abilities of the RP andth€ Presynaptic terminal through discrete membrane
RPE31Q are not altered when fused to the P2X7R anghannels and acts to release transmitter within 50nm of the
expressed in a mammalian cell line. Further studies af@try point. In turtle hair cells the initial diameter of’Ca

required to demonstrate this in primary neuronal culturdgicrodomains was found to be less thamj, as estimated
and other neuronal preparations. by confocal microscog. Hence, C& microdomains can

have vay restricted spatial profiles and restrictingere a
sensor to the membrane may not guarantee localisation
within C&* microdomains (e.g. in neurons). Wever, one
could still expect much better signal-to-noise ratios with a
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Conclusion and Future Directions

A 60 The C&" microdomains within presynaptic nerv
terminals are highly localised and the concentrations of
m a0 k——‘_‘ Ca* within these rgions are thought to be significantly
20 larger than the global ytosolic concentration. By
? measuring “elume-aeraged’ global signals in response to
0 stimuli, important information about these
. compartmentalised functions remains undetected. In this
30 study biosensors ke keen designed with characteristics
ol T T —r suited to iwestigating C&* microdomains within
s presynaptic terminals. 8/generated a fusion protein of a
10 ratiometric pericam (with modified €asensing ability)
f — and a P2X7 receptoa potein knavn to localise to the
0 presynaptic membrane of excitatory neurons. Fusion
proteins successfully trfadked to the plasma membrane
B distribution of HEK cells and were capable of responding to

changes in intracellular €a Our next goal is to
characterise these sensors in a neuronal setting, confirming
localisation and CA sensing ability and refining these
properties where necessatyitimately, we hope to study
C&* dynamics in brain slices deed from various mouse
and rat models of relant human diseases. The generation
of genetically encoded fluorescent biosensors described is
expected to continue to expand and provide exciting ne
insights into normal physiological and pathological
processes in neurons.
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Functional imaging: ne w views on lens structure and function
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Summary fiore cell$. This system is thought to be generated by

] . _spatial diferences in ion transport processes that generate a
1. We have developed an experimental imaging circulating flux of ions which enters the lens via the

approach that allows the diswiion of lens membrane gyracellular clefts between fibre cells, crosses fibre cell
proteins to be mapped with subcellular resolutioer targe membranes, then flows from cell to celivends the sudce
distances, as a function of fibre cell differentiation. of the lens, via an intracellular pathy mediated by ap

. 2. Using' this r:}pproa_ch in _the rat lens, wevéha junction channels. This circulating current creates a net flux
precisely localised histological sites of Cx46 Ui, of solute that generates fluidiloThe extracellular flov of
quantitatvely mapped changes imeg junction distriition \ygter coveys rutrients tevard the deeper-lying fibre cells,
and fibre cell morphologyend correlated these changes tQypjle the intracellular flo removes wastes and creates a
differences in intercellular dye transfer. well-stirred intracellular compartment.

3. Profiling of glucose transporter isoform expression The experimentalwdence in support of this model
shaved tha@ Iens. epithelial cells express G.LUT.1. whilg)t |ens circulation has primarily been provided by
deeper cortical fibre cells express the highaffinity  macroscopic measurements of whole-lens  electrical
GLUT3 isoform. Near the lens peripherBLUT3 was  propertied. More recently our laboratory has puided
located in the cytoplasm of fibre cellgjtht underwent a qgitional evidence inafour of the model by identifying,
differentiation-dependent membrane insertion. ~and localising at the cellularve, key mmponents of the
. 4. Similarly, the putatre alhesion protein MP20 is circylation systerh This work has imolved a number of
inserted into the fibre cell membranes, at the stage when ffjactional imaging approaches which correlate membrane
cells lose their nuclei. This redistation is strikingly rapid rotein distrilution to function in spatially distinct géons
in terms of fibre cell dferentiation and correlates with ayf the leng® Here we compare and contrast the results
barrier to extracellular diffusion. 3 obtained for three dérse types of membrane proteins: cell-
5. Ourimaging-oriented approach has facilitated ne,_ce|| channel proteins (connexins); glucose transporter
insights into  the relationships  between fibre  celhroteins (GLUTS); and an adhesion protein (MP20). While
differentiation and lens function.Taken togethey our g initial goal was to prade a molecular wentory of key
results indicate that a number of stgas are utilised by components of the lens circulation system, our results ha
the lens during the course of normalf@iéntiation, 10 a,ealed that the lens uses a number of different sfiete
change the subcellular distifion, gross spatial location g estaplish and maintain spatial differences in membrane
and functional properties of el membrane transport yansport proteins during the course of fibre cell

proteins. differentiation.
) Mapping spatial differences in transport proteins: a
Introduction question of scale
The transparerncof the lens is closely linked to the To investigate these questions wevieacevdoped an

unique structure and function of its fibre cells. These highb&perimental approach that alle the distribution of lens
differentiated cells are deed from equatorial epithelial embrane proteins to be mapped with subcellular
cells, which eit the cell cycle and embark upon aresolution wer lame distances. Since fibre cells continually
differentiation process that producesteasve cllular gifferentiate from epithelial cells at the lens periphery and
elongation, the loss of cellular ganelles and nuclei and the 5, progressely internalised with age, the spatial layout of
expression of fibre-specific protefr’s Since this process fipre cells from the lens periphery to the centre also
continues throughout life, a gradient of fibre cells &gpresents a temporal profile of fibre cellfefiéntiation.
different stages of differentiation is established around ghe technical procedures we via cevdoped to map
internalised core of mature, anucleate fibre cells. Tnemprane protein distributions across thidedéntiation
maintain its structural genization, and hence, itS gragient, utilize high-quality cryosections that are
transpareny, the lens is belieed to have an intemal  gygtematically imaged to produce a continuous, high-
microcirculation system that ded&rs nutrients, remes egojution data set (Figure 1). Such an image data set
waste products, and imposes thegaie membrane cgntains information not only on ¥Wwothe gross spatial
potential required to maintain the steady-state volume of tQ&tribution of a labeled membrane protein changes as a
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function of fibre cell differentiation, but also on theFibre ell gap junctions: structw, dspersal and ge-
changing subcellular distribution of the protein (Figure 2Xdependent processing

This is important because differentiating fibre cells are ) ) _
essentially elongated epithelial cells, which retain distinct _ Because of their central importance to lens function,
apical, basal and lateral membrane donfins these cells the fibre cell @p junctions hee keen atensvely St“‘_j'edl-

the lateral membranes are further divided into broad a®fP Jjunctions are formed by the corime family of
narrov sides, which contribute to the distinei hexagonal proteméz and lens fibre cells express dwconnexin
profile of the fibre cells. Thus in addition to radialiSOforms, Cx463 and Cx504. Functional studies indicate
differences in membrane protein disation which can that the density ofap ju_nctions is highest near the equator
occur as a consequence of fibre celfedéntiation, other ©f the lens so as to direct the oatd component of the
changes may beviglent in an axial direction (pole-equator circulating current to the equatorial epithelial cells, which

pole) along the length of a fibre cell or between the latergPntain the highest density of Na/K pur%ﬁnsQue_llitaf[ive
membrane domains (broad versus narsigle). assessments showed that in the young, equatorial fibre cells,

g& junctions are particularly concentrated on the broad
sides while in olderinner fibre cells, theap junctions are
more &enly distributed throughout the cell membrdfid®
Anterior Furthermore, biochemical studiesvhasown that the
cytoplasmic tails of Cx46° and Cx50?%2% are cleaed in
the lens, the latter by the protease cafjaim order to
maintain cell coupling at V@ pH deep in the lerfd.

In a more recent study which utilised our high-
resolution imaging techniques, wevhgrecisely localised
the histological sites of Cx46 cleme, by quantitatie
analysis of signal density profiles obtained from antibodies
directed against theytmplasmic loop and tail of Cx46
Our analysis nreealed that Cx46 cleage occurs at tw
distinct stages during fibre cell differentiation (Figure 3A).
The major stage occurs at a normalized radial distarae
= [0.9 in 3-week-old lenses, and coincides with an axial

Posterior dispersal of fibre cell nuclei; the second stage occura at
Pole 0.7 and is associated with the complete loss of fibre cell
nuclei.
Figure 1. High-resolution long-range imaging in the lens. In addition to Cx46 clesge, we hee quantitatiely

This diagram illustrates our application of quantitative mapped the changing gap junction disitions (Figure 2A-
two-photon, and confocal irgang in the equatorialegon  C) as a function of fibre cell differentiation. Radial changes
of the lens. Overlappindarge image sacks(1-3) can be in cell shape andagp junction plaque size and distriton
collected from high-quality cryosections at fdittion- were measured automatically by quantiatirorphometric
limited resolution, and pcisely aligned by coetation analysis of our image déteA fibre cell ‘ellipticity indec
analysi$ to form a continuous 3D data set spanning &éar was found to increase smoothly from the lens periphery
proportion of the lens radius (sedgHre 2. Expession inward, reflecting a gradual change from thexagenal
patterns of immunofluorescence-labeled proteins can beripheral cell cross-section to a more circular cross-
examined qualitatively by xracting high-manification  section. W dso quantified a rapid peripheral decrease in
views from eact locations within the data set, or analyzedhe size of broad side plaques which is fokol by an
quantitatively as a function of fibreell age wsing custom- apparent fragmentation and dispersal of the plaques around
written imaye pocessing softwa. Fbre cell nuclei the cell perimeterThese precise radial measurements of
dispese axially (i.e toward the poles) and dgade as the fibre cell changes sho that the sudden gap junction
cells aye, poviding a convenient diérentiation markr cleasage and shrinkagevents do not correspond to sudden
when stained with a DAtbinding fluoochrome sub as  changes in cellular morphologyHoweva, the loss of the
propidium iodide Nuclear dgradation, and potein hexagonal cell profileis closely associated with ag
expression in fibe cell lateral membane domains, can be junction plaque dispersal, and both fellthe major stage
precisely localised in equatorial sections showin@f Cx46 cleaage, suggesting a possible role for vk in
transvese views of filer cells. Nuclear dispeal, ggp junction and cell remodelifig

degrdation and longitudinal proteinxgression patterns, To investigate the functional consequences of these
can be localised in axial sections showing theefitell  changes, we performed two-photon flash photolysis (TPFP)
lengths. on lenses loaded with CMNB-caged fluorescein and

assessed regional gap junction coupling patierry
applying TPFP inside a single fibre cell, a microscopic
source of uncaged fluoresceimsvcreated and its @ision
to neighbouring cells as monitored by simultaneous
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Figure 2. Differentiation-dependent changes in the subcellular distribution of 3 diverse lens proteins.

Top: Four 1024 x 1024 imge sacks wee assembled as describedigbre 1) to brm a continuous, highesolution
immunofluoescence data sextending over half the rat lens radius. The gaahows cell membranes labeled with wheat
germ aggdlutinin conjugated to AlexaFluor 350High-magnification imaes of he proteins (A-l) wer extracted from the
approximate locations designated with white boxes w ganges in their distribution as a function of &éhell age

A-C: The gap junction protein Cx46 formsdarpgaques on the broad sides of &lells near the lens periphemnyith small
punctate plaques on the naw sides (A). As fibreells age hey become ounder the lage paques become smaller (B),
and thg fragment and disperse around the cell membrane by the timeehehr/a 0.7 (C).

D-F: The GLUT3 glucose transporter protein labels the cytoplasm of peripheraldilis (D) but this signala-locates
predominantly to the narrow sides of the cellg/fay 0.8 (E); later at r/a 0.7, GLUT3 signal is widely distributedaamd
the rounded fite cell membranes.

G-l: The membrane protein MP20 is distribd in a granular pattern resembling cytoplasmic vesicles, from the lens
periphery tor/a [0.7 (G, H), wheg it is rapidly tageted to the plasma membrane (I). Scalesbdop, 50 ym; A-C, D-F
and G-I, 5um.

confocal microscop These experimentswvealed diferent more uniform pattern in the deeper fibre cells, consistent
patterns of cell-cell coupling at éfent radial locations. In with the diferentiation-dependent remodeling ofapg
peripheral fibre cells, where tg broad side plaques junction plaques. It appears, then, that the structureapf g
predominate, dye difsion occurred primarily in a radial junctions is modified by precise comire processing and
direction (Figure 3B). In contrast, at locations/dmed the plaque remodeling, which create functional specializations
zone of nuclear loss, where plaques were distributed manesub-regions of the gen and allov the maintenance of
evenly around the fibre cell membrane, the pattern déns circulation, homeostasis and transparenc

fluorescein dfusion was approximately isotropic (Figure

3C). Thus the local pattern of intercellular coupling

changed from a radial direction in the lens periphery to a

Proceedings of the Australian Physiological and Pharmacological Society (2804) 115



Functional imaging in the lens

A Figure 3. Nwd insights gained from an image-based
approad to lens function.
A: Precisein situ localization of two cleavge ones of
Cx46, in relation to fike cell differentiation marlers. wo
antibodies, specific to the cytoplasmic loop or the carboxy
terminus ‘tail’ of Cx46, wey used to label rat lens sections
by immunofluascence Fluorescence signal density was
imaged and quantified using a two-photon microscope and
custom-written softwar The density of membrane signal
from the Cx46 tail antibody declined rapidly in two
0.01 ¢ 2 : discrete zones located af [0.9 and[D.7, while the Cx46
1.0 0.9 0.8 0.7 0.6 loop antibody signal remained relatively constant,
Normalized distance from lens centre (r/a) indicating cleavge d the carboxy tail in the two zones,
with retention of the rest of the protein in the meanler
The solid and dotted horizontal lines designate the
locations of axially clustered or dispersed éileell nuclei,
respectivelypreceding complete nuclear degradation.
B, C: Position-dependent patterns of local cell-cell
coupling in the at lens ewaled by dye &msfer Two-
photon flash photolysis was used to opticadease cged
fluorescein within individual filr cells. Simultaneous
confocal imaging of the time course of dyefudibn
revealed that cell coupling was predominantly inaial
direction at the lens periphery (Butowas moe isotropic
deep in the lensrfa <0.7; C). These patterns calate
with the subcellular distributions of gap junctiohannels
in the respective areas.
D, E: Restricted dye difision into the lens. Culturedatrr
lenses wer incubated for 4 howrin Texas Red-detran (D)
or Lucifer yellow (E), then fixed, sectioned and getha
Both dyes penetrated the lens via thzaeellular space to
a depth of only(400 ym, corresponding to the zone of
nuclear degradation.
F, G Antibodies to MP20 wer goplied to lens sections
following dye treatment as in (D) for 18 heur
Immunofluoescent imging of the sections showed that
localization of MP20 to the cell menames occws at a
depth corresponding to the limit ofxteacellular dye
diffusion (F: red, Texas Red-dextran; green, MP2G;
high-magnification vi&), sugyesting a possible ale for
MP20 in this ‘diffusion barrier’. Scale bars: B,C,/n; D-
F, 50 um; G, 10um.

Loop-specific anti-Cx46

Tail-specific anti-Cx46

nuclei dispersion

Glucose transporters: differential expression and and differentiating fibre cells are capable of oxidati
membrane insertion phosphorylation, while the mature fibre cells, having lost
) o their mitochondria, must rely solely on glycolysis for
Glucose is the principal fuel used by the lens t@negy productiod. The lens is bathed by the aqueous
support growth and homeostasisin the lens, epithelial pmor which contains glucose \lels that mirror those in
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the plasma. Hence, lens cells near the periphery &imess cells'®25 and more recently it s shown that MP20 acts as
to an alindant supply of glucose, while the supply of ligand for @lectin-3%6, a known modulator of cell-cell
glucose to the deepéying fibre cells is likely to be limited adhesion in other tisst€sThese results are consistent with
by a decreasing glucose gradientwdeer, the circulating a role for MP20 in cell-cell adhesion, Wwever, the precise
current is thought to create a net flux of solutes thable of MP20 in lens structure, and its impact on lens
generates an extracellular fluid vitb'’, which in turn function, hae yet to be determined.
conveys rutrients tevard the deeper-lying fibre cells by Using image-based immunofluorescent mapping, we
adwection. Thus, from the model one might predict thadissessed the relati dstributions of MP20 and another
both the peripheral and deeper-lying celtand be &posed alkundant membrane protein, theter channel AQPO, as a
to external glucose, though atfdilent concentrations, and function of fibre cell differentiation. ¥found that MP20,
might express glucose transporters.aiidress this issue we but not AQPO, is inserted into the fibre cell membranes at
performed a molecular profiing of GLUT isoformthe stage when the cells lose their nifcl&Ve showed that
expression in the rat leffs We found that epithelial cells while MP20 labeling is intracellular in the younger fibre
express GLUT1 while cortical fibre cellsxgress the cells of the cortex, it redistnittes to the plasma membranes
higher-afinity GLUT3 isoform. This diferential pression as the cells mature (Figure 2G-l). Furthermore, the
pattern is consistent with the probable glucoseedistritution from the cytoplasm to the plasma membrane
environments these cells are exposed to. In epithelial cells, relatvely rapid and occursver a snall number of cell
the expression of GLUT1 appears to determine that the Kayers. If MP20 is indeed an adhesion molecule then the
of the glucose transporter is appropriate for the glucogesertion of MP20 into the membranes of mature fibre cells
concentration in the aqueous humior cortical fibre cells, might be &pected to increase adhesion between the cells.
the lover K of GLUT3 is likely to be more appropriate for This suggested to us the possibility that upon insertion of
extracting glucose from the extracellular fluid, which at thi$1P20, the extracellular space might becomteatif/ely
distance into the lens shouldvieaa elatively low glucose smaller or more tortuous, restrictingtcellular difusion
concentration. of molecules deeper into the lens fEst this lypothesis,
Subsequent analysis of GLUT3 expression using owe ogan-cultured lenses in the presence o fluorescent
high-resolution image mapping approachvesded an exracellular space markersexas Red-dextran (MW 10
intriguing pattern. Near the lens peripheLUT3 was kDa) and Lucifer yellew (MW 456 Da), for varying times.
located in the ytoplasm of fibre cells (Figure 2D); but with Regardless of the incubation period (2 to 18 hour&xab
increasing depth into the lens, GLUT3 labeling becani®ed-datran difusion into the lens only occurred up to a
associated with the membrane, suggesting that GLUTBstance of some 400m in from the capsule (Figure 3D).
undepgoes a differentiation-dependent membrane insértiorThis consistencin the depth of tracer penetration obsetv
Interestingly this membrane insertion of GLUT3 aw at all time points indicated that theexds Red-detran
initially targeted to the narvesides of fibre cell membranes movement via the sracellular space was not filision-
(Figure 2E). Then at a later stage of fibre celllimited, but restricted by a physical barriedn support of
differentiation, GLUT3 became more uniformly dispersethis, the atracellular diffusion of the smaller molecular
around the entire cell membrane (Figure 2F). The disperseéight dye, Lucifer yellw, dso became restricted at
of GLUT3 from the narny sides to the rest of the around the same depth (Figure 3E). This indicates that the
membrane appears to coincide with dispersal of tqe gbarrier to extracellular diffusion has a molecular weight cut-
junction plaques which are initially located on the broadff of at most (450 Da. Subsequent immunolabelling with
sides of fibre cells (Figure 2A-C). This obsaien MP20 antibodies of sections desil from a lens incubated
reinforces our impression that the distinct sub-domains of Texas Red-dextran for 18 hours indicated that the barrier
fibre cell lateral membranes are lost during the course wf extracellular diffusion coincides with the zone where
differentiation. Our findings also suggest that GLUT3 iMP20 is inserted into the membrane (Figure GF Thus
initially produced in the youngemeripheral fibre cells the insertion of MP20 correlates with the formation of a
(which are capable of protein synthesis) and can be stomdiffusion barrier that restricts the furthextracellular
in the cytoplasm until a d#rentiation-dependent signal movement of tracer dye molecules into the lens core. These
triggers its insertion into the membrane. results are consistent with the wiéhat membrane insertion
of MP20 contributes to the establishment of interactions
between adjacent fibre cells, which act in the lens to limit
the mavement of molecules via the extracellular space.

Fibre eell adhesion: MP20 membrane insertion and
extracellular diffusion

Membrane insertion would appear to be a commoRynclusions and futue challenges
phenomenon in the lens. High-resolution mapping of the
distribution of the second most abundant lens membrane  Our adoption of a functional imaging approach to
protein, MP20, reealed that lile GLUT3 it undergoes a investigate ley components of the lens microcirculation
differentiation-dependent membrane insertion. Despite igstem has reaped unforeseen insights into lens bidlogy
relative @undance, the function of MP20 in the lens is stilappears that the lens adopts a number of strategies to
not definitvely known. MP20 has been implicated as ecompensate for the inability of its older anucleate fibre cells
component of membrane junctions between lens fibte synthesise me membrane proteins. These stoiés
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involve the processing, redistribution and feikential
tamgeting of proteins as fibre cells age. Thap gunction
proteins Cx46 and Cx50 undergo specificfedéntiation-
dependent post-translational modifications that reweir
cytoplasmic tails: eents which cause a loss of junctional
pH sensitivity and which braek (temporally and spatially)
a dramatic redistribution of @p junction plaques. This

5. Merriman-Smith BR, Krushinsl A, Kistler

to mammalian lens transpargndNewvs Phys. Sci.
2001; 16: 118-123.

J,
Donaldson PJ. Expression patterns for glucose
transporters GLUT1 and GLUTS3 in the normal rat
lens and in models of diabetic catarabtvest.
Ophthalmol. Vis. ScR003; 44: 3458-3466.

redistritution correlates with a major redirection of thes. Grey AC, Jacobs MD, Gonen Kistler J, Donaldson PJ.

local cell-cell coupling which underpins the lens
microcirculation system. In a similar vein, the
differentiation-dependent  xpression of glucose

transporters, which tgets the GLUTL1 isoform to epithelial

Insertion of MP20 into lens fibre cell plasma
membranes correlates with the formation of an
extracellular diffusion barrierExp. Eye Res2003;
77: 567-574.

cells and the GLUT3 isoform to cortical cells, appears t6. Young MA, Tunstall MJ, Kistler J, Donaldson PJ.

match transporter affinity with local glucosesiability. In
order to achiee tis, GLUT3 undergoes insertion into fibre
cell narrev side membranes, apparently from a pre-
designated cytoplasmic pool. lekGLUT3, MP20 also

Blocking chloride channels in the rat lens: Localized
changes in tissueybration support the existence of
a drculating chloride fluxInvest. OphthalmolVis.
Sci.2000; 41: 3049-3055.

undegoes a membrane insertioneet, but at a later stage 8. JacobsMD, Soeller C, Siskeg AMG, Cannell MB,

of fibre cell diferentiation, suggesting that the signals
responsible for the insertion of these otwnembrane
proteins are diérent. Insertion of MP20 correlates with the
formation of an extracellular diffusion barrieffaken

Donaldson P Gap junction processing and
redistribution revealed by quantitaie qotical

measurements of connexind6 epitopes in the lens.
Invest. OphthalmoMis. Sci.2004; 45: 191-199.

togetherour results she that as fibre cells mature and their9. JacobsMD, Donaldson PJ, Cannell MB, Soeller C.

ability to synthesise memembrane proteins is lost, the lens
deplogys a panoply of post-translational processing and
targeting mechanisms to enable fibre cells to meet the
physiological challenges associated with beingidd ever
deeper in the lens mass.

Since the lens is continually addingangbre cells at

its equatarit is interesting to speculate that establishing antil.

maintaining spatial diérences in membrane transport
proteins is an integral part of the fibre cellfgiéntiation

programme. Hang developed image-based methods tol2.

precisely map, with high resolution, spatial changes in
membrane protein distribution, the xechallenge is to
identify the diferentiation signals that trigger theery
precise changes we \le dsened. If this is achieed, the
lens will not only be anxeellent model system in which to
study generic aspects of cell fdifentiation but could also
become a unique system in which to studywho
differentiation processes modulateerall tissue function.

14.
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Quantitative phase microscopy
— a new tool for investigating the
structure and function of unstained live cells

Claire L. Curl, Catherine J. Bellair*, Peter J. Harris, Brendan E. Allman’,
Ann Roberts’, Keith A. Nugent & L ea M.D. Delbridge

Department of Physiology ari@chool of Physics, University of Melbourietoria 3010, Australia
and
flmaging Division, IATIA Ltd., 2/935 Station St, Box Hill Nth, Victoria 3129, Australia

Summary these translucent specimens. With fixed specimens contrast
] ] ] may be created using staining techniques, but @wkwith
1. The optical transparepcof unstained We @Il jive @lis this is usually not possible.oTacilitate the

specimens limits the extent to which information can bggyalization of viable cellular specimens, a number of
reCO/.ered from bright field microscopic images as th‘?s@ifferent forms of phase microsgofave been deised
specimens generally lack visible, amplitude modulatinghere contrast is enhanced by manipulation of the optical
components. Heever, visualization of the phase path |n this reiew the principles underlying these methods
modulation which occurs when light wases these qf gptical phase microscgmand the limitations associated
specimens can provide additional information. . with their implementation are discussed. A recently
2. Optical phase microscgpand dervatives of his  ye/doped nev form of phase microscgp Quantitatie
technique such as Dérential Interference Contrast (DIC) ppase Microscop (QPM), is described. The utility of
and Hofman Modulation Contrast (HMC) ke keen opm, which incorporates qualiteti sspects of established
Wldely used in the study of cgllular matt.arlalianVthes.e phase techniques and alsdea$ the capacity to undertak
techniques enhanced contrast is agtlewhich is useful in guantitatve dructural analysis, isveluated. Finally some

viewing specimens, but does not alloquantitatie  5ppications of the QPM methodology are briefly presented.
information to be &racted from the phase contemtitable

in the images. Light Propagation and Phase Properties of Cellular
3. An innovative mmputational approach to phaseMaterial

microscopy, which prosides mathematically desd ) _
information  about  specimen phase  modulatin When light vaves taverse a stained sample some

characteristics, has recently been described. Known (ﬂ@t_is absorbed by the localised pigment. Thus the
Quantitatie Fhase Microscop(QPM), this method derés amplitude of the light aves emelgen_t from specific ggions
quantitatve phase measurements from images capturéi the specimen are altered relatio the background or

using a bright-field microscope without phase Opnedium.1 This modulation alles visualisation by the
interference contrast optics. human eye, and sensitivity to féifences in amplitude are

4. The phase map generated from the bright fielgerceved as \ariatiqn in brightness and_ co_IoM/hen Iighfc
images by the QPM method can be used to emulate otHéVerses an unstained sample there is little change in the
contrast image modes (including DIC and HMC) fofMmplitude of the I_|ght since fche unplgmgnte_d samplt_a _does
qualitative viewing. QPM achiees improved discrimination N0t hare substantial absorption properties in the visible
of cellular detail, which permits more rigorous imagévavelengths usually employed for microsgopA lack of

analysis procedures to be undeetakvhen compared with amplitude modulating structure renders the sample
corventional optical methods. translucent and morphology fidult to discern. Haever,

5. The phase map contains information about celight propagated_ thr_ough a translucent sample is_ aItered_ SO
thickness and refrasts index and can allv quantitation of ~that the phase is displaced with respect to the light which
cellular morphology underxperimental conditions. As an Nas passed through the surrounding medium. dhlgh a
example, the proliferatie roperties of smooth muscle celisdisplacement is term_ed phase retardation or phasé sh_|ft.
hae been eauated using QPM to track growth and The ‘phase shift effect’ produced by a sample simply
conflueny of cell cultures. QPM has also been used to'€flects the xent to which light vave propagtion is

investigate erythrocyte cell alume and morphology in Sloved down by passage through the sampleaves/
different osmotic environments. passing through a thick sample will bevedal to a greater

6. QPM is a waluable ne non-destructie, non- degree than those passing through a thin sample. Theist ef
intenentional  experimental tool for structural andj's illustrated in Figure llncident light vaves ae initially

functional cellular inestigations. ‘in phase’, and as sample regions of different thickness and
different composition (relate © the medium) influence the
Introduction passage of the light, a variablegdee of phase retardation

is induced. The extent to which the egent light vaves

~ One of the major diiculties in visualizing and gre ‘out of phase’ with each other is termed the ralati
imaging cellular material is the lack of contrast inherent in
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phase shift and is measured in radi@hglnlike anplitude Differential Interference Contrast (DIC)

variations, differences in phase cannot be peeceby the _ o _
eye or by fhotographic film. Differential interference contrast microsgopvas

invented in the 195@ by he French optics theoretician,
Geoge NomarskP. DIC is based on modification of the
Wollaston prism which is used for detecting optical
gradients in specimens and wering them into intensity
differences’ The equipment needed for DIC microsgop
includes a polarizera beam-splitting modified \Wlaston
prism belov the condenseranother prism abee the
OutofPhase  ghjective, and an analyzer abe te upper pris® The
prisms allov for splitting of the incident light in the optical
path before reaching the specimen and re-combination of
Figure 1. Schematic representation of the phasehe split beams lyend the specimen. As a result the paths
retardation of light as it passes through a sample. of the parallel beams are of unequal length and when re-
Light waves & ‘in phase’ befee passing through the combined allav differences in intensity to be discerriéd.
specimen, but ar'out of phase’ emerging from cedgons Under DIC conditions one side of the specimen appears
of non-uniform thickness due to the effects of phageight while the other side appears dark, conferring a three-
retardation. dimensional ‘shade relief’ appearanc. An aesthetic
colour effect may also be aché with DIC when there is
a further phase shift produced by awe plate inserted in
the light path. A major adntage of DIC is that it mak
full use of the numerical aperture of the system and permits
focus in a thin plane section of a thick specimen, with
reduced contributions from specimen regions vabar
belonv the plane of focus. Thus DIC provides superior

Light Wave

In Phase

Optical Phase Microscopy

The optical phase microscope wasdleped to allev
visualisation of the phase properties of unstained cellul

material and works by cwearting phase properties to ) . X
amplitude differences that can be detected by eyéerBift resolution to Zernik& phase contrast microscpidand when

forms of optical phase microsopptilise various optical couPled with other equipment allows optical sectiorihg.
devices that change theay light is refracted and reflected!C has the additional advantage that the ‘halo’ edge
and these he ened for may years as useful tools for €f€Cts produced by standard phase microgawp lagely
qualitatve examination of unstained Vi@ lls. An absent® Unfortunately DIC is epensie © set up due to
ovaview of the major types of phase microsyojs the cost of the accessory optical components, requires

provided belav, and the advantages and disadvantages gfnificant increases in incident lightvéis and is not
each are briefly considered. conducve © imaging with plastic culture dishes (which

mix the phase retardation fefts with birefringence).
Zernike Phase Microscopy Implementation of DIC can also be physically restretas
the condenser positionver the stage of an werted

The ‘standard’ (Zernike) phase microscopegied microscope can obstruct access for placement of

in the 19305 by he Dutch pisicist Fritz Zemile uses a experimental tools (ie recording electrodes, solution
phase plate to alter the passage of light passing direcdlyritzers).

through a sample by a specifiedwdength fraction. This
method results in destrueti interference of light and Hoffman Modulation Contrast (HMC)
allows details of the normally transparent cellular specimen

to appear relately dark against a light background. That is
the phase differences are werted into amplitude

Hoffman Modulation Contrast, wented by Robert
Hoffman in 1975314 is similar to DIC, but works by the

differences and obsed as intensity contrast. The extent Ofomer§|()lr;80f optical gradients into variations in light
phase shift induced is determined by a combination of tHg€NSity->*The components of the HMC system comprise
refractive index and thickness of a specimen atygmint? an amplitude spatial filter (the ‘modulator’) placed at the

By this means, structures of unstained living cells, n&}ack focal plane of an objeeti and an off-centre slit
evident using bright field microscyp can be visualised partially covered by a po!arlzer located at the front plane of
using optical phase microsgopA major disadvantage of € condensertoffman images h& a tree-dimensional
Zemnike phase microscapis the appearance of light halos@PPearance arising from the directiondéef of the optlcal
at the edges of specimen components where the phase &fdients. Lik DIC, a major advantage of HMC is that
gradient is most steep, resulting in poor boundalf)'r'"er use of the numerical aperture results wtedlent

localisation. These boundary haldeets are particularly 'esolution of detail together with good specimen contrast
problematic if quantification of cell size and/or structure i&"d Visibility HMC can be used for imaging through plastic
requiredt6-8 culture vare, and it is for this application that the technique

is most widely utilised. Although the Hoffman ‘view' &k
on a three-dimensional appearance, localisation of image
detail at a particular depth within the sample is rediti

122 Poceedings of the Australian Physiological and Pharmacological Society (3004)



C.L. Curl, C.J Bellair, PJ. Harris, B.E. Allman, A. Roberts, K.A. Nugent & L.M.D. Delbridge

20 pm 20 pm

4 um

Figure 2. Example of the ability of QPM to highlight cellular morphology by creating of phase maps.

All bright field imayes presented in kgures wee acquired using a blac and white 1300« 1030 pixel Coolsnap FX CCD
camen (Roper Scientific) mounted on a Zeiss A&t 100M inverted miascope The defocus imges were dotained using
a piezoelectric positioning device (PiFoc, Physik Instrumeltelsruhe Germany) for objective translation. Bright field
images were processed to generate phase maps using QPm sefwiad IATIA Ltd, Australia).

A:. Bright field image d human buccal epithelial cell (Achroplar40, NA 0.60).

B: Phase map of cell shown in A, showing prominent phase-dense (darker) nucleus.

C: Bright field imaye d mouse erythrocyte (Achroplar63, NA 0.80).

D: Phase map of erythrocyte shown in C, with biconcavity depicted as a darkened annulus of increased phase.

imprecisé and this can makgatial naigation through a images. The mathematical processeslired hae hkeen
specimen visually difcult. As with DIC, HMC also described in detail elsewhere, but essentially the procedure
involves a number of ancillary optical components and &ntails calculation of the rate of change of light intensity

relatively expensie o implement. between the three images in order to determine the phase
o ) shift induced by the speciménThe de-focus images may
Quantitative Phase Microscopy be obtained either by positioning a mirror at specified

apoints in the optical path or by translating the obyectd
microscopy techniques discussed alepwhilst very useful posmons.abwe and b,e'.“,” the designated plgne of focus.
in mary different observational and imaging situationsBo'[h the image ach|§|t|on and the computa.tlonal'processes
generally only provide qualita® information about for QPM can be directed by commerciallwaisable
cellular morphology An innovative cmputational h?‘rd‘”are and spftware (QPm software, TIA Ltd, Box
approach to phase microsgpp which proides Hill Nth, Australia).
mathematically devied information about specimen phaseUsing QPM for Qualitative Evaluation of Cell
modulating characteristics, has recently been desctigéd. Morphology
Known as Quantitate Fhase Microscop (QPM), this
method combines the useful qualwati dtributes of QPM is particularly aluable for examining cellular
previous phase imaging approaches with the additionatorphology especially when visualising phase dense
adwantage of quantitate representation of specimen phaseomponents of cellular structures such as the nucleus,
parameters. With QPM, a phase-based analysis of cetbanelles or intracellular inclusions. Figure 2A slsoan
structure, morphology and composition is possible usingexample of a typical bright field image of adzal epithelial
relatively simple wide field microscope. In optical phasecell, from which little evidence of detailed intracellular
microscopy the amplitude and phase image components asgucture can be gleaned. When a phase map is generated
inextricably embedded in the image generated, whererem bright field images using QPM methods (Figure 2B),
with QPM it is possible to separate these specimen qualitib®e phase information within the cell becomes apparent
in the images produced. with visualisation of the intracellular ganelles, including
The implementation of QPM wolves the calculation the very obvious phase dense (dark) nucleds.a further
of a ‘phase map’ from a triplicate set of images captureskample, Figure 2C shows a bright field image of an
under standard bright field microsgopA computational erythrogte ehibiting a characteristic biconea dsk-like
algorithm is applied to the analysis of an in-focus imagghape. The calculation of the phase map using QPM (Figure
and a pair of equidistant posii and neaive de-focus 2D) allovs more detailed representation of the cell

It is important to emphasise that the optic
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150 um

Figure 3. lllustration of the diferent simulated imaging modalities generated using QPM applied to smooth muscle
cells in culture (Achroplanx10, NA 0.30).

A: Bright field imaye d human airway smooth muscle cells.

B: Phase map produced using bright field gean Panel A.

C: Differential Interference Contrast (DIC) irga @lculated from phase map.

D: Hoffman Modulation Contrast (HMC) irga @lculated from phase map.

geometry with the biconcuity appearing as a well defined applications hee dready been deloped!®!® These

annulus of increased cell ‘phase’ thickness. include the tracking of culture conflugnand grawth?°to
The phase information which ixteacted from wide investigate cell proliferatie poperties, and the

field cell imaging by QPM analysis may also be utilized tdevelopment of cell volume measurement technidtiés

simulate optical phase and to reproducdediint imaging evduate variations in erythrocyte morphology.

modalities. Br example in Figure 3A, a bright field image i

of a smooth muscle cell culture is sig notable for the Tracking Cell Cultue Gonfluency and Growth

lack of contrast and definition. In Figure 3B the phase map

calculated from the triplicate set of bright field images Ozgchi

the same cell fieldxibits considerably enhanced contrasf,

and cellular delineation. Based on the information withi resholding manipulations. This feature of QPM has been
the phase map, mathematical procedures can be applie }Bloited to deelop nev tools for the quantitate

aI.Iow caI.cuIa'tion gnd Crea“?’.‘ of images usua”y.aSSOCiat%Q/auation of cell gravth in culture, using repeated imaging
with optical 'maging modalities SfUCh as DIC (Flgure 3C)of cultures to assess the progressiowatds conflueng
Hoffman Modulation Contrast (Figure 3D), Zeraikhase over designated periods of tinf€. It is important to

C):ntrqst a?tharI;NIT |eld.| Th's IS a u;.eful tzng;?i:t appreciate that methodologies yioeisly established for the
extension o the Q analysis approach, as thesere measurement of cell gngh in culture are either destrugi
image modes are all deed from the same initial bright or extremely laborious. These include cell size

field image set without gnspecialized optical equipment. easurement with fluorescence watgd cell sorting

Comparltla d \.Nithl other t gchniqlees,bQPhh:I f'isl dopt.ically an ACS, which requires remval of cells from their substrate
practically simple, requiring only a bright fie MICTOSCOPg, trypsinization), cell protein synthesis estimation (using
and a CCD camera to generate a range of magn&é

. " ) . . iated leucine upta®) or manual cell counting by
modalities. An additional caenience is that with QPM, haemocytometr§?25 The ability of QPM to praide

the bright field imagi'n'g conditions do not req.uire that auantitati/e information rgading the gravth of cellsin
cqndenser be p05|t|ongd close 'm)o he inverted situ in culture preides a significant advance on these
microscope stage, and this a¥® for improved access of techniques
other equipment such as electrodes and pipettes. The first step in the processing of QPM-dediphase
maps to quantify the amount of cellular materialolaes
Using QPM for Quantitatie Assessment of Cellular the generation of a p&k |n_tenS|ty _hlstogram to ddrentiate
Morphology the phase values associated with cellular and non-cellular
regions of the culture dish. From this histogram a threshold
The use of QPM for quantitaé asessment of cell grey levd is dditained at which segmentation of cellular
attributes has considerable potential, and a number of sucbm non-cellular material can be acked to produce a

The relatvely high deyree of contrast which is
eved in phase maps generated by QPM analysisemak
e images especially amenable to segmentation and
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Figure 4. Demonstration of the segmentation process usgdagsessing confluency of human airway smooth muscle
cell cultures (Achroplanx10, NA 0.3).

A: Phase map of human airway smooth muscle cell aultur

B: Sgmented imge d phase map in A,aneated using the threshold value determined by axis interceptgéiP@ Plus
softwae V3.0 Media Cybernetics, USA) See text for method details.

binary image (for a more detailed explanation of eurvmay be established (or is kmp already) it is also possible
fitting and extrapolation procedures see @iral 2004%. to use QPM to measure the thickness of a cell. Thus, the
This image manipulation process is illustrated in Figure vblume of an indiidual cell or of a field of cells may be
which shows a smooth muscle cell culture phase mapeasured by the integration of thicknesdues &tracted
(Figure 4A) calculated from a bright field image, and tht'om designated areas of the phase map. Erytesc
sgmented cell-delineated image produced by thiwhich adopt predictable and well characterized geometric
thresholding process (Figure 4B). The area summation stiapes in different osmotic \@ronments?®3! are a
the segmented cellular material on the culture plagarticularly cowmenient cell type for the demonstration of
provides a measure of the conflugnaf the cell culture, this application of QPM?!
expressed as a percentage of the total field aramieed When exposed to a didiently hypotonic solution,
(in this example calculated to be 17.05% of total field). Therythrogites expand their isotonic biconcavity and &kn
precision of this measurement relies on the threshold grepherical shape.In this condition, the red blood cell
level extrapolated by curve-fitting methods applied to théhickness (depth) may be equated with the width (measured
image pixel intensity histogradh and is entirely in the x-y plane).From a specific cell a certain phasgue
reproducible for a gen image. The extent to which can be correlated with the measured thickness/width. By
histogram distributions ary from image to image will aveaging awer mary cells, a ‘generic’ erythrocyte refraeé
determine the measuremerariability, and this should be index can be determinett. This refractve index can then be
evduated empirically for diferent imaging conditions. As applied to ap similar cell, or fields of cells under
this methodology does not require the cells to bequivaent circumstances to cest the phase alues
manipulated in an fashion (ie by staining or contained in the phase map (such as thawsho Figure
trypsinization), repeated measurements of the same c&) to an estimate of cellulaolume. Erythrocyte ®ume
field may be madever a pecified time period to dee a calculations performed using this methodology compare
grownth curve. The high contrast phase visualizatiofavourably with those previously reported using more
produced by the QPM technique makes these measureméait®rious and destrugg methods3?33 For other cell types
feasible — the contrasvailable in bright field andwen in  with less comenient geometryessentially the same process
corventional optical phase images is generally not adequatan be used to undergkolume measurement, although
to permit reproducible image thresholding and reliable cedomavhat more compbe procedures (ie confocal
delineation. microscoy combined with QPM) may be required to

initially establish a &lue for refractie index when this is

not independently \ailable. As phase shift is simply the
Cellular Volume Measurement product of specimen thickness and refsactindex, ary
grror in the determination of the refragtiindex will be
linearly reflected in the calculatedblume. A refractre
index of 1.59-1.63 is commonly reported for erythytes®
and taking walues at either extreme of this rangeud
produce about a 2.5%asiation in computed volume. In

Cell volume regulation is a fundamental cellula
homeostatic mechanisth.Accurate measurements of cell
volume can preide important information about man
physiological regulatory and growth processest buch

measurements are particularly difficult to undestak L o .
most applications, where the refraeti index is not

situ.12:27 . ;
As the extent of phase shift induced when ”gh?xpected to alter under experimental circumstances for a

passes through a translucent cellular specimen qaven OE_!” type, phase cha_nges can beetako be directly
determined by a combination of the refraetindex and proportional to changes in cell thickness (and therefore

thickness of the cell, it follows that, where refraetindex volume}) for relawe measurements.
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As a newly devised microscgpechnique, QPM has 12.
demonstrated application in thevaliation of cellular
structure and morphologyhe full value of QPM as a non-
destructve, non-intenentional e&perimental tool for
functional imaging of ‘real time’ cellular process will 13.
become evident as this technique is more widely
implemented. 14.
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Microscopic imaging of extended tissue volumes

lan LeGrice, Greg Sands, Darren Hooks, Dane Gernek& Bruce Smaill

Bioengineering Institute & Department of Physiologpiversity of Auckland, NeZealand

Summary pathologically changed gan systems at dftrent
o ) _ developmental stages. Extended morphometric databases of
1. Detailed information about 3D structure isykD  this kind are required to characterize more fully the
understanding biological function _ _ structural changes associated with various dysfunctional
2. Confocal laser microscgrhas made it possible 10 giates and to support the computer models that are
reconstruct 3D @enization with equisite resolution at increasingly being used to  integratexperimental

cellular and subcellularvels _ information at cell, tissue andgan levds.
3. There hae keen fev attempts to acquire lge

image volumes using the confocal laser scanninganual technique for acquiring extended confocal
microscope. microscope images of biological samples
4. We have previously used manual techniques to

construct extended volumes (eml mm in etent, at In the remainder of this section, we summarize
1.5um voxel size) of myocardial tissue. ongoing research at the Waisity of Auckland which is

5. We ae nav devdoping equipment and fdient directed twvard the deelopment of efficient methods for
automated methods for acquiringtended morphometric acquiring extended morphometric databases using confocal

databases using confocal laser scanning micrgscop laser microscop The work flows from initial studies in
which high-resolution volume images were assembled of
Introduction myogyte arrangement and conneetiissue oganization

o ) ~across the heart all. Transmural segments (8Q@n x

The association between form and function IS 8oopum x 4.5 mm)were cut from the leftantricle free \all
centrfal principle of the blologlcal_ sciences and one that hgg ot hearts, previously perfused with Bosislution for
contrituted to the growth of the field/er mary years. The fiyation and then with the dye picrosirius red which binds
linkage is probably more important today thaérebefore. non-sterically to collagén The specimen was dgtirated
It is widely accepted that detailed information about threggiin 5 graded series of alcohols, embedded in epoxy resin
dimensional (3D) structure is e © understanding anqg the upper swaée of the block was then planed flat
biological function from molecule to gan and with the ging an ultramicrotomeA motorized stage was used to
development of n& imaging modalities there has been aRgnrol the horizontal position of the specimen and
explosion in the quality andolume of data that can be contigyous z-series image stacks were acquired fetetit
acquired at each these scalé3x instance, the confocal x-y locations. In this \ay, an etended volume image a8
laser microscope has made it possible to reconstruct thrﬁ%‘nerated wer the upper surface of the transmural
dimensional aganization with exquisite resolution at specimen to a depth of aroundu®® Theblock was then
cellular and subcellularvels. Morewer, using the array of amoed from the microscope and mounted in an
immuno-histochemical techniqueswavailable, it is also | iiramicrotome where the upper |50 was remeed. The
possible to probe the link between structure and fU”Cti%ecimen was then returned to the microscope and/the c
directly, for instance by quantifying the co-location ofof imaging and trimming as completed sequentially until
labelled proteins such as gap junctions or receptors Wil complete volume a8 imaged. Painstaking alignment of
other anatomic structures. o the upper sudce of the tissue block in both the microtome

For the most part, confocal imaging has not beegnq the confocal microscope was required at each stage in
used to reconstruct 3D tissuegarization in a systematic iyig process to ensure that imaggistation was, as far as
_fashion and there ka keen fev attempt_s to acquire _Ige ossible, preserved (See Figures 1 and Bioreover,
image volumes as has been done with MRI or micro-C{ther post-hoc spatial transformation of image sub-
This reflects the physical constraints on the technologyoymes vas still required to optimize registration when
Acquisition rates are limited by the sensty of assembling the complete image volume.
photodetectors and the need to scan points sequentially Digital reslicing, sgmentation and volume rendering
throughout the tissue volume, while the dimensions that c{hthods can be applied to the resulting volumes toigeo
be imaged are set by theorking field of the microscope gyantitatve sructural data about the 3D ganization of
objectve ad critically, with respect to Z direction, by pnyoqtes, extracellular collagen matrix and theseular
absorptio_n and scat_tering of light in the tissueestigated. | arwork. These data ka rot previously beenwailable and
That said, there is a clear need for databases thalyide a peverful basis for further analysis of function.
incorporate structural information across the scalgsy example, it is a relately trivial matter to quantify the
addressed by confocal microsgopfor normal and ansmural ariation of perimysial collagen once it has been
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endocardium

Figure 1. Oblique view of extendediume image from left ventricle of rat heart obtained using confocal microscopy
Note the laminar organization and cajlan (white) interconnecting laysrof nyocytes. Thepicadial collagen weave is
clearly seen along with cleaga pganes between myocardial layers.rqf 1, wth permission from the Royal
Microscopical Society).

distribution of collagen and detailed information about the
time-course of these changes is necessary to better
understand the disease processeeslhied. It follows that
extended volume imaging provides a pa#lyw for
systematic acquisition of such dath.can also be used for
the deelopment of computer models, which neakt
possible to examine thefefts of myocardial structure on
the function of the heartFor instance, we h& exracted
the 3D arrangement of cleage planes and mygte
orientation from an )¢ended volume image of rat left
ventricular myocardium (3.8mmx 0.8mm x 0.8mm at
1.5um pixel size, 0.7210° voxels).

This application illustrates well the utility of being
able to @ther detailed microscopic informationveo
extended wlumes. Themyocardial layers and cleage
planes are defined by conngetiissue and myodes
interconnections that are visible atvdls of a fev
micrometers and it is details of these structures that are
needed to define the local electrical and mechanical
properties of the laminar myocardiumHowever, the
clearage planes can extend fordwo three millimetres.In
order to fully describe the structure and associated material
properties, for instance whenva®oping a computer model
of myocardium it is necessary toveainformation across a
wide scale range, the system wevéhakvdoped proides
the tools to acquire this informatioMhe extendedalume
image of rat myocardium has been incorporated into a
structurally detailed, finite element model oéntricular
seymented out of an extended volume image asvshia ~Myocardium that has been used to study the influence of
Figure 3b The heart will remodelling associated with man discontinuous myocyte ganization on the propagation of
types of cardiac diseaseviives changes in thedent and  €lectrical acifation in the heaft

Figure 2. Image slice from leftantriclar midwall of rat
heart (800x 800um) illustrating laminar organization of
myocytes. Plane of optical section is perpendicular to
myocyte axis.Red dots a perimysial collgen cords
running parallel to myocyte axis.
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Figure 3. Reconstructed subvolumes (89@00 x 100um). In the upper panel coligen is ssgnented andendeed (a)
with and (b) without badaground due to myocytes. In the lower panel venous sinusesgarented andendeed, (c) with,
and, (d), without background. i¢m 1, with permission from the Royal Microscopical Society).

Development of automated techniques for acquiring (Dell P4, 1.8GHz, 1GB RAM, WWdows 2000) using
extended volume images custom softare written using the LabVIEW
o ) programming languageA single user interface has been
Unfortunately acquisition of an imagealume such ge/eloped that enables image acquisition and milling to be
as that presgnted in Figure 1 requires weeks of painstakifightrolled interactiely or automatically and allows the
work and this precludes the use of the manual approagRerator to process, reconstruct and visualize the image
outlined abwe for systematic morphometric analysiBor  \glymes. Theflexible user interface provides the ability to
this reason, we are wodevdoping an automated systemimage chosen sub-volumes at high resolutiart, glacing

that pravides for computer controlled confocal imaging angnem within the contd of a large volume imaged atwer
milling of embedded tissue samplegioextended wlumes. | agolution.

The system consists of (i) a confocal microscope (Leica  prejiminary studies carried out with cardiac tissue
TCS 4D) with a Kr/Ar laser (Omnichrome) (i) @nable  gpecimens demonstrate that the system has the capacity to
speed Ultramill (Leica) which cuts tqufh over a MM aequire 62.5 million exels per houreach aeraged wer 8

path using diamond or tungsten carbide tips, and (iil) &ans. This means that a fully-registered Emimage
three-axis translation stage (Aerotech) with xyzveneent \olume can be acquired aurh resolution (18 voxels) with

of 1000, 200 and 75mm, respeely at 100nm step Size. gx ayaaging, in 16 hours. This is a more than ten fold
The stage controls the positioning of specimens for Imagifihprovement with respect to our initial manual approach
and milling (See Figure 4).Microscope and mill are g4q further more modest imp@nent is seen to be
supported abee the translation stage using rigid mou“tingpossible with optimization of scanning and signal
systems designed to facilitate alignment of imaging ar}&quisition protocols.

cutting planes.The system is mo_unted on an anti-yibration The imaging rig is currently being used in a series of
table (Nevport). Z-stackvolume images are acquired for gitferent projects including a longitudinal study of cardiac
overlapping x-y areas that ver the region of interest. The remodelling in spontaneouslyjpertensie rats throughout
imaged volume is then milled foland the process is {he course of their progress to heaiture and an analysis
repeated. A major adwtage of this method is thatyf the 3D oganization of renal tubules and blood vessels in
alignment of the sample elements is maintained thrOUQh%phron sgments. Rrticular emphasis is beingven to

the imaging and milling operations, thereby preservingyending the range of embedding and staining techniques

spatial registration and making reconstruction of th&nat can be used with this automated volume imaging
complete volume image easier and faster. system.

The system is controlled using a dedicated computer
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Confocal microscope

Precision

~~um miller

Automated 3-axis stage

Figure 4. The automated confocal imaging rigihe schematic indicates the angement of the confocal mascopethe
ultramill and the thee-axis translation st The inset photgraph shows all three components and the antiatibn
table on whib they are nounted.
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Inherited cardiac arrhythmia syndromes:
What have the y taught us about arrhythmias and anti-arrhythmic therapy?
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Summary the delvery and outcome of clinical practice.

1. In recent years, the identification of the gen&lectrical activity of the heart
defects in a ast array of monogenic disorders has ] o )
revolutionised our understanding of the basic mechanisms ~ Cardiac function is dependent upon the synchronised
underlying numerous disease processes. contraction of each of the millions of cardiac mytes that

2 Mutations in cardiac ion channels vieakeen Make up he heart.This synchronisation is aclvied by an
identified as the basis of a wide range of inheriteglectrical netwrk that is composed of a specialised

arrhythmia syndromes, including the congenital Long Qfonducting system, including the sinoatrial node,
syndromes, Brugada syndrome, Lgre syndrome atrioventricular node and His-Purkinje fibres, and by the
Andersers dsease and Familial atrial fibrillation. presence of ion channels in the cell membrane surrounding
3. |dentification of mutations in the human-etmer EVEY cardiac myogte. Electricalsignals that originate in
go-go related gene (HERG)*Kchannel as the molecular the sinoatrial node tval through this network of fibres and
basis of congenital long QT syndrome type 2 also led to tif#9er action potentials in the cardiac myocytes, which in
discavery that HERG is the molecular target for thasy U induce the influx of (ialcu_Jm into the myves that
majority of drugs (both cardiac and non-cardiac) that cautiiitiate the contractileycle.” It is perhaps not surprising
drug-induced  anythmias. This has had profoundthe” that a disruption of this electrical netk, or more
implications not only for the celopment of anti- specifically dysfunction of cardiac ion channels, greatly
arrhythmic agents but for drug\dopment in general. increases the risk of cardiac arttimias? Hoyve/er, itis a _
4. The sequencing of the human genome in a sen&latively recent concept that the underlying substrate in
represents the pinnacle of the reductionist era of molecu@'diac arrfithmias is abnormal ion channel function and
medicine. Thegreat challenge mois to re-integrate the this is in a lage part is due to the dissection of the rare
information @thered during the “reductionist era” to9enetic causes of cardiac arrhythriias.
provide a better understanding of the intacganism.
Computer modelling is lidy to be a &y cmmponent of that
re-integration process. Cardiac arrigthmias may be classified into avbroad
groups, according to the underlying rate, i.e.
tachyarrlythmias (ecessively fast) and bradyarfthmias
The processes of diseasee @0 omple that it is (excessiely slow). Furthermorecardiac arrhythmias can

excessively difficult to seen aut the laws whie control  Pe dvided into subgroups depending on whethery the
them, and, although we have seen a comp&tution in originate from the atria orentricles. Cardiaarrhythmias

our ideas, what has been accomplished by tive sthool @€ associated with both significant morbidity and mortality
of medicine is only an earnest of what the feittas in In particular they can result in syncope, a transient loss of
store” (William Osler 1849 - 1919) consciousness due to insufficient blood supply to the brain,

In recent years, the identification of the gene defec®§ more significantlylead to death, which is classically
in a vast aray of monogenic disorderéjesc”beq as “sudden cardiac death".. Death_ duel to cardiac
(http://www.ncbi.nim.nih.gglomim/) has reolutionised ~&Tythmia is most commonly associated witentricular
our understanding of the basic mechanisms underlyifgChyarrlythmias and is befied to account for @er 50%
numerous disease processds. the case of entricular Of the 49,741 deaths per annum atitéble to
arrhythmias, the unsaling of the molecular genetics of the cardioascular disease In Australia
Long QT syndrome (LQTS, see below) is one sucthttp:/mww heartfoundation.com.au) and probably

example. Suctstudies, and the wider effort of sequencing 320,000 deaths in the U.SAmaking it one of the .
the human genome V@ wdoubtedly advanced our commonest individual causes of death. Furthermore, this

knowledge of the molecular basis of disease; the gre@foup of arrythmias has been the focus of the majority of
challenge nw is to rranslate this relution into impraving ~ 9€netic studies in recent yedrs.

Cardiac arrhythmias

Introduction
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Cardiac ion channelopathies

Table 1:
Cardiac lon Channelopathies
Syndrome Gene Channel Reference
1. LongQT syndrome
LQTS 1 KCNQZ Iks 13
LQTS 2 KCNHZ ler 10
LQTS 3 SCN5a Ina 42
LQTS 4 B-ankyrirf  B-ankyrin 15
LQTS 5 KCNEE Iks 43
LQTS 6 KCNE2 ler 16
2. ShortQT syndrome KCNH2 [, 27
3. Brugada syndrome SCNBa I, 29
4. Lengre syndrome SCN8a Ina 33
5. Andersers syndrome KCNJ2 Ly 34
6. Familial Atrial Fibrillaton ~KCNQ1 les 37

a. Loss of function mutations in KCNQ1 lead to a reduction in the repolarigiregifrent

b. Loss of function mutations in KCNH2 lead to a reduction in the repolarisjrayitrent

c. Gain of function mutations in SCN5a lead to an increase in the depolarjgingrtent

d. B-ankyrin modulates sodium currents

e. Loss of function mutations in KCNE1, an auxiliary subunitjrchannels, leads to a reduction in the repolarisipg |
current

f. Loss of function mutations in KCNEL, an auxiliary wuibin | channels, leads to a reduction in the repolarisipg |
current

g. Gain-of-function mutations in KCNH2 (HERG) cause a short QT symelri.e the opposite to the fett of loss of
function mutations in KCNH2 whiccause long QT syndrome.

h. Both Brugada syndrome and Lgne's syndiome ae caused by loss of function mutations in SCNb5a leading to a
reduction in |, current and hence slowed conduction.

i. Andersers syndrome is due to loss of function mutations in KCNJ2wdricodes the inwairrectifier current, |,.

j. Gain of function mutations in KCNQ1 can cause familial atrial fibrillation. The mechanism underlying thisnsgndr
has not yet been elucidated.

Cardiac arriithmias most often occur in the coxtte LQTS is nav sub-classified according to the gene locus.
of structurally abnormal hearts (e.goost myocardial The first locus was found in 199although it vas not until
infarction or in the cons¢ of dilated or kpertrophic 1996 that the specific gene, KCNQ1*, was identified.
cardiomyopatir) but for nearly 50 years it has also beeiCNQ1 encodes the-sulunit of the slaw component of
recognised that some people willvelep lethal cardiac the delayed rectifier Kchanneﬁ'gle, which contributes to
arrhythmias despite having structurally normal heaitts. phase Il repolarisation of the cardiac action potential (see
has also been known forves 40 years that these rare Fig. 1). Thus loss of function mutations in KCNQ1 result
instances of “uneplained sudden death” were oftenin less K efflux through | channels and thence delayed
familial and so likely to hee a gnetic basi§® In the past repolarisation of the cardiac action potentialQTS2 is
10 years the genetic basis of mani these rare congenital caused by mutations in the KCNH2 gene Ymesly
arrhythmia syndromes has been identified (seewel®he known as HERGY? which encodes the-sulunit of the
most etensiely studied is the congenital LQTS, which israpid component of the delayed rectifiet ¢hannel, }Lr.“
now known to be caused by defects in at least €erbht
gene loci, all of which encode ion channels or in the case-of
LQTS type 4 a protein that regulates ion channel functian The cowention for naming ion channel genes is the first letter

(see Table 1). denotes the ion species (K for potassium, S for sodium, Ca for
. calcium). CN stands for channel. A fourth letter when present is an
Congemtal Iong QT syndrome arbitrary sub-family classification.oF example, members of the

. . . . . slowing activating delayed rectifieramily haze keen classified as
Congenital LQTS is associated with prolatign of subfamily Q. The final number denotes (usually in chronological

the QT mteml on the su_rface eleCtrocardIOgram (See Fig. order of discuery) individual subfamily members — thus KCNQ1
1)' ventricular arrhythm'as' syncope, and sudden death. was the first member of the Q-subfamily of khannels disoeered.
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cardiac action potential. Thus loss of function mutations in
KCNH2 result in less Kefflux during the repolarisation
A R phase of the action potential and hence delayed
repolarisation. Since its identification as the channel
= T responsible for LQTS2, the HERG*Khannel has been
o " EcG extensiely studied and much of this interest is because the
Qs HERG K' channel is also the moleculargat for the ast
majority of drugs (@er 700 naw identified) that cause drug-
| induced LQTS, see belo'? LQTS3 is caused by mutations
B Il 100 ms in the SCN5A gene, which encodes tresutunit of the
cardiac N& channel® The N& channel is primarily
0 responsible for the rapid depolarisation of the cardiac action
potential. Interestinglymutations in SCN5A that cause
LQTS are “@in of function” mutations that result in the
channels not switching béluring the plateau of the action
C i potential, thereby resulting in an increased influx of pasiti
. ke lks 7% chage and a prolongation of the plateau phase of the
e N cardiac action potentiaf. More recentlyit has been found
that loss of function mutations in SCN5A can also cause
cardiac arrfgthmias (Brugada syndrome and Lgree
syndrome, see below), but via a distinct mechanism to that
which causes LQTSLQTS4 is due to loss of function in
the ankyrin B gené& Ankyrin B regulates the activity of
cardiac Na channels and hence the mechanism of
arrhythmia in these patients is thought to be similar to that
in LQTS3. LQTSS5 is caused by mutations in KCNE the
. . . - B-sutunit of I, 8° and LQTS6 is caused by mutations in
Figure 1. Cardiac Electrlcal Activity KCNEZ2, the Efsutunit of IKr.16 Thus it is thought that
A. The elecuocardloglgm (ECG) .ecoded from the body LQTSS5 and LQTS6 are Ity to be similar to LQTS1 and
surface shows tee major deflections denoted the P-wavei_Q-I-82 respectiely, athough these channel subunits/éa
QR.S compte 'and' Fwave The P-wave correqunds © ot been as well studied as the correspondisgbunits.
atrial depolarisation, the QRS completo entricular
depolarisation and the-Wave to ventricularepolarisation. Mechanism of arrhythmia in LQTS: The case of HERG
The QT interval measured from the start of the QRI8* channels
compl to the end of the -Wave is a measarof he

currents

duration of epolarisation. The ECG epresents the In mary instances argithmias in LQTS are
integrated signal from all the cells that conwite to Precipitated by ectopic or premature bedtsThe
cardiac electrical activity. mechanism underlying the increased risk of wirmias is

B. A typical action potential ecoded from a ventricular Subtly diferent in each of the subtypes of LQTS, but in
myocyte The electrical activity in a myocyte is divided intoessence thereflect an imbalance between repolarisation
5 phases: O, rapid depolarisation; |, earlgpolarisation; currents and reastition of depolarisation currents. This
II, plateau; 11, terminal repolarisation and |\@iastolic or ~can be most clearly illustrated in the case of HERG K
resting potential. The cdiac action potential epresents Channel mutations. HERG *Kchannels hee wusual
the intgrated signal fom all the individual ion ltannels Kinetics characterised by stoactivation and deactgtion
present in the cell. bu rapid and voltage-dependent insation.!®
C. Mutations in at least four ionhannel complexes ar ConsequentlyHERG K’ channels pass little current during
associated with an increased risk of diac arrhythmias the plateau of the action potential, but the channels/eeco
(see @ble 1). The cardiac Nachannel (|,,) contributes to from inactvation during the repolarisation phase and
depolarisation (inwad currents ae shown as downwar therefore contribte to the rapidity of repolarisation (see
deflections, by convention). The delayeectifier K= Fig. 2). However, due to slov deactvation HERG K
channels (|, I, contribute to the end of the plateau andchannels remain open for tens of milliseconds vailiy
early phases of terminal repolarisation. The indigectifier ~repolarisation bt pass little current during this period,
K* channel (|,) contributes to apid terminal because the electrochemical gradient fériK minimal at
repolarisation as well as maintenance of the diastolighe normal resting membrane potentiaB5 mV. Howeve,
potential. if a premature stimulus aves during this period HERG K
channels will pass a large owtwl current that will help to
suppress propagation of the premature beat (see Fig. 2).
Consequentlypatients who hee loss of function mutations

Like I, 1, contritutes to phase Il repolarisation of thein HERG (i.e. patients with LQTS type 2), lack this
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“endogenous anti-arrhythmic mechanism”. K* channels to pematue action potential waveforms. In
the «ample shown, two action potentials have been
recorded, one following a normally paced stimulus and the

A second following a mmatue dimulus delivered at the
Closed (C) = Open (O) = Inactive (1) point of 90% epolarisation of the first action potential.

This voltaye waveform has then been used to vgpdtaamp

a CHO cell transfected with HERG *Kchannels. Atthe

resting membrane potential HERG channel® an the

closed state (C). During the early phases of the action

B potential the HERG K channels open (O) slowlyub

| HERG in(_acFivate () rapidly; _ theefore passing little curent
(similar to that shown in B). As the vaj@ cecreases the
channels ecover from inactivation thereby passing reor

\ current; the increase in outwdrurrent peaks at about —40

\ m\. The current then deeases due to a combination of a

| — P — deceease in the driving force for*Kand slow deactivation.

+20 mV However as many of thehannels ae dill in the open state
J |_, albeit passing little current, if a pmatue gimulus arrives

v S0mv ther is a Brge ncrease in outwat current (i.e ther is

now a muh larger electrochemical driving force for K).

Cc This lage atward current however decays qulg due to

the rapid inactivation of the hannels at depolarised

potentials. Therofile of current flow during theemainder

C=0=l C=0=l of the second action potential is very similar to that

recorded during the fst action potential. The lge

C=20=| outwad current in response to a @matue gimulus would

C=0=l oppose cellular depolarisation and thereby help to segpr

I the popagation of pematue keats, and hence arrhythmias

Vf\r\ initiated by prematue beats?4

Possibility of subtype specific therapy for LQTS

slow fast HERG

Figure 2: Mechanism of arrhythmia in LQTS2

A. \dtagegated K channels can exist in one of #&
main conformations, closed (C), open (O) and inactive (I
In the vast majority of volge-gated K channels the ates X . . .
of opening (activation) and closing (deactivationg aery Previously our understanding of the role of ion channels in

rapid, whilst the rates of transition between the open an%rd'ac grrhé/thmlas proThpted thet v;/.ldespretarl]d use ct)f anti-
inactivate states (inactivation and recovery fiom arrl‘yt mllﬁ fugs as fr: erﬁ pr:m aflve (:] d erapeu IE[:h
inactivation) ae dow. Conversely for HERG K channels agents. Hovever, gven the efiects of such drugs on the

the rates of opening and closingeadow but inactivation is card|ac_ action poftentlal and Fhe heterogeneity gf the
very rapid and voltge-dependent underlying arrlgthmia substrate in LQTS, there continues

B. During a double pulse protocol,d channels (member tﬁ be a deflnlte_pr:o—a}rylt!ﬁm(jlc nskt;n/olvfeéwllth tge usfe of

of the voltge-gated K channel family pesent in the heart) these agentsith a |m'|te numboer o ctive ugs for
opens rapidly giving rise to a lge aitward current whid LQTS, deelopment qf ion channel disease spemﬂq drugs
then decays slowly due to inactivation (dashed linéka has been m.uch anticipated. At present, the mainstream
second stimulus is given shortly after thetfpulse thes is pharmacological the@tp‘or LQTS has wolved the use of

a much smaller outwad current as the ftannels have not b.eta'—receptor blocking drugs, whichveakeen ShOWT‘ o
had time to ecover from inactivation. Corersely for significantly reduce mortality? However, there remain a

HERG K channels thee is relatively little curent during conS|dte;a|bIe tptatrr]qenttﬁge g) pt?]'glents whof e'tkt'.m tdir
the first pulse as the channels open slowly and as soonGggINot tolerate this thempror this group of patients, a

they open thg inactivate In the interval between the two limited range of optionsxést, including the surgical option
pulses, HERG K channels rapidly ecoer from of a left cervical sympathectomy or the implantation of a

inactivation hut close slowly and thefore during a second pacemagr or a cardi'ac defibrillator in conjgnction with
pulse thee is a much larger current (as most of the beta-receptor blocking themap The rationale of

channels ae in the open state), whicthen inactivates very channelopalhspeuﬂc thera}o Is to se qrugs with
rapidly. pharmacological properties that are able to either counteract

C. The clinical importance of the unusual kinetics o r reverse the effects of the particular ion channel disorder
HERG K channels can be seen from the response of HE & instance, patients with the SCN5A and HERG

By elucidating the molecular mechanisms of LQTS,
e hare qained considerable insight into the substrate and
jossible triggeringwvents of malignant cardiac agthmias.
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mutations hee dfferential responses to Nachannel molecular genetics of the congenital LQTS, canvio®
blockade (with mexiletine) and increases in heart¥abe. very useful insights into significant clinical problems and
particular mexletine shortened the QT interval in patientdead to changes in clinical practice.

with the SCN5A gain in function mutationutohad no

effect on the HERG mutation patients. Patients with HER§hOrt QT syndrome

mutations had an indiidient adaptation of their QT inteal
to exercise and hence were moredik to benefit from beta-
receptor blockade.

In 2003, Gaita and colleagues identified anilies
with an inherited arrhythmia syndrome characterised by
shortening of the QT inteal?® Subsequent genetic studies
Drug induced long QT syndrome identified a mutation in the HERG*Khannel that resulted

in a loss of inactiation and hence an increase ip, |

Mary prescription medications are known to increaseurrent?” Thus a “gin of function” in HERG results in a
the risk of cardiac argthmias. Thiswas first clearly shortening of the QT inteal whereas a loss of function
identified in the Cardiac Argithmia Suppression rial  results in a lengthening of the QT intak¢see abee). The
(CAST). In the CAST studypatients with asymptomatic or increased risk of cardiac arrhythmias with either loss of
mildly symptomatic ventricular arrhythmias afterfunction or gain of function mutations in the one ion
myocardial infarction, who were treated with the *Nachannel subunit illustrates the delicate balance of control of
channel blockers encainide or flecainide had a higher ratesdéctrical activity in the heart.
death from arrhythmia than the patients assigned to
placebd®! More recently it has been realised that theBrugada Syndrome
HERG K' channel is particularly susceptible to blockade by
a wide range of drugs. Administration of these drugs Calhy
result in a phenotypeevy similar to the congenital LQTS
type 222 Inhibition of HERG has ne been reported for a
large range of both cardiac and non-cardiac drugsese
include antihistamines (e.g. terfenadinejstgointestinal
prokinetic agents (e.g. cisapride), masychoactie ggents
(e.g. amitryptiline, chlorpromazine, haloperidol an

thioridazine), and some antimicrobials (e.g. macrolid\%ith Brugada syndrome. Prior to this, in the 1280ie
antibiotics, cotrimoxazole, and the antimalarial agery:enters for Disease Control in Atianta reported an
halofantrine)t? Terfenadine and Cisapride Ve recently abnormally high incidence of sudden death in young

zt(ajen_ retm?gd f.rortr;l thj .Tzrgt tby éhe ded ar]:dthqugk immigrants from Southeast Asia, whichasvdescribed as
ministration in the nite ates because of € NSk e - sydden Unlained Nocturnal Death Syndrome

lethal ventricular arfthmias and the readyailability of (SUNDS). In Japan it was calledPokkuri (unexpected
alternate drugs with similar therapeutic activity buwéo sudden death at night), in the Philippinégangungut

risk of drug-induced arrhythmigs. . ... . (scream follwed by sudden death) and in northeast
One of the more intriguing observations in this fiel hailand, Lai Tai (death during sleep). Interestingly
has been that while drug-induced LQTS could theoretical rugada,syndrome resembles SUNDS. the most common

result from b!ockade of anf. thg outward potassium cause of sudden cardiac death in young adults in Asia, and
currents contributing to repolarisation, (or alternately frorpecent clinical and geneticvidence hee siggested that

drug induced dilure of inactvation of the inward sodium both these syndromes are caused by mutations in SEN5A
current), almost all of the drugs known to cause acquirq&ie global loss of Nachannel function in the conteof a

Long QT syndromg appear to do so b}’ blocking HI?paG'heterogeneous distribution of repolarising potassium
:\élg;?%ige;i dsrLUdlt?ii dicr)1n tzzkilr;'??eG olf’eh?:niiL gﬁhe channel actiity, in particular the transient outward *K
channeP* This pogcl:let congists oftwaro?natic sigde chains current (lfo?’ results n-an abbc'rea'ted 'upstrok of the

: cardiac action potential and variation in the shape of the

eﬂﬁteau phase of the action potential across tié of the
. . ventricle. Thevariation in the shape and duration of the
Recently Cuaalli and colleague® have arried out a P

titatve sruct yity relationshi vsis of d plateau of the action potential (i.e. phase 2 of the action
quantitalve sructure-aciity relationship analysis of drugs potential, see Figure 1) in different regions of teatvicles

Ehﬁt |nh|b|:] TERiER{g%' d'.dem'_fl_'ﬁd ha gem?]”Ccan result in those cells with a long plateau triggering re-
pharmacophore™ for Inding.  'N€ Pharmacopnorg, cjiation of cells in which phase 2as very shor! This

consist of three centres of mass (usually aromatic rings) ag s been termed phaseotve-entry and can result in the
an amino group (usually charged at physploglcal P Heneration of life threatening arrhythmias. At present, no
which together form a flattened tetrahedron. It is hoped t armacological agents Ve been shown to impxe
such pharmfacozhore fmogeEI;éwg b; usefl:] ‘Ft(]rSI|ICO surviva in patients with Brugada syndrome, although a role
screerE)mg 0 33 “:jgi 01[8 . n lngtactl\(llly.t i fha\s been proposed for quinidine, a drug that has magked |
how b rug-induce t%' IS 6}[?] Impor ar;d;mus r? 't?]n 0 blocking properties, leading to a reduction in the transmural
QW basic science studies, In this case, 9 0T € gradient and hence the likelihood of phase 2 redAtry

In 1992, Brugdaet al.?® described a clinical entity
called Brugada syndrome, in which specific
electrocardiographic features in patients with a structurally
normal heart were associated with an increased incidence of
fatal cardiac arfthmias. In the ensuing years, therasw
increasing evidence of aarhilial propensity with this
yndrome and Chemt al,?® in 1998 was the first to
escribe mutations in the SCN5A gene in some patients

in almost all the drugs that inhibit HERG" Kchannels.
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Currently the only efective therapy is the implantation of a cardiomyopathies and in particulaanfilial hypertrophic
cardiac defibrillator. cardiomyopatf®® In the context of cardiomyoapthies, the
) _ ) mutations occur in structural proteins that cause gross
Lenegre / Progressive ardiac conduction defect (PCCD) morphological changes in the heart and presumably
'%Ierfere with the conduction of signals between cells.
é[gteresting disorders within this group are those that cause
atecholamingjic Polymorphic ¥ntricular TRchycardia
(CPVT). CPVT is characterised by xercise-induced
Hentricular taclycardia and sudden death in the absence of
gross myocardial disease or QT prolongation. The defects
%re in proteins that gellate calcium homeostasis, including
ryanodine receptttr and calsequestritf. The
ignificance of non-ion channel genetic disorders is that
they illustrate the importance of the interrelationship
between calcium handling and ion channelvitgti(both
directly and indirectly).

PCCD or Lenegre syndrome as it is sometimes call
can also be caused by loss of function mutations
SCN5AS32 PCCD is characterised by wled A/
conduction. Thigaises the intriguing question as toywh
do some loss of function mutations in SCN5A result i
Brugada syndrome whilst others result in PCCDhis
implies that there must be other unidentified modifyin
influences. Onepossibility may be that patients with
slightly lower @p junction conductance may be more pron
to PCCD (i.e. decreased gap junction conductanoeldv
exacerbate the slointercellular conduction).

Andersens’ syndrome What does the future hold?

Andersers gyndrome is characterised by periodic paralysis,
cardiac arrhythmias, and dysmorphic features. Plastter L . : . .
fardlac ion channelopathies is the confirmation that ion

al.,** recently identified mutations in the gene KCNJ h | ial for electrical lation of the heart and
which encodes for the background inwardly rectifyingg annels are cruciaj for electricai reguiation ot the heart an
rny abnormality in ion channel function, whether it be

Kir2.1 current in cardiac mygtes, as a cause of". L . . ) :
vy direct or indirect, will greatly increase the risk of cardiac

Andersers s/ndrome. Kir2.1 plays an important role in , ,
terminal repolarisation of the cardiac action potential (S&[rl‘ythmlas. Consequentlghere has been considerable

Fig. 1). Furthermore, it has been suggested that SOrHﬂeterest in understanding Wacardiac ion channels function

patients with mild loss of function mutations in Kir2.1 mafmq .hav they are integrated to produce the synch.ronllsed
not exhibit the dysmorphic featuresutbstill hare the actiity of the heart.In the past 10 years the major ion

cardiac arrhythmia phenotype, associated with a mi&?annels hee teen identified and their specific functions

prolongation of the QT interval. Therefore, mutations irﬁrUC'dated' Thust is likely that in the net decade, the

Kir2.1 should be considered aveeth locus for congenital

The most direct result of the identification of the

eakthroughs will be in understandingahthe activities of

LQTS3 these channels are regulated both acutely (e.g. by
phosphorylation) and chronically (e.g. via gene
Familial Atrial Fibrillation transcription), and in re-integrating the information

_ R _ ~gahered during the “reductionist era” to pide a better
Atrial Fibrillation (AF) is the most common cardiacunderstanding of the electrical activity of the intact heart. In
arrhythmia, with an incidence df6% in patients wer the  this respect the role of computer modelling i€ljkto be a

age of 65 and20% in patients \er the age of 80. AF is key component of that “re-integration proce4s”.
associated with very significant morbiditguch as an

increased risk of embolic streR® The molecular basis of References
atrial arrhythmias is not well understoodwmoer, in 2003,

Chen and colleagues identified a mutation in the KCNQ]I
gene (i.e. the same gene that causes LQTS type 1, see
above) in one large family with familial AR’ The mutation
identified resulted in aain of function, and thesuggested
that the initiation and maintenance of AF in these patients
was likely to be caused by a reduction in action potential
duration and déctive refractory period in atrial mygtes.
Many groups around the avld are actiely investigating the
presence of these mutations in other patients with AR
date none has been found.

Bers, D.M. Excitation-contaction coupling and
cardiac contractile foce Kluwer Academic
Publishers, Dordrecht, 1991

2. Keating M, Atkinson D, Dunn C,imothy K, Vincent

GM, Leppert M. Linkage of a cardiac aythmia,

the long QT syndrome, and the Heywvias-1 gene.
Sciencel991;252 704-6.
3. MarbanE. Cardiac channelopathigsature 2002;415
213-8.

4. Zipes DR, Wellens HJ. Sudden cardiac death.
Circulation 1998;98: 2334-51.

Mutations in non-ion channel genes can also increase 5. Jerell, A, Lange-Neilson, FCongenital deaf-mutism,

risk of arrhythmias functional heart disease with prolaimpn of QT
interval and sudden deatlAm. Heart J 1957; 54:
Over the last 10 years it has been disced that 59-68

there are a number of other monogenic disorders causedgdy Ward OC. A nev familial cardiac syndrome in children
mutations in non-ion channel genes that are associated with 3. |ri. Med. Assoc1964;54: 103-6

an increased risk of cardiac arrhythmias. The mogt Keating MT Sanguinetti MC. Molecular and cellular
extensiely characterised of these are the inherited mechanisms of cardiac aythmias. Cell2001;104

138 Poceedings of the Australian Physiological and Pharmacological Society (3004)



R.N. Subbiah, T.Lampbell & J.I. Vandenberg

569-80.

8. Barhanin], Lesage JFGuillemare E, Fink M, Lazdunski

9. SanguinettMC, Jiang C, Curran ME, Keating MA 24,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Proceedings of the Australian Physiological and Pharmacological Society (2804)

M, Romg G. K(V)LQTL1 and IsK (minK) proteins
associate to form the I(Ks) cardiac potassium
current.Nature1996;384 78-80.

mechanistic link between an inherited and an
acquired cardiac arythmia: HERG encodes the IKr
potassium channeCell 1995;81: 299-307.

CurranME, Splawski I, Tmothy KW, Vincent GM, 25.

Green ED, Keating MTA molecular basis for
cardiac arrhythmia: HERG mutations cause long QT
syndromeCell 1995;80: 795-803.

Sanguinetti MC, Curran ME, Zou A, et al.

Coassembly of K(V)LQT1 and minK (IsK) proteins 26.

to form cardiac I(Ks) potassium channd&ature
1996;384: 80-3.

Vandenbeg J, Walker BD, Campbell TJ. HERG K 27.

channels: friend and foelrends Pharmacol. Sci.
2001;22: 240-6.

Wwang Q, Curran ME, Splawski Et al. Positional 28.

cloning of a nwed potassium channel gene:
KVLQT1 mutations cause cardiac aythmias.Nat.
Genet.1996;12: 17-23.

Balser JR. Sodium "channelopathies" and sudden

death: must you be so sengft Circ. Res1999;85.  29.

872-4.
MohlerPJ, Schott JJ, Gramolini® et al. Ankyrin-B

mutation causes type 4 long-QT cardiac ghinia  30.

and sudden cardiac dealtature2003;421: 634-9.
AbbottGW, Sesti F Splawski |, et al. MiRP1 forms

IKr potassium channels with  HERG and is

associated with cardiac aythmia. Cell 1999; 97.

175-87. 31.

BenhorinJ, Medina A. Images in clinical medicine.
Congenital long-QT syndromeN. Engl. J Med.
1997;336: 1568.

Vandenbeag J, Torres AM, Campbell TJ, 6chel PW 32,

The HERG K(+) channel: progress in understanding
the molecular basis of its unusuatigg kinetics.
Eur. Biophys. J2004;33: 89-97

MossAJ, Zareba WHall WJ, et al. Effectiveness and 33.

limitations of beta-blocker thergpin congenital
long-QT syndromeCirculation 2000;101: 616-23.

Schvartz PJ, Priori SG, Locati EHet al. Long QT  34.

syndrome patients with mutations of the SCN5A and
HERG genes he dfferential responses to Na+
channel blockade and to increases in heart rate.

Implications for gene-specific thesapCirculation  35.

1995;92: 3381-6.
Investigators C. Preliminary report: effect of encainide
and flecainide on mortality in a randomized trial of

arrhythmia suppression after myocardialardtion. 36.

The Cardiac Arrithmia Suppression Trial (CAST)
InvestigatorsN. Engl. J Med.1989;321: 406-12.

Walker BD, Krahn AD, Klein GJgt al. Congenital 37.

and acquired long QT syndromé3an. J Cardiol.
2003;19: 76-87.
Haverkamp W Breithardt G, Camm AlJet al. The

38.

potential for QT prolonation and pro-arrhythmia by
non-anti-arrlythmic drugs: clinical and gulatory
implications. Reporbn a Polig Conference of the
European Society of CardiologyCardiovasc. Res.
2000;47: 219-33.

Mitcheson JS, Chen J, Lin M, Culberson C,
Sanguinetti MC. A structural basis for drug-induced
long QT syndrome.Proc. Natl. Acad. SciUSA
2000;97: 12329-33.

Cadli A, Poluzzi E, De Ponti FRecanatini M.
Toward a pharmacophore for drugs inducing the
long QT syndrome: insights from a CoMBtudy of
HERG K(+) channel bloaks.J. Med. Chen2002;

45: 3844-53.

GaitaF, Gustetto C, Bianchi Fet al. Short QT
Syndrome: a familial cause of sudden death.
Circulation.2003;108 965-70

Brugada R, Hong K, Dumaine Bt al. Sudden death
associated with short-QT syndrome kadk to
mutations in HERGCirculation 2004;109; 30-5
Brugada P Brugada J. Right bundle branch block,
persistent ST segment edion and sudden cardiac
death: a distinct clinical and electrocardiographic
syndrome. A multicenter reportJ. Am. Coll.
Cardiol. 1992;20:1391-6.

ChenQ, Kirsch GE, Zhang D, et al. Genetic basis and
molecular mechanism for idiopathicentricular
fibrillation. Nature1998;392 293-6.

Vatta M, Dumaine R, &fghese Gget al. Genetic and
biophysical basis of sudden uxmained nocturnal
death syndrome (SUNDS), a disease allelic to
Brugada syndromeHum. Mol. Genet.2002; 11
337-45.

KrishnanSC, Antzelevitch C. Sodium channel block
produces opposite electrofiological effects in
canine ventricular epicardium and endocardium.
Circ. Res1991;69: 277-291

Alings M, Dekker L, Sadee A, Wilde A. Quinidine
induced electrocardiographic normalization inotw
patients with Brugda syndrome.Pacing Clin.
Electrophysiol2001;24: 1420-2.

Tan HL, Bink-Boelkens MT Bezzina CR,et al. A
sodium-channel mutation causes isolated cardiac
conduction diseaseNature2001;409; 1043-7.
PlasterNM, Tawil R, Tristani-Firouzi M, et al.
Mutations in Kir2.1 cause the d#opmental and
episodic electrical phenotypes of Andersen’
syndromeCell 2001;105: 511-9.

Tristani-Firouzi M, Jensen JL, Donaldson M&, al.
Functional and clinical characterization of KCNJ2
mutations associated with LQT7 (Andersen
syndrome)J. din. Invest.2002;110 381-8.

AlpertJS, Petersen Bodtfredsen J. Atrial fibrillation:
natural history complications, and management.
Annu. Re. Med.1988;39: 41-52.

ChenYH, Xu SJ, Bendahhou %t al. KCNQ1 cain-
of-function mutation in dmilial atrial fibrillation.
Science2003;299 251-4.

Towbin JA, Bowles NE. Arrhythmogenic inherited

139



Cardiac ion channelopathies

heart muscle diseases in childrdnHectrocardiol.
2001;34 Suppl:151-65.

39. PrioriSG, Napolitano C, Memmi Mgt al.Clinical and
molecular characterization of patients with
catecholamineyic polymorphic entricular
tachycardia.Circulation 2002;106 69-74.

40. LahatH, Pras E, Olender, Bt d. A missense mutation
in a highly consemd region of CASQ2 is associated
with autosomal reces& atecholamine-induced
polymorphic ventricular tachycardia in Bedouin
families from Israel. Am. J Hum. Genet2001;69:
1378-84.

41. HunterPJ, Pullan AJ, Smaill BH. Modeling total heart
function.Annu. Re. Bomed. Eng2003;5: 147-77.

42. \Wang Q, Shen J, Splawskidf al. SCN5A mutations
associated with an inherited cardiac gthimia, long
QT syndromeCell. 1995;80: 805-11.

43. Splavski |, Tristani-Firouzi M, Lehmann MH,
Sanguinetti MC, Keating MT Mutations in the
hminK gene cause long QT syndrome and suppress
IKs function.Nat. Genet1997;17: 338-40.

44. Lu Y, Mahaut-Smith MPVarghese A, Huang CL,
Kemp PR, Vandenbey J. Effects of premature
stimulation on HERG K(+) channeld. Physiol.
2001;537: 843-51.

Receved 19 April 2004, in reised form 10 May 2004.
Accepted 12 May 2004.
©J.1. Vandenbey 2004.

140 Poceedings of the Australian Physiological and Pharmacological Society (3004)



Proceedings of the Australian Physiological and Pharmacological Society (200241-149 http://lwwvapps.og.au/Proceedings/34/141-149
©B.H. Smaill 2004

Cardiac structure and electrical activation: Models and measurement

Bruce H. Smaill, lan J. LeGrice, Darren A. Hooks, Andrew J Pullan, Bryan J. Caldwell & Peter J. Hunter

Bioengineering Institute & Department of Physiologwiversity of Auckland,
Private Bay 92019, Auckland, Ne Zealand

Summary marked spatial variation may @ rise to sustained re-
o entrant vave motion. While electric potentials can be

1. Our group has deloped finite element models of yocorded with high spatial and temporal resolution at the
ventricular anatomy which incorporate detailed structurgleart surice§”, it is often difficult to relate these data to
information. Thesehae bteen used to study normalinyamural electrical aatity. Moreover, while it is possible
electrical actration and re-entrant arrhythmia. to male intramural measurements of xteacellular

2. A model based on the actual 3D microstructure gfgientia? and membrane potenti8l these techniques lack
a ransmural M segment predicts that cleage planes e spatial resolution to reconstruct fully the 3D spread of
between muscle layers mayveifise to non-uniform, gjectrical actiation. Within this context, mathematical
anisotropic electrical propagon and also provide a modelling provides a peerful tool with which to interpret
substrate for bulk resetting of the myocardium during,q interpolate  perimental  observations.  Thus
defibrillation. o _ . mathematical models which incorporate representations of

3. The model predictions are consistent with thg s microscopic structure offer insight into microscopic
results of preliminary xperiments in which a nel fibre  gjectrical efects and will become increasingly important
optic probe is used to record transmembrane potentials;&t understanding the generation and maintenance of re-
multiple intramural sites in the intact heart. Extracellulagntrant arrhythmias as well as their ultimate/pnéior®.
potentials are recorded at adjacevitdites in thesg sygdies.. It is relatively straightforward to specify the features

4. We onclude that structural discontinuities ingf the computer models necessary toelddvances in this
ventricular myocardium may play a role in the initiation ofie|q. They include: descriptions of cellular architecture and
re-entrant arrjthmia and discuss future studies that addre$s$, giac boundary geometry at a scale appropriate to the

this hypothesis. problems addressed; an adequate representation of the main
time-dependent processes that determine cellular electrical
activity; and a realistic description of the spatiatiation of
cellular electrical properties. Maver, such models also

We havea robust understanding of the factors whichneed to be computationallyfiefent so that repeategaes
influence cardiac electrical agtion at the cellular el.  of re-entrant electrical aeity can be simulated within a
This is grounded in systematigperimental study of the reasonable time-frame.Finally, model validation is a
time-dependent characteristics of transmembrane i@fitical element in this proces$nnovative echniques must
channels, membrane-bound ion transporters and puni}® de&eloped for mapping both transmembrane and
carried out wer mary years, in a variety of cardiac cell extracellular potentials not just on the heart aces, bt
types. Theselata hae been assembled into biogdically- also intramurally While it is not yet possible to realize all
based computer models that reproduce the obdenof these requirements simultaneoushey are for the first
electrical behaviour of atrial andentricular myocytes, as time within our grasp.n this article, we outline the fefts
well as cells of the specialized conduction sydtém of researchers avking in this field at the Auckland

However, our knavledge of the factors that underlie Bioengineering Institute.
electrical actiation in the intact heart and, more
particularly those that gie rise to re-entrant arrhythmia and
fibrillation is more qualitatie. There are a number of We have made detailed measurements of three-
reasons for this. Normal and re-entrant\&tion are 3D yimensional ventricular swate geometry in pass gl
events that inolve relatively large tissue volumes and areg,q pig heart&fixed in an unloaded state. These dateha
influenced by regionalariation of the electrical properties peen incorporated into a high order finite element model
of cardiac tissue and by the complarchitecture of the ihat provides a compact representation @htricular
heart. 'Spa'c”hrecently listed three pr.imary mechanisms th eometry including a realistic description of atrio-
may gve fise to re-entry: (1) regional heterogeneity o{entricular \alve ring topology and the structure of the
cellular electrical properties; (2) anisotropic discontinuitieSentricular apice¥.
in which the discrete nature of cellulaigamnization cause The muscular architecture of the heart is a crucial
slov propagation in particular directions; and (3pv&Tont  geterminant of its electrical function. Streeter and co-
dynamics, in which abrupt changes odv&ront cunature \yorkerd® described ventricular myocardium as  a
in regions where structure is discontinuous owibits  continyum in which myofibre orientation varied smoothly

Introduction

Three dimensional structure of right and left ventricles
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across the ventricularall. They measured the transmural structurally based material e (i) in the fibre direction,
variation of myogte orientation at limited numbers of (i) perpendicular to the fibre direction within a muscle
representatie ventricular sites in different species andlayer, and (iii) normal to the muscle layerA continuous
demonstrated that fibre angle varies by up to 180&presentation of these local structuralesaxhas been
transmurally Our research group has madghaustve incorporated into finite element models oéntricular
measurements of myofibre orientation throughout walls a@hatomy in do¥ and pig? based on systematic
right and left ventricles in dd§and pid? and hare siown measurements of transmural muscle laygagration and
that there is significant local variation of fibre orientationmatched myofibre orientation data obtained separately for
particularly at the junctions of the free walls of righthese species

ventricle (RV) and left ventricle ), and in the
interventricular septum. This information has been
incorporated into our finite element model of cardia
anatomy (see Figure 1) and is not captured fully in the ma
restricted datasets published earlier.

muscle fibre

Collagen

Figure 1. Finite element epresentation of ventricular

anatomy in the pig heart, incorpating accurate topolgy

for inlet and outlet valve orifices. Epichal and

endocadial surfaces a rendeed and surface elementFigure 2. Schematic of cardiac microstructure.

boundaries a@ shown. The insetegon in the IV free wall (&) A transmual blod cut from the ventricular wall shows

indicates the @nsmual variation of myofibe aientation the macroscopic aangement of muscle laygr Notethe

from around -60° witheaspect to the cumfeential axis transmural variation of myofileraientation.

close to the epicdial surface to near longitudinal in the (b) The muscle fibres arhown forming a layer three to

subendocardium. four cells thik. Endomysialcollagen connects adjacent
cells within a sheet while perimysial cak links adjacent
sheets. (Modifiettom LeGriceet all®)

In most continuum models of the heart, it has been
assumed that the material properties oéntvicular
myocardium are transvsely isotropic with respect to the We havealso established techniques that enable us to
myofibre axis, reflecting the wie that neighbouring image and visualize 3D microscopic structuresxterded
myogytes are uniformly coupledHowever, it is now dear Vvolumes of cardiac tissuenitially, a cnfocal microscope
that ventricular myocardium is structurally orthotropic, withvas used to acquire "stacks" of optical sections to depths of
myogtes arranged in layers that are typically four cellground 60um at contiguous sites across the upper surface of
thick!415 Adjacent layers are separated by vége planes resin-embedded myocardial specimens. The top lagsr w
which hare a daracteristic radial orientation in basesapethen trimmed dfusing a glass microtome and the sequence
ventricular sections and are significant inxtemt, Of imaging and sectioning was repeated to assemige, lar
particularly in the & midwall’®>. Therefore, at an point high-resolution wlume images of ventricular tissie
within the ventricles, it is possible to define thredJnfortunately this process requires repeated manual steps
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to presere image registration and, as a result,esymtime-
consuming. W haverecently completed @elopment of an
automated system that enables extended volume imag
be acquired much morefiefently. A high precision three-
axis translation stage is coupled with a confocal microsc
and histological ultramill under the control of a cent
computer It is now feasible routinely to capturectended
3D images of gntricular myocardium such as that shown
Figure 3. Digital reslicing, segmentation andolume
rendering methods can be applied to the resultolgnves
to provide quantitafie information about the 3C
organization of myocytes,»aracellular collagen matrix anc
blood vessel netark of the heart not previouslyailable.
More detailed information about these techniques
outlined in a companion article in this voluthe

Modelling electrical activation in ventricular
myocardium

The Auckland heart model has been used
oursehes and others to study normal cardiac electri
activation®® and the mechanisms that underlie re-entr
ventricular arrhythmig:2%

We have also used detailed microstructure-bas
tissue models to address three specifjpothese¥. These
are (1) that early propagation from a focal\atibn can be
accurately described only by a discontinuous model
myocardium (2) that the laminarganization of myogtes
determines unique propagation velocities in thi
microstructurally defined directions at yamoint in the
myocardium, and (3) that interlaminar clefts, or e
planes, provide a means by which an externally app
shock can influence a digient volume of heart tissue ti
terminate cardiac fibrillation. The studies were carried ...
using an extended volume image acquired from a
transmural segment of ravLfree wall (0.&0.8x3.7 mm) Figure 3.
and consists of 6.0710° cubic wxels at 1.56 pm Top:reconstructed volume of raMiree-wall.
resolutiori (see Figure 3A). The spatial arrangement dfliddle: transmual slice from the reconstructed volume
muscle layers as quantified as foles: Cleaage planes showing a comple network of cleavge ganes whib
were manually sgmented and represented as bilinear finiteourse between myocyte laminae.
element surface patches, while the transmuaasition of Bottom: bilinear finite element description of cle@ea
myoqyte orientation was characterized throughout thplanes through the enér tissue blok, and a smaller
volume and represented as a linear functidnbidomain midwall subsection. Myofibraientation is shown on the
formulation was used to model the spread of electricapi- (epi), and endo{endo)cardial surfaces. (fom Hooks
activation in this tissue ®ume. \éntricular myocytes and et al??
extracellular space were represented asgerlapping
domains, while clesmge planes were modelled as
boundaries to current flo in the intracellular domain.
Unlike the monodomain formulation, in which the
extracellular space is assumed to be infinitely conductin
the extracellular field is xplicitly represented in the
bidomain approach. In practice, xternal electrical
interventions such as intramural stimulation or defibrillatin%
shocks are deléered extracellularly and the bidomain modelp
enables phenomena such as these to be studied directly.

The isopotential regions in Figure 4 indicate the
spread of electrical agttion from a point stimulus at the
entre of the tissue gment. Actvation was simulated
using a simple cubic ionic current motfel Two cases were
considered. In Figure 4A, we present results for the spread
f activation where the discontinuities due to clage
lanes were »licitly represented. It was assumed that
electrical conductivity in intracellular andxteacellular
domains are transversely isotropic with respect to local
myocyte orientation. Comparable data, presented in Figure
4B, were obtained using a continuous model in which it
was assumed that condueiiy is orthotropic with respect to

* The reader is referred tooWng et al'” for more detailed
information about this data-set.
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Figure 4.Ectopic activation of (A) discontinuous model and (B) continuous madekmembaine potentials a& mapped
on 7 equi-spaced surfaces through the reconstructed tissue vatir@as following midwall stimulationlsopotential
lines at 5mV intervals arshown in black. Site of stimulation is shown with kldot at cente of wolume The cleavae
plane obstacles in (A) lead to a highly discontinuous form abagation, whit is, howser, well approximated by the
continuous model. (Modified from Hoasal??)

three microstructurally defined materialeax Thesdhree front propagation due to tissue heterogeneity and
conductvity parameters were adjusted to best fit thdiscontinuities may ge lise to such complepolyphasic
propagtion patterns predicted by the discontinuous moddfractionated) extracellular potential recordiffgs,
This analysis suggests that the spread of electrical The effects of applying a lge potential dierence
activation from an intramural point stimulus in th&/lis between epi- and endocardial swds of the transmural
highly anisotropic due to discontinuities associated wittissue segment are shown in Figure 5, where results for
cleavage planes between muscle layers. Prapiag is most discontinuous (Figure 5A) and orthotropic continuous
rapid along the myocyte axis, sowteat slower transrse (Figure 5B) structural models are contrasted. Constant
to the cell axis in muscle layers, but muchaglo again in  current (10ms duration; uniform density 0.14mA/Mmas
the direction perpendicular to the muscle layers. applied to the sracellular domain at the epicardial
Despite this global correspondence betweeftathodal) and endocardial (anodal) aads inducing an
discontinuous and continuous orthotropic model, the lattextracellular potential gradient of approximately 1V/mm
cannot reproduce the compléocal patterns of astition across the entricle wall. The shock response was modelled
that occur along the acétion wave front. Nearly all using a Beeler-Reuter ionic current mddetodified to
signals from the discontinuous model sh@me degree of account for large externally applied potenf&fs
fractionation, which is greatest in extent adjacent to the  The progression of awttion through the tissue
stimulus site. Moreover, the down strok duration of volume during the 10 ms for which the shocasaapplied is
signals recorded close to the stimulus site was consideraltyy different for the continuous and discontinuous
longer in the discontinuous model, than in the continuos®lutions. Inthe former case, the transmural shock initially
model. It has prgously been argued that nonunifornawe produced steep potential gradients in sub-endocardial and
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Figure 5.Effects of cleavge pganes on activation after application of a ¢gr ransmual sho&. (Constanturrent: 10ms
duration; 0.14mA/mr) Transmembaine potentials @& nmapped on a single plane at the centf he reconstructed
transmural segment at 2ms time increments following onset of shock.

(A) Discontinuous model, with cleagaganes indicated by broken blatnes.

(B) Continuous model.

(Modified from Hooket al??)

sub-epicardial regions generating eatibn that at 10ms Intramural measurement of cardiac electrical activity

had spread only about 1 mm from the epicardialasexf . o o _
On the other hand, application of the transmural shock to ~ Direct validation of the model predictions reported in
the discontinuous tissuelme produced a series of shargh€ Preious section is technically - difficult. o date,
intramural witage steps centred on the ofage planes that 2teMPts to reconstruct the 3D spread of electricalatictn
separate muscle layers. These local potential gradients wi@ugh the ventricular wall using extracellular plunge
generated by current in thateacellular space adjacent to€léctrodes ha& ovided relatwely coarse ~global
cleavage planes and acted as secondary sources to "sedfi@rmation at beét Moreaver, it has not been priously

nearcomplete actiation at 10 ms. Very similar findings possible to measure transmembrane potentials at sites
were obtained with cultured myocytes laid wap in  @Cross the intact heartall: Recently howeve, we have

separated strantfs More recently Sharifov et al?® developed techniques that enable both transmembrane and

reported on experimental studies that approximate tftracellular —potentials to be measured at multiple
simulations outlined here. Optical techniques were used ifgramural sites in the\L , _

map membrane potential across the aeefof a perfused, _ Transmembrane potentials are recqrded usingze no
transmural segment rewal from the IV free wall of the OPtical probe or optrodé that consists of sen,

pig heart and transmural shocks of similar magnitude f*agonally packed optical fibres inserted into a tapered

those employed in thisark led to the formation of widely 9/ass micropipette (400 um OD). Fibres terminate at 1.4
distributed virtual sources. mm spacings and address a tissedume radial to the

optrode, each staggered by 60°he principal elements of
the optical system are illustrated in Figure 6, Welo
Excitation light (488 nm) from a aercooled argon ion

Proceedings of the Australian Physiological and Pharmacological Society (32804) 145



Cardiac structue and electrical activation

x108
to signal processing ~ Large core
and acquisition system imaging fibre
N bundies _ glass micropipette

Array of individual bundle B
photodiodes

BN bundle C
— bevelled fibres terminate
Shutt: at 1mm intervals
R 3 13 DM2 e
e ‘ [ EM2/EM3 excitation beam
argonion laser [ DS, emerges normal

sieerer DML to the longitudinal

Tt ‘ \_ axis ofthe fibre
laser diode KE ? x10 microscope

— objective lens
i
SC-8C
connectors
to tissue fib
measurement sites bUIll dlrz A
a) b)

Figure 6.Shematic digrams of a) optical mapping system and b) ai¢r Nomenclatue in @) is as follows: S, shutter;
L1&2, corverging lenses, DM1&2, diwoic mirrors; EM1&2, 600nm and 520nm long pass fétedEM3, 600nm short pass
filter. Optical fibres in bundles B and C have greater core:outer diametiéo than those in C to maximize coupling
efficiency and facilitate alignment. (Modified from Hoekal!%)

laser is deliered to the optrode and excites the membraracing probe was placed adjacent to thextmacellular
potential sensitie dye di-4-ANEPPS (Molecular Probesrecording probes. Extracellular potentials were monitored at
Inc.) adjacent to the fibre ends. Fluorescent light returns \ad 36 intramural sites until ST gment elgation returned
the same path, and is split into long and shatdength to baseline and then in sinus/tthm and during entricular
bands that are routed to separate photo-detectither pacing (1 - 3 Hz) using a constant current stimulator
dual wavdength ratiometry or a modified subtraction(duration 2 ms; current 1.5x capture threshold). The heart
techniqué® are used to minimize light source noise anevas then excised with needle probes in place and mounted
remove atifact due to motion and fluorescence bleachingin a modified Langenddrperfusion apparatus. The heart
Intramural &tracellular potentials are recorded using epoxwas perfused with oxygenatedyfiodes lution (37°C,
coated plunge needles each containing 12 unipolagrsi85% Q, and 5% CQ), BDM (7.5 - 12.5 mmol/L) s
wire (70 pum) electrodes at 1 mm separétion added to the perfusate and the potential-seasitye

We have completed preliminary studies in whichdi-4-ANEPPS (Molecular Probes Inc.; 15 ml, 75 pmol/L)
transmembrane and extracellular potentialsyehdeen was infused into the left anterior descending coronary
measured at multiple intramural sites in the intact pigrtery An optrode vas positioned at the centre of the dyed
These experiments were carried out using an isolatesjion adjacent to the pacing probe and the pacing
Langendorffperfused pig heart preparation, similar to thaprotocols carried ouih vivo were repeated in the isolated
used by Chattipakorn and colleagtieshich enabled us to heart. Extracellular potentials and optical signals were
suppress "motion arttt" with the electromechanical acquired at 1 kHz and stored. Data wereraged @er 8 to
uncoupler 2,3-butanedione monoxime (BDMjowever, to 12 successe teart beats.
provide an in vivo control, intramural sracellular The results of the preliminary studies were as
potentials were first recorded in anaesthetized pidsllows. For in vivo hearts in sinus rhythm xeacellular
employing identical experimental protocols. Young pigs (2@otentials exhibited a smooth gaive ceflection of short
- 30 kg) were anaesthetized initially with tiletamine-duration and there was a rapid transmural spread of
zolazepam (Zoletil, 10 mg/kg im) and maintained wittactivation from subendocardium to subepicardium.
halothane (2-5%) in oxygen. The hearsiexposed via a Polyphasic (fractionated) electrograms were rarely
thoracotomy and three needle probes were introduced imtbsered. For subendocardial and midalt pacing,
the anterior free all of the V. An intramural bipolar however, the duration of the mgtive deflection vas

increased with respect to sinusyttim, particularly at
intramural sites close to the stimulus and electrograms were

t This is possible because di-4 ANEPPS is a ratiometric tlyiile commonly fractionated in this region als®he transmural

modulation due to membrane potential change is opposite in Se'ﬁfbgression of aatition from the stimulus site ¥eard the

in .short and long ewdength bands, pho.tobleachlng and mouonsubendocardium as slower than for sinus y_"nm. The
artifact etc produce comparable changes in both.
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never detected in the upstrekof the membrane potentials
during ventricular pacing.
These preliminary results are consistent with model
BT predictions and reinforce theypothesis that structural
M discontinuity may gie fise to non-uniform, anisotropic
"y, propagtion of electrical actation. The &ct that polyphasic
\ activation is not seen in membrane potentials suggests that

the nonuniform electrical awity that gves rise to

fractionation is occurring in volumes ¢gr than those
ey \%‘k o addressed by the optrode.

M \ Conclusions and future devdopments
i,

ottt et st Wy [Nt i At the start of this article, we argued that computer
models provide a particularly important means of
\ investigating cardiac electrical awttion, but that
T modelling and controlled experimental measurement must
i be seen as complementary parts of an itexgtiocess in
[Ww,\ which understanding is ddoped through a sequence of

% ) ol hypothesis formation, prediction and validatione Vete
A using this approach to vestigate the dkct of
discontinuities associated with muscle layers on the spread
M of electrical actiation in ventricular myocardium. A
structurally detailed tissue model has been set up aredl no
g [tk y P

\V‘LV experimental techniques for characterizing intramural
% electrical actiity in the intact heart h@ dso been

[ bt gt At i gl

Normalized fluoresecence

developed. Onthis basis, we ha& agued that the standard
Pttt view of ventricular myocardium as a uniformly coupled
electrical continuum, transversely isotropic with respect to
0 450 fibre direction, is likely to be incorrect and wevbla
. demonstrated that interlaminar clefts could play a
Time (ms) significant role in the termination of fibrillation by an
externally applied shock
The role of interlaminar clefts in thexadopment and
Figure 7.Intramural transmembane potentialsecoded at  maintenance of re-entrant electrical @ityi has not yet
six sites in the pig \L free wall in sinus rhythm.Action  peen resoled. Theresults outlined here indicate that the
potentials ae adered by depth below the epichal gspread of electrical agtition from an ectopic stimulus is
surface with the most superficiataod uppermost. The sjow in the direction perpendicular to clege planes and
optical recods wee averaged over 16 cycles and obtained this could contribute to the formation of macroscopic re-
at transmural depths of 1.9, 3.3, 4.7, 6.1, 7.5 and 8.9 mM.entrant electrical circuits, particularly in the ischaemic
heart. Havever, it is more dificult to establish whether or
not discontinuities associated with muscle layervigea

) _ ) potential substrate for micro re-entry.
extracellular potentials observed in the isolated heart |t js appropriate at this stage to restate the three

preparation wereery similar to those seen for comparablenechanisms listed by Spdchs likely causes of re-entry:
experimental protocolsin vivo. In general, though, (1) regional heterogeneity of cellular electrical properties;
propagition was slower in the isolated heart and thiert (2) anjsotropicdiscontinuities in which the discrete nature
of fractionation  significantly  greater Intramural of cellular oganization cause st propagtion in particular
transmembrane potentialaw also measured adjacent to thgjrections; and (3) awdront dynamics, in which abrupt
stimulus probe and to the plunge electrode closest to dhanges of averont curvature in regions where structure
Membrane potential exhibited thepected behaviour with js discontinuous or exhibits marked spatiatiation may

a rapid upstrok on epolarization prolonged plateau and give fise to sustained re-entranvemotion. Within this
slow recovery to baseline during repolarizatiofthere vas  context, it seems logical to include what wevkalearnt
close correlation between the transmural patterns ghout the décts of myocardial cellular architecture in full
activation seen with optrode and adjacenitracellular atrial or ventricular models with realistic boundary
needle probes, although aetion times estimated from the geometry which also incorporate accurate information
optical potentials were moreatiable than those obtainedapout the spatial variation of cellular electrical properties.
from the atracellular potentials. Despite the fractionationye ge extending our capacity to modeyk apects of

of the etracellular electrograms, pOlyphaSiC aCtiVit)aSN Cardiac anatomy and are acquiring Comprelven@ta on

b
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ventricular tissue architecture in a range ofatiént animal
models of cardiac diseaséWe ae also setting up a
computer model of atrial anatomy that will include detailed

activations and stimulus potentials in three-
dimensional anisotropic canine myocardiu@irc.
Res.1988;63: 135-146.

morphometric information on atrial sade geometry 9. RogersJM, Melnick SB, Huang J. Fiberglass needle

myogyte arrangement and ganization of specialized
conduction tracts.More systematic information on the

electrodes for transmural cardiac mappitBEE
Trans. Biomed. Eng2002;49:1639-1641.

regional expression of membrane ion channels, transportdi® Hooks DA, LeGrice 1J, Hargy D, Smaill BH.

and gap junctions in normal and pathologic hearts v no
becoming wailable®?33and it is anticipated that th@me
of such data will increase maxttly over the next tvo to
three years.To uilize such information fully it will be
necessary to delop computationally efficient models that
capture the main electrical mechanisms responsible for re-
entrant arrhythmia, Wi also to hee acess to serious

computing pwer. Both goals are entirely realizable in thel2.

immediate future. As a result, we and other groups
working in this field hae the opportunity to apply a more
integratve gproach to cardiac electroggiology in which

realistic, structure-based computer models will be usdd®.

routinely in parallel with eperimental measurement to
investigate the formation, maintenance andvpngion of
re-entrant arrhythmias.
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For amost 40 years Johnodng was one of the tubular segments responsible for transporting a watety
leading figures in physiology in Australi@he importance of amino acids and other substarfceBhis work confirmed
of his contributions to scientific kagdedge were recognized that previous findings in dogs (see faample) were also
by election to Fellship of the Australian Academy of applicable to rats. He then conducted axtemsve
Sciences, where he rose to beevPresident and Secretarypharmacological iwestigation of the absorption,
(Biological) and by theward of the prestigious Researchmetabolism and excretion of methyldopa and related
Professorship of the Alexander von Humboldt Stiftung.  catecholamines in order to characterise the extent of renal
As long-term members of the Society will be@age, elimination ofa-methyldopa and its metabolittand used
however, John Young vas not only a leading researchiae  the stop-flav technique to demonstrate that as predicted, the
also played a major role in promotingysiology within  L-stereo-isomer ofi-methyl-dopa interferes with proximal
Australia and internationallye, together with a handful of tubular absorption of neutral amino acids such as histidine
others including lan McCance, Chris BelkeTor Momgan, and sering’. Finally, he followed up the observation that
Dave Davey and Alan Boura, as one of the dy the D-stereo-isomer ofa-mettyldopa is not orally
personalities who dpt the Australian Physiological andabsorbe8 by shaving that in the rat jejunum, as in the
Pharmacological Society running efficiently anteefively  proximal tulule, a-mettyldopa is absorbed by the same
from the 1970s through to the 1990s, serving as Councillsystem that absorbs neutral amino atidhese studies led
(1969-1973), Editor of the Proceedings (1973-1975)0 the avard of the degree of MD from the Wmisity of
National Secretary (1983-1988) and President (1995-200Queensland in 1965. Thedso provided the basis of his
He also served on the National Committee foydiblogy first presentation to the AustralianyRBiological Society (as
of the Australian Academy of Sciences (1984-1990jt then was) at its Sixth Meeting held at Monash from 20 to
Internationally he was instrumental in the establishment o2 May 1964.
the Federation of Asian and Oceanianystblogical o
Societies (BOPS) and was an inaugural member of jt§ost-doctoral Training (1965-1966)
Council (1990-1994) before being electeité/President
(1994-1998) and President (1998-2002). He also served
a member of the Council of the International Union o
Physiological Sciences (1993-2001) where his presen
ensured that the interests of Australiarygblogists were
adequately catered for in the Congressesnised by the
Union. His impact in promoting linkages betwee
Australian physiologists and between ypiologists in
Australia and thoseverseas was substantial. His impact on

John bgan working on the physiology of saéry
Znds in 1965 in the laboratory of Professor K.J. Ullrich at
he Physiologisches Institut of the Free \éngity in Berlin.
% this time, Karl Ullrich was already well known for his
studies on renal concentrating mechanisms, and Jaisn w
expecting to continue wking on renal pysiology.
lIrich’s goup, havever, was pioneering the application of
micropuncture techniques to epitheliahars other than the
kidney. In particulat JR. Martinez had lgun

. - micropuncture studies on unstimulated rat mauldib
memories of impromptu sightseeing tours or visits to th&and§ in order to test the applicability of the Thaysen
opera oganised by John to fill in lulls in the scientific

.2-stage fipothesis to them. Ricardo had wever, returned
program and hz beep amused gnd educated bY h'?o El Sahador and the task of extending his work to rat
knowledgeable and witty cewersation @er meals in

. : L7 leoth d mandilular glands during parasympathetic stimulation fell
Interesting restaurants in cities € world. to John. John succeeded in confirming that, as predicted,

Doctoral Training (1962-1964) the fluid in the intercalated ducts had a plasma-lik
composition which did not vary with secretion rafEhe
John Young undertook his doctoral studies at thindings were of such importance, that the thegpedoof
Kanematsu Memorial Institute at Sygrdospital under the salivary physiology, Sir Arnold Burgen FRS, when he heard
supervision of Dr K.D.G. Edards. Hisproject was to John present his findings at a meeting of thegsPiogical
investigate the renal handling of the antigertensie Society at London Zoo, sought permission to include the
methyldopa and in particular to establish whether thgrapdata in a lecture he as giving at a conference in
with methyldopa, aro-amino acid, interfered with renal Birmingham, Alabama, as well as securing John an
handling of other amino acidso Tarry out this project, he invitation to give a Fenary Lecture at the same conference.
successfully adapted the technique of stop-fimalysig While in Berlin, he collaborated with Eberhard
which had been just recently\atoped in the dog kidng@  Fromter who mayMembers will hge met during his trips
for studies in rats.To validate the technique, he firstto Australia to visit John. dgether thg devdopedin vivo
demonstrated that phenolsulphonphthalein secretion gerfusion methods that permitted them to establish that the
localised to the proximal tuie® and then determined the main excretory duct actly transported both Naand K
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and that the apical membrane of this epithelium b&ha particular mention of his students whose work had made the
like a Na*-selectve dectrodé®. This work formed the basis talk possible.
of Johns <swcond presentation to the Australian During the late 1970s and early 1980s, John started to
Physiological Society given at he tenth Meeting of the investigate the mechanisms by which saly endpiece
Society in Adelaide (24-26 May 1967) following his returrcells secrete sat. Research in this area had been impeded
to Australia. by the lack of a suitabla vitro preparation for studying

) ) salivary secretion. He had had some success vweldging
The Department of Physiology in Sydney (1966-2004)  ap, in vitro perfused saliry gland preparation in the mid

0’179705, bt it was only when Maynard Case spent a

Lectureship in Pysiology at the Uniersity of Sydng. The sabpatlcal Ie;el n hleztl)(oratory (|jn d1977, Ihglt. ﬁ\.rthur
choice between this position and one in Zoology é%omgra/e ad vana Ngax succeeded in establishing a

Macquarie Uniersity having been made on his behalf b>5:onvincing in vitro preparation of the rabbit mandiar

0 . . ) :
the Heads of the twDepartments in a chance meeting in Iantgf ) Stjbsg(qlueng!y mM_coIIabpratlon_ vx|/|t{1 dR|carfdo d
supermarkt aisle. In order to more rigorously test th artinéz In_ Lolumbia, Missour, an isolated perfuse

general applicability of the Thaysen 2-stage hypothesis, gfeparation of the rat mandilar and sublingual glandsas

1 i .
extended his micropuncture studies to a wide variety soledae:ope_(f » Which fMa sa;al:]?gl\/llugaka{nllwas l_l?rt]er to
species and gland types, including the rat sublingual, the &tensve ke ot n Jonre laboratories. —1hese
sublingual, the cat manditar, the sheep parotid, and theprgparaﬂons perm|tted analysis Of. the mechanisms - of
rabbit mandibular glands as well as the parotid, maratib salvary secretion at a il of detail that had ner

and sublingual glands of a monotreme (the echidngfa/iously been possible. In rapid succession major studies

H + 23 24 ;
Tachyglossus aculeatiigreviewed iA13. were published on the role of Hg@z, H* = and Ci # in

He also continued to study the mechanisms of ductg?nlaintaining saliary secretion. This work culminated in the
ion transport. His studies on ductal HC@ransport, in pharmacological identification of the transport proteins that

particular led to the demonstration that ductal transpoHnder"e fluid and electrolyte secretion by the rat and the

i ) o8
could be influenced by parasympathomimetic agdjsis rabbit mandibular glands?:

idea that he had first ceassed on the basis of his studies Finally, .during. the 1980s and 1990s, John _and I
on the intact rat manditar gland® This finding, which collaborated in studies that ranged from the mechanisms by

was onfirmed and xtended to sympathomimetic agonistswhiCh sheep salary glands secrete, through to the

in subsequent studis® disproved the then dogma that mechanisms by which epithelial Nehannels are grilated

the rate of ductal electrolyte transporwld be determined by mtr\)ac;elluéar |or|1§7. q bstantial tiims to th
solely by the composition of the luminal fluidThe ohn has aiso made substantial contrims 1o the

exploitation of its implications became the major focus 0§tudy of the exocrine pancreas. These contributions include

his work in the 1970slInitially these studies were based oncharacterising the protein,@flgugid and eIectrQIyte se(_%etory
the mandibular duct perfuseih vivo'S, but during a 'cSPONSes of thg rat panc and the rf”ll.)blt pancreas
P g to stimulation with secretin and chojestokinin. The aso

sabbatical lee gent in the Max Planck Institut fur . lude the ded t with Jennifer Lirard of
Biophysik in Frankfurt am Main in 1971, he started tghelude the opment wi enniter Lingrd of _an

perfuse these ducis vitro, using a technique that had just'splated and perfused rat pancreas prepar’éti_offhe
been deeloped by H. Knauf in Frankfurt. Hexploited this driving force for the dedlopment of this preparation as

technique to ivestigate the dects on ductal transport of athe hnegd ft(;]r ¢ |nfo|:jmt;':1tlon on dpa_r;ﬁrtehaui:j tse.cretory
wide variety of hormones and neurotransmitters (see, fglcohan'sms that could be compared with the aaganzger
examplé 19, rom studies on isolated and perfused veaji glands?.

His interests were not, hever, limited to salary Frtlalm thesets(tjucti)les It beclfrgle %?g tthat rar: pa}ncrtatat|;:ha§:|nar
epithelia. He continued to carry oubkk on renal amino cells secreted by a markedly nt mechanism fo tha

. . ; 34
acid transport in collaboration with Ak Gyoéry and seen in safiary endpiece celf$:*:

Jennifer Lingurd. In collaboration with Peter Harris he _Johnhal§o| merteg grer?t r:nflgenceh on smryTa;]nd
found that the concentration-response relation f§POCrINe pnysio ogy through theviews he wrote. These

. 5 e 36
angiotensin 1l on proximal tubular Natransport is cal{ered sawary f“r‘]’ rlphlolog)?%%the ((:jomp?ysmon Cl)f sa/la?*@,
biphasic; lev concentrations of angiotensin Il beingf‘a vary tmyoeﬁlt ?'2%1558_40 an lsl,a ary electrolyte |
stimulatory and high concentrations being inhibit8ry ransport -mechanisrh as wel as “’1‘326 genera
During this period, John became one of thengtas overviews of the physiology of satiry gland$'#4and salt

of the SocietyHe ated as the Local Secretary for the 13t|9|.and§5' Of particular note35v‘\1/ere those written together
meeting of the Society held in Sygneén August 1969. with Ernst Van Lennep (e%g:*).

Importantly the Societys meetings also provided th&we  agministration (1976-2004)

at which the succession of highly talented medical students

who worked with John presented their micropuncture and Johns auccess in research lead to his rapid
duct perfusion dataln 1973, John presented the Society’ promotion. Hewas promoted to Associate Professor in
Invited Lecture using the title "Electrolyte Transport byl972, and then appointed to one of theo tahairs of
Salvary Epithelia". In it he made a point of makingPhysiology in 1976. Once he became Professoiversity

In late 1966, John returned to Australia to a Seni
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administration took up arver greater proportion of his life. system of printing draft books of abstracts before the
This was not simply due to the need to alternate with Liameeting, which were corrected by meetings through
Burke as Head of Department. It was also because Jolmomments and a ote at the completion of each
took on an amazingly wide range of tasks within thpresentation. Johrseemed pretty keen on the system,
University. The first sign of this as his election, in 1976, which although it needed a dedicated editowvdved

to the Council of the SydgeAssociation of Uniersity audiences in a way we do not see today.

Teachers, the academic dgtainion, of which he \as Johns kelief that the Societg’ meetings were as
President in 1977. He also sedvas Deputy Chair of the much a social went as a scientific vent also led to his
Academic Board (1978-1980), a position which requiregdractice of driving or catching the train to meetings. This
chairing of mag key University Committees, including the habit ensured that meetings became part oérg much
Library Committee, the Admissions Committee, thdarger experience, in which the students (oftenvihea
Matriculation Committee, and the PhD Committee and hmubsidised by John) and colleagues who accompanied him
sened on the Uniersity Senate (1978-81, 1984-85,were exposed to a wide range of culinary and tourist
1988-89, 1990-93). Within the Faculty of Medicine, hexperiences in a wanderfully hospitable atmosphere. The
became Sub-Dean of Academic féfs in 1978 and previously mentioned Adelaide meeting, forxaenple,
remained in that post until his giion to Dean of the included not only a tour of the Barossa and Claatiey
Faculty in 1989. His actities while Dean of Medicine and wine districts in which John acted as theert guide. It

later Pro-Vice-Chancellor in chgg of the Faculties of also included one of Jol' nmore exuberant ra-
Medicine, Dentistry Health Sciences and Nursingcurricular’ contributions to the SocietyThis was a late-
(1994-2003) hee bkeen dealt eensiely elsewhere; here it night induction for friends and colleagues to the game of
is sufficient to remind Members of Johoungs role in the 'slosh’ on the precious billiard tables of one of Adelaide
establishment of the Graduate Medical Curriculum at tHéniversity’'s Residential Collges. As man of the
University of Sydng and in the establishment of the participants had become thoroughly sloshed during the
Canberra Clinical School, which has subsequentigourse of the game itag not altogether surprising that, in
developed to become the School of Medicine at théhe interests of preserving good order in respectable

Australian National Uniersity. Adelaide, the entire groupas unceremoniously asked to
) ) ) ) vacate the billiard room and not return. Members who were
John Young and the Australian Physiological Society introduced to slosh by John will not be surprised to learn

As | have dready mentioned, John played a Ieadin#hat a @me some years later in the august Australian Club
role in the Society While his étudents made major n Sydng resulted in one of his former students, Chris

contritutions to the scientific program of the meeting, hg/lar;t]in, blregking alc?e. q«:hhn, Wh% ha(jcjr?cently b%en el_ected
perhaps had his greatest impact during Annual GeneF%{It e club, s eft W'.t a rat er e|cate_an taxing
gyacise in diplomag which led to his "donation" of the

Meetings, where his tireless use of the Socratic method i . . .
get to the core of issues coupled with his enthusiastit'® which bears his name in the chublliard room.
support for the aims of the Society and a solidwkedge _John also. contrlbutgd to the wdlppment of
of Joslke’s The Law and Rycedue at Meetings in Aistralia physiology both in Australia anq \Erseas thr.ough the
and Nev Zealand (5th edition) ensured avkly and mary confgreqces that he grmse_d. Theseincluded
> eral major international symposia at Leura, and at a

encpaging debate. On one memorable occasion, :
Gging luxury hotel close to his beled property at Bowral, as well

successfully meed that the meeting would "no longer ) ) : .
hear" a Member who had pressed his case in an und Satellite Symp9§|um of the 1983.|L.JPS meeting r,1eld n
the spartan conditions of the Waisity of Sydng's

acrimonious and long-winded manner. ;
¢ Veterinary School at Camden.

John also had a major impact on the Socdety Finallv. h ted il hich. despite bei
approach to conducting meetings. He helie that __rminally, he &erted an Influence which, desprte being
icult to document, had a major poséi impact on

. . iffi
meetings should be enjoyable. He thus pushed Locgd,[ev ) . . ; o .
Secretaries to ensure that the all social functions should b siology in Australia. Through his service in the Society

of a high quality For example, the Conference Dinner ofand on mnumerable_ appointment _commlttees arycbwe
one meeting was held on a ferry on Syditarbour and boards, .he. came in contact withvesy professional
facilitated interactions between participants with ey kd physiologist in the country as well as nyasiudents. May

sherry He was strongly of the vie that the Society should of the letters WhiCh l, and others,_vbarecei/ed since his ,
emulate that &mous dining societythe Plysiological death hae mentioned the profound impact that contact with

Society and recommended to neophyte Local Secretarielg hn h.ad in ass[stlng. thgse people to bec;ome more
that the arrange a meal in a top quality restaurant for thgroductve and happier scientists. He succeeded in fostering

Council folloving its meeting on the day preceding thé @Ileg|gl strl\{lng for. excellence among Australian
opening of the Meeting, and that yhiaudget on one bottle DWS'O!OQISIS which contributed greatly to the success of the
of good wine per person in order to ensure that tﬁjésupllne.

"Societys srious interest in wine" was adequately Catereﬂcknowledgements

for. His wish to emulate the best aspects ofdR¥logical

Society practice also included higessight as Editor of a | would like to hank Johrs mary colleagues and former
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students who he shared their memories with me.

15.
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