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Summary reasonably well understoddSimilarly, a the interative
] ) level, the spatial and temporal pattern of weaibn and

1. Mechanoelectric feedback (MEF) in the heart isgpolarisation of the myocardium is well documented,
the process by which mechanical forces on the myocarditgnhough the mechanisms controlling this are sena less
can change its electrical propertiesMEF has been \ye|| understood. Notably howeve, most efforts to
demonstrated in mgrenimal models, ranging from isolated ,nqerstand cardiac piology hae teated electrical

cells, through isolated hearts to whole animals. In humangtation and contractile asiity as essentially separate, i.e.
MEF has been demonstrated directly in both the atria apdig implicit in most models that although electrical

the \entricles. Itseems likly that MEF provides either the etivation can control contraction. there is no wense

trigger or the substrate for some types of clinicallyocess by which mechanical forces on the myocardium
important arrhythmias. can alter its electrical propertiet fact it has been kmm
2. MEF may arise because of the presence of stretgf} some time that there is such a process in the heart,
sensitve (or mechano-sensi) ion channels in the cell c4jed mechano-electric feedback (MEF), although the
membrane of the cardiac myoes. Wo types hae keen  mechanisms responsible for it and its implications for
demonstrated: a non-specific cation channel QSA cargiac physiology are still a matter oféstigation.
conductance of25 pS) and a potassium channel with @ The “gpservation that mechanical forces on the
conductance ofl100 pS.The gene coding for the $ABS  yyocardium can produce electrical responsesaiisfrbm
not yet been identified. The gene for the potassium chanpgl,g. For example, @er a eentury ago there were reports
is likely to be TREK, a member of the tandem porgs cardiac rhythm disturbances and sudden death caused by
potassium channel genanfily. We haverecorded stretch non-penetrating mechanical impacts to the chestl876
sensitve potassium channels in isolated rat mytes which  Ngjaton reported a case of sudden death of a manual
have te properties of TREK channels expressed iRpourer due to precordial impact. Post mortem
heterologous systems. . examination shaed no signs of internal structural damage,
3. It has been shown that TREK mRNs expressed eath presumably being due to ventricularythinia. This
heterogeneously in the rat ventriculaally with 17 fold = ongition became kmen as “Commotio cordis”, and it is
more expression in endocardial compared to epicardigloyght to still be responsible for the death of perhaps >100

cells. Thisdifference is reflected in the TREK currentsyipietes per year in the USA, due to chest impacts from
recorded from endocardial and epicardial cells using wholg,sepalls or hoaly pucks?

cell patch clamp technigues, although thefedénce in

current density was less pronounced (approx 3 foldExperimental modelsof MEF

Consistent with this, we sthwhere that when theentricle ) ) ) )

was dretched by inflation of an intraemtricular balloon in It is fairly easy to demonstrate MEF in animal
a Langendoff perfused isolated rat heart, action potentigP®Periments; as early as 1915 Bainbridge reported that the
shortening was more pronounced in endocardium (30kg,gart rate of anaesthetised dogaswncreased when the

shortening at 40 mm Hg) compared to epicardium (10‘%““ atrium was distended by injecting fluids into the
shortening at the same pressure). jugular wein® In the ventricle, rapid stretch can produce

4. Computer models of the mechanics of the (pig§triking electrical disturbances, indeed, if the applied stretch
heart sha pronounced spatial variations in strain in théS s_uff_lmer;tly large it can produce prematu_re;awmular
myocardium with large transmural differences (in the lef>Citatior®” or runs of ventricular tagleardia® These

ventricle in particular) and also ige differences between "€Sponses are not due to refleops, or otherxdracardiac
the base and apef the ventricle. effects, since thecan be demonstrated in isolated tisSues

5. The importance of MEF and the non-and @en at he level of single myogtes? MEF has also
homogeneous genex@ession and strain distribution for P&€n convincingly demonstrated in huntérend, as noted

arrhythmias is discussed. abore, can be powerful enough to generate dangerous
arrhythmias. Br example, it has been suggested that
Mechano-electric feedback in the heart abnormal ventricular wall nvement because of geonally

. ~ impaired ventricular function can trigger ectopic béats.
At the cellular leel, the mechanisms by which

electrical actiation initiates and controls contractile adtty
(Excitation-Contraction coupling) in the heart arewno
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Figure 1. Properties of a stretch-activated potassium channel in rat cardiac myocytes. Panel A: Patch damp recording

of single potassium channel activity was performed with isolated aatuthyocytes.Each of the two myocytes shown is
about 150um in length. Panel B: In either cell-attached or inside out configtion, application of suction to the pipette
increased the channel open probability from close to »éth no suction to between 0.7 and 0.8 with 120 ¢/@ fpanel

B). Holdingpotential was 40 mV throughout, the channel has a conductaridel6fpS. Panel C: all-points amplitude
histograms of ecodings at diferent suctions, showing theqgaressive appearance of channel activity at slightly less than 5
pA, with no bange in channel amplitude with suctiorPanel D: Time course of the response to suction. During applica-
tion of 90 cm HO (shown by bar abee), channel open probability was maintained between 0.16 andP0.2as mea-
sured in 2 s bins- the number of events measured is shown above shdbareen 300 and 500 per bin during the suc-
tion). Onsudden release of suctiomp Bropped to less than 0.01. Note thatf@ll in mud less than 2 s (number ofents

in first bin after release is 14).

Therole of stretch sensitiveion channels closely related potassium seleetihannels-314:15
) ) ] ) ) The stretch sensi# potassium channels belong to a
The major mechanism by which MEF is produced igymjly called the tandem-pore chann#147 which are a set
cardiac myogtes is the actetion of stretch-sensite, or ¢ potassium channels having the signaturé pore
mechanosensie, ion channels. Two types of stretch gequence TXGYG or TXGFG, in the samaywas the Kv
sensitve channels hee been described in cardiac tissues: gamily of channels, but with tassuch sequences on a single
non-selectie ation channel and seral different Wt gypinit. The subunits lack aoltage sensing sequence
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Figure 2. Simultaneous recording of sub-epicardial and sub-endocardial action potentials in isolated heart. Monopha-

sic action potentials werrecoded with plung dectrodes fom near the epicardial and endocardial surfaces of the left ven-
tricle in isolated Langndorf perfused rat heartsPanel A: A heart cut open after the experiment to show the placement of
the electrodes within the left ventricular wall. Arrows show the position of the tips afabing electodes. Panel B:
Simultaneousacoding of sub-epicatial (lower trace) and sub-endocardial (upper trace) action potentials. The heart was
paced at 5 Hz. The horizontal bar shows 100 ms, the vertical%aw. Panel C: Y axis: Action potential duration at
80% repolarisation (APRQ) for epicardial (diamonds) and endocardial (sqesy monophasic action potentiaicoided in

an isolated rat heart from the left ventricular free wadhtraventricular pessue was increased by inflation of a balloon to
produce the diastolic pressures shown on the x axis. Errar @€EM) ae gnaller than the symbols (n=10).

analogous to the S4gment of Kv family of channels and using patch clamp techniqu¥s®

hence none of the members of tlanfly have intrinsic An example of a recording of this channel iswho
voltage dependence. Of the dozen or so members of fheFigure 1. In isolated adult rat cardiac myms, we
family, TREK-1, TREK-2 and TRAAK hee been shown to recorded a stretch agdied channel in inside-out membrane
be stretch-sensite. Of these, TREK-1 has been found topatches (Figure 1).The channel could be reliably and
be expressed in cardiac tissues ofesd specie¥'®and, reversibly actvated by application of moderate suction to
when expressed in heterologous systems, TREK-1 formghe patch clamp pipette.Channel open probability ag
mechanosensite tassium channel with the sameclose to zero at atmospheric pressure, rising to 0.7 or more
characteristics as the channel recorded in isolatedytggc with pressure differences of 120 cg@H(Figure 1B). The
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channel conductance did not change with applied pressunechanical as well as electrical desynchronis&tion.
(Figure 1C), nor did the mean open time change (data not ) _

shavn). Thechannel responded to changes in pressemg v MEF isnot homogeneousiin the ventricle

rapidly (faster than our ability to reselchanges in Po),
anq .ShOW?d no accommodatioyster.esis or pgrsistence Ofsee a regionalariation in MEF in the myocardium in the
actmty+ (Figure 1D). With symmetrical solutions of 140 same way as for other channefShis has in fact been
mM K%, th(.a channel ha_d a .conducta.mce.of +115 PS @&l Wyemonstrated. Dutetrand co-vorkers reported in 1972
very selectve for potassium ions{L00:1 K':N&). that mechanically-induced changes in action potential

The_ other type of_;tretch_ seneitihannel .generally duration were dissimilar in ddrent parts of the intact left
reported is a non—.spec[ﬁc ca.tlon ch_annel which has be%}nricle?l Similarly, Takagi and co-wrkers reported that
recorded electrapkslologmally n cardiac .cel?é as well as epicardial monophasic action potential duratiorasw
other cell typ.eé. Th? gene coding fc_)r this channel has N%hortened while endocardial monophasic action potential
been unequocally identified, but it has recently been

h that TRPCL ch I h and duration remained unaltered when canine lefhtricles
shavn that or channels aré mecnanosemesiand, ,ore sybjected to stretéh.We have recently shown that
since TRPCL1 is expressed in cardiac tissue, it seesly lik

o o i . X similar differences in the electrical responses of endocardial
that this is the genetic identity of the GAn cardiac and epicardial cells to stretch can be obserin
2
musclﬁth h MEE and the ch | ible f Langendoiff perfused isolated rat heart. Monophasic action
b oug dil gn et ctagnes.resptmllly ?h or l[Botentials were recorded simultaneously from the sub-
can ~Dbe readly demonstrated xpenmentally the epicardial and sub-endocardial layer in rat hearts using fine
physiological function of MEF is not cleafPartly, this has

b due to the lack of ific blockers f ither t nFedIe electrodes (Figure 2A). When the werdricular
een due 1o the 1ack ol specilic biockers for elther type B essure was increased both action potentials shortened at
channel with which to performxperimental inestigations

. . all phases of repolarisation, consistent with thevatoin of
of MEF, dthough a recently dissered toxin (GsMtx-4) P P

hich ificall 4 potently block has b stretch sensite ion channels.However, the endocardial
which spectiically and potently blocks S8 has ‘3;?” action potential shortened more than the epicardial, at all
shavn to be eflective in preventing atrial fibrillation?

levels of repolarisation (Figure 2C).This differential
Unfortunately. there ~ are as yet  no comparabll hortening of the action potential with stretch would be
pharmacological tools to elucidate the role of the pOtaSS'uéQpected to alter the dispersion of action potential
channels TREK-1, TREK-2 and TRAAK. repolarisation and indeed mechanically-induced
Theimportance of MEF for arrhythmias disturbances in the Qispersion .of. rgpolarisation/eha
recently been reported in hum#iThis indicates that MEF
It has been suggested that an important role for MEE not homogeneously distributed in thentricle. Such
may be in controlling the dispersion of repolarisation of thepatial variation in MEF in the myocardium could arise
action potential in the heart by igmating mechanical from two (not mutually &clusive) sources — either the
function and action potential morpholotfy A large level of expression of stretch sensii channels could ary,
dispersion of repolarisation (that is, action potentials iar the degree of strain in the myocardium could biewrint
different parts of the myocardium repolarising afedént in different parts of the myocardium.
times) is arrgthmogeni® and the pattern of o . )
repolarisation in the normal heart is such that it minimise3atial distribution of stretch sensitive channelsin the
such dispersion. This is ackia by ells in different parts Mmyocardium
of the heart haing different action potential durations, thus
tending to synchronise repolarisation across thetricle
wall, despite the later actition of epicardial cell$®2”
This difference in action potential duration is largely
result of epicardial and endocardial cells havindedgnt
levels of gene expression of potassium channdier
example, wltage-actrated potassium channels such as K
4.2 and Kv LQT1 hae hkeen found to be xpressed

dlfferenyally across the venFrlcuIar al2e:29 V\.”th t'he the tandem pore potassium channels) are ntgrdiftially
expression Of. Kv .4'2 mRA being more than eight tlm.es expressed in epicardial and endocardial c&lln contrast,
higher in epicardial muscle cells compared to papillar, e hae recently shown in rat hearts that the gene
muscle cell$® Such a synchronisation of action potentiaﬁ/xpression leel of TREK-1, quantified using real-time
repqlarisation_only occurs if the pattern of waatibn i's RT-PCR aginst GAPDH ’as a comparator gene, is
undisturbed; in the absence ofyaother compensating heterogeneous between epicardial and endocardial cells.

mechanism a swing of aqtion potential propagation iq ene expression was found to be Gt3114 in endocardial
some parts of the myocardium (for example by ischaemi ells compared to 0.02 0.02 in epicardial cells (p < 0.05).

will tend to de-synchronise repolarisatios thought that This is reflected in a different current density; whole cell

NIIEF. prov:cdes tt.hls corppibslatmg m(.echamsn&, since tl}ﬁloroform-acbi/ated background potassium currents in
sloving of action potential propagon produces a epicardial and endocardial cells, presumed to be due to

If this is indeed the role of ME®Bne might &pect to

As noted abee, voltage dependent potassium
channels hae teen shown to he& a leterogeneous
distribution and this underlies the fiifences observed in
3ction potential shape in different parts of the hat.
Reagional diferences in the expression of the tandem pore
potassium channels has not been so well stud@de
\étudy using Northern Blot techniques, has wimo that
TBAK-1 and TASK-1 (non-mechanosensiéi members of
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Figure 3. Panel A: PCR results using TREK-1 pringeto anplify TREK-1 mRN in epicardial and endocatial myocytes.
Batdhes of myocytes weisolated from epicardial or endocardial samples of rat left ventricle and subjected to $ADR.
ples of the cell mpaiations wee examined by whole-cell patcdamp recoding of voltge activated potassium cuents to
confirm them as being epicardial or endocardial el@ghysiolgically befoe PCR. PCRshowed a greaterx@ression of
TREK-1 mRN in endocadial cells. Panel B: Expression level of TREK-1 quantified usimglrtime PCR andxpressed
relative to the gpression of GAPDHBars show mean of 6 determinations, error baare + SEM. Pandl C: Background
potassium currents wenecoided using whole-cell patcdamp in isolated myocytes. TREK-1 @nts wee activated by
application of tiloroform. Theresulting currents, normalised to cell capacitapeere nmuch larger in endocadial cells
than in epicadial cells (box plots of currents; n = &yedravn from Tan JH, Liu W Saint DA. Exp. Physiol. 2004
89(3):237-42.)

TREK-1, were 0.21+ 0.06 pA/pF and 0.& 0.27 pA/pF gene expression are warranted.
respectiely (p < 0.05) (Figure 3). S ) ]

lts not known whether the S are similarly Distribution of stressin the myocardium
heterogeneously distributed; in the absence of identification
of the gene coding for this channel, it has not been possil&l
to perform similar expression studies. The recent repq
that TRPC1 likely to be the $Ain hear? suggests the
ohvious corollary that studies of the distrtion of TRPC1

However, there is another factor which could produce
eneterogeneous distribution of MEF in the myocardium;
He distribution of strain at the cellularvé may not be
uniform. While heart wall motion and local myocardial
deformation and strain can wo be estimated with
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Figure 4. Panel A: Computer models of the heart comprise: aateirepresentation of the geometry (i), Bomrientations

in 3 dimensions through the myocardium (ii) and stress distributions Pgifiel B: plot of stesses calculated in the model
of pig heart at dierent points of the myocardium plottedrfr base to apefor sub-endocardial (squares), mid-myodiat
(circles) and sub-epicardial (triangles) layers.

surprising precision, regional stress cannot be measuretgchanical and electrical properties of the heart and it has
although computer modelling based on establishdzben used widely to study the disttilons of myocardial
continuum mechanics principles has enabled it to Istress and deformatiot?*34445and the spread of cardiac
estimated with some confidenteThe 3D geometry of electrical actiation 6:47:48:49

right and left 'entricles in dog and pig hearts, and the In these models, there are consistent transmural
myogyte arrangement throughout thentricular wall in gradients of 3D Y strain, with normal strains in both
these species has been well characteAS&tF° These data systole and diastole greatest in the subendocardium and
have been incorporated into a detailed finite element modidast at the epicardial sade. It has been shen that

of cardiac anatomy together with information about ventricular geometrymuscle fibre orientation and muscle
myocardial material propertié$#! Cellular mechanisms layer oganization all contrilite to more uniform muscle
including membrane channel characteristicgcitation- fibre stretch in diastole (and fibre shortening during systole)
contraction coupling and cross-bridgecling dynamics are than might otherwise bexpected.>0:51:5253 Nonetheless,
also included in this continuum description. This is part dhere is significant regional variation iV i bre strain, both

a world-wide effort to model the cellularstructural, transmurally and from base to apé (Figure 4). Hence,
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even if the level of expression of stretch sensii channels
was identical at the cellular Vel in all regions of the

and mechanical determinants of stretchvatzid
arrhythmias.Circulation 1992;86: 968-78.

myocardium, the different amounts of straiould produce 8. HansenDE, Craig CS, Hondeghem LM.Stretch-

differing electrical responsesA further complication is
that the relationship between strain andvatitn of the
channels is almost certainly non-linear.

induced arrhythmias in the isolated canieatvicle.
Evidence for the importance of mechanoelectrical
feedback.Circulation 1990;3: 1094-105.

9. White E, Boyett MR, Orchard CH. The effects of

Summary

There is nw substantial gperimental evidence that
MEF is an importantdcet of cardiac prsiology adthough
its role is not well understood. The response of th%o'
myocardium to a gen drain is not uniform in theentricle,
and at least one type of stretch sewsitihannel is
heterogeneously xpressed. Hoever, the situation is
complicated by the fact that gienal forces on the 11
myocardium are also not uniform, and our knowledge of the
distribution of these forces andWwadhis might interact with
the responses at the cellulavde are at present ery
netulous. Itseems likely that an increased understandinjgz'
of MEF and its role in integrating the mechanical and
electrical actiity of the heart will pay dividends, since
MEF has been implicated in producing the seriou%s'
arrhythmias seen in mgrcardiac diseased-or example, as
mary patients with heart failure die from arrhythmia as
from haemodynamicaflure® with similar statistics being
seen in cardiac yipertroply,®® and it may be that these
arrhythmias arise from changes in the mechanic&l5'
properties of the myocardium being reflected in abnorm’ilIG
electrical behaviour.
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