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The Frank-Starling mechanism of the heart -3 can be
described asthe rel ationship between force and length of
cardiac muscle. With the advent of the crossbridgetheory
of muscle contraction #® and Gordon and collaborator’s
classical study ® describing thefitting of thistheory to the
force-lengthrelationshipin skeletal muscle, several investi-
gators started to study thisrelationshipin cardiac muscle.

Theforce-length relationin cardiac muscleis observed
inasmall variety of sarcomerelengths, between approximately
1.8 ymand 2.3 pum. Thisregion correspondsto theascending
limb of theforce-lengthrelation of skeletal-muscle®. Theforce
levelsof themyocardiumvary fromzeroat 1.8 umtomaximal
forcevaluesat 2.3pum. Thislargevariationinforceresultsina
very sleep force-length relation, especially when compared
withthisrelationin skeletal muscle(fig. 1). Toget anidea, when
thetension devel oped by the myocardium at different sarco-
merelengthsisnormdizedinreationtoitsmaxima force(F )
athepointwheremaxima length (L) occurs, thedevel oped
tension isapproximately 10-15% when the myocardiumis
measuredat 80%L. . Yetinskeletd muscle, normalizedforce
isapproximately 80-85%of F_ ”under thesameconditions
(fig.D).

Thisdifference between skeletal and cardiac muscle
showsthat theforce-length rel ationshipinthemyocardium
arenot asimplefunction of the degree of superposition of
actinand myosinfilaments. Becausetheir lengthsaresimi-
lar in both muscles, other factors must beinvolved in the
muscleforce-length relationship. During recent years, this
difference hasbeen attributed to the dependence of muscle
activationon sarcomerelength®.

Muscleactivation hasbeen used collectively intheli-
teraturetorefer tovariousprocessesabletoinitiatemuscle
contraction, modifying themusclestatefrom“inactive’ to
“active’. Thus, muscleactivation hasbeen associated with
the frequency of muscle stimulation or membrane action
potentialswith intracellular Ca** concentration [Ca*],, or
the occupation of the protein troponin C (TnC) by C&?*. In
thisarticle, theterm muscle contraction will be utilized to
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describe the proportion of TnC associated with Ca?*. The
association TnC/Ca?* represents afundamental eventin
musclecontraction; therefore, thesensitivity of TnCto Ca?*
will bediscussedin greater detail. Thischoice, furthermore,
comesfrom studiesshewing that myocardial forcechanges
duetomusclelengthareunrelatedto [ Ca?*], **°.
Thepresent articlecontainsareview of studiesrelated
to the dependence of force and, more importantly, of the
processof myocardial muscleactivation on musclelength.
In particular, thearticleintendsto investigate mechanisms
responsiblefor the dependence of the sensitivity of fila-
mentsto Ca2* onmusclelength, asproposedintheliterature.

Dependenceof thesensitivity of filamentstoCa? on
musclelength- Evidencethat theactivation of themyocar-
diumisdependent on musclelengthisfoundin studiesde-
monstrating that inotropic interventions (for example, in-
creased frequency of muscle stimulation) induce adis-
placement of the force-length rel ationship of the myocar-
diumtotheleft. Asaresult, the slope of the force-muscle
length relation resembles the relationship observed in
skeletal muscle(fig.1) “1112,

Three main lines of research have been used for the
evaluation of the dependence of the activation and sensiti-
vity of the Ca2* regulatory system on musclelength: 1) stu-
dies usingintracellular Ca% markersand rapid shortening of
intact myocardial fibers; 2) studiesusing membrane-freefi-
bers; 3) studieswithisotope protein markers.

Studies measuring Ca?* following abrupt fiber length
changesareusedto evaluatetheaffinity of TnCfor Ca*. In
these studies, fluorescent Ca?* marker compounds are
introduced into cardiac cells, and, following adequate sti-
mulation, they supply information about the intracellular
guantity of Ca?*. These studies confirm that areductionin
the TnC/Ca* affinity resultsin higher free Ca?*, because
lessCa?* isassociated with TnC. Thisinturnwouldinduce
less muscle activation (according to the concept used in
thisarticle).

Different authors have demonstrated that an abrupt
shortening of theintact cardiac muscleduringthefinal sta-
gesof contraction resultsin decreased muscletension, ac-
companied by increased levels of Ca?*. Thisobservation
suggestsadecreased TnC/Ca2* association, i.e., theaffinity of
TnCfor Ca* decreaseswhen themuscleisshortened 1% 5%,
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Fig. 1 - Schematic illustration of the force-length rel ationship of skeletal (solid
line) and cardiac (brokenling) musclefrom80L __ on. Atthispoint, skeletal muscle
produces 80-85% of itsF,__ , while cardiac muscle produces 10-15%. At 90%L .,
skeletal muscleproducesforceclosetoF, _ , whilecardiac muscleproducesS0%F, ..
Thisisrepresented by anincreased slopeof theascending limb of theforce/lengthre-
lationshipinmyocardia muscle (theregion of normal operation of themyocardium)
when compared with skeletal muscle.

Studies using membrane-free fibers analyze myo-
cardial cellswithout the sarcolemaenvel oping the proteins
responsiblefor musclecontraction. Inthistypeof prepara
tion, muscle contraction isinitiated by the addition of Ca?*
tofiberskeptinaliquid mediumthat a so containssubstan-
cesrequiredtomaintaintheviability of theexperiments, e.g.,
glucose. Inthisway, theinvestigator, by changing extrace-
lular C&?* concentration, isableto establishforce/Ca? rela
tionshipsunder different conditions(fig. 2) and can control
the activation induced by Ca?*.

Therelationship force/Ca?* isextremely efficient for
the study of cardiac muscle becauseit permitstheinvesti-
gation of the sensitivity of the regulatory system to Ca?*.
According to thisrelationship, an increasein Ca?* is asso-
ciated with anincreasein theforce devel oped by the myo-
cardium up to agiven plateau. If theamount of Ca?* neces-
sary to produce agiven forceisdecreased, the force/Ca?*
relationisdisplaced towardstheleft (fig. 2), andthesensiti-
vity of the system to Ca?* increases.

In this context, it has been demonstrated that when
the responseis evaluated in long of sarcomeres, the
amount of Ca?* required to obtain agiven forceis decrea-
sed 67, For example, in one of these studies, Hibberd and
Jewell 16 demonstrated that the amount of Ca?* necessary
for theforceto reach 50% of F__ in asarcomere set to a
length of ~ 2.5 umwassignificantly smaller than whenthe
sarcomerewasset toalength of ~ 1.9 um. Inagreement with
theseresults, Kentish et a *” demonstrated that eachincrea-
seinsarcomerelengthwasfollowed by anincreasein mus-
cleforcerunning parallel to aslight shift to theleft of the
force/Ca?* relationship, signifying that alesser amount of
Ca?* was necessary for the production of the sameforce.
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Finally, some studies use specific isotope markersto
analyzethedegreeof theassociation TnC/Ca?* andtorelate
ittomusclelength#1°, Theseisotopesbind to specific TnC
proteinmolecules, supplying information about thedegree
of the TnC/Ca* association. In one of these studies®®, the
authors, using membrane-free bovine ventriclefiberstag-
ged withtheseisotopes, demonstrated astrong association
of Ca?* to TnC during forcegeneration. However, thisasso-
ciation wasdirectly related to muscle length; areduction
was observed in shorter sarcomeres. These results agree
with previously cited studiesin which the dependence of
musclelength on Ca?* sensitivity isrelated to TnC.

Themajor questionto beansweredis: how doesTnC,
aprotein subunit associated with the binding of Ca?* and
Mg?, receiveinformation regarding structural changesin
muscle length? To answer this question, different lines of
investigation and hypotheses are presently under investi-
gation. Some authors suggest that TnC itself might be the
sensor of changesin musclelength 222, Thishypothesisis
based onmolecular differencesbetween TnC of cardiacand
skel etal muscle, which might be associated with the diffe-
renceintheforce-length relationship in both muscles. Ho-
wever, several studies haverefuted this hypothesis 224, In
oneof them, Mosset al % characterized therelation between
force produced and activation induced by Ca?*, at sarco-
merelengthsof 2.32 umand 1.87 pmin membrane-freerabbit
skeletal musclefibers. M easurementswereperformed prior
to and following substitution of TnC by cardiac muscle
TnCto determinewhether thiswasthe main reason for the
differencesinforce-length rel ationshipsof skeletal and car-
diac muscle. Following a>95% substitution of skeletal mus-
cleTnC by cardiac muscle TnC, no significant changesin
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Fig. 2- Theforce/Ca?* relationship. [Ca**] isrepresented by p Ca?* = (-log, [Ce?*]).
Thefiguredemonstratesthat theamount of Ca?* required for theproduction of forceis
decreased when theforce/p Ca?* rel ationship is displaced to thel eft (arrow directed
from the empty circleto the full circle). Thisdisplacement isan indication of an
increased sensitivity of themuscle systemto Ca?*.
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Ca?* sensitivity at theinvestigated lengths were observed.
Therefore, TnCisnot themajor mechanism responsiblefor
the dependence of the sensitivity of the muscle system on
musclelength.

Thehypothesisthat isbeing successfully tested isthat
the association of cross bridges of myosin with actin and
consequent force generation isresponsible for the depen-
dence of the degree of activation on musclelength 181922,
Thework andjustification related to thishypothesisarepre-
sented below.

For ce-length relationship of car diacmuscleandthe
association of crossbridgeswith actin - When cardiac
muscleislengthened at theascending limb of theforce-len-
gth relationship, an increased superposition of actin and
myosin filaments takes place. Thisleadsto an increased
probability of interaction between crossbridgesand actin,
and consequently increased force generation. Strong lines
of evidenceexistinfavor of asysteminwhichthisassocia-
tion increases sensitivity to Ca?* of the system regulating
force and, consequently, muscle activation.

Thishypothesishasbeentestedindetail intheelegant
studies of Fuchset al 181%2%627 Hofmann and Fuchs® mea-
sured TnC/Ca?* associationin membrane-freecardiacfibers
using isotopes, as previously explained. Asexpected, re-
sults confirmed that TnC/Ca?* association depends on
musclelengthover thel.7 umto 2.4 umrange. Insomeexpe-
riments, the authors used a substance similar to phosphate
(P), sodium vanadate (V,), which actsasan ATPase enzy-
me, depressing theinteraction of cross bridgeswith actin,
forming astablemyosins ADP« V. complex. WhenV, was
used, the relationship between TnC/Ca?* and sarcomere
length was depressed, and the degree of muscle activation
was not dependent on sarcomere length. Therefore, the
dependenceof theaffinity of Ca?* to TnC on musclelength
wouldin reality be dependent of the number of crossbrid-
gesassociated with actin.

Other evidence of the association of cross bridges
withthe affinity of TnC to Ca?* isprovided by the study of
Saeky etal **, whoused intact cardiac musclefibers. Inthis
work, fiberswereinjectedwith Ca?* markerstoperformrapid
muscular shortening maneuvers, as already explained. In
one set of experiments, extraCa?* was not detected when
thefiber wasshortened starting from arel axed muscle state
(without forceproduction). Inanother group of experiments,
thecycleof crosshridgeswasblocked by aspecific chemi-
cal substance (2,3 butaneodione monoxime). It was noted
that, changesin muscle length did not result in the appea-
rance of extraCa?* intheintracellular space, even though
force had decreased to a considerable extent. In other
words, when the association between cross bridges and
actin was blocked by a state of muscle relaxation or by a
specific chemical substance, theassociation between TnC/
Ca? did not depend on musclelength.

Thisleadsto the conclusion that the increased sen-
sitivity of the Ca?* regul atory systeminduced by anincrea-
seinsarcomerelengthisrelated to anincreased number of
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actin-associated crossbridges, bothin membrane-freecar-
diacfibersandin cardiacfiberswithintact membranes.

Crossbridgesand regulation of troponin C activity -
Although association of crossbridges, force, and sensi-
tivity of TnCto Ca?* arerel ated events, need existsto study
the nature of these rel ationships. In other words, how does
the association of crossed bridges of myosin with actin
increase the affinity of TnC to Ca?* and, consequently, the
sensitivity of the muscle systemto Ca?*? Studiesin which
TnCwastagged with fluorescent probesby substitution of
specificmoleculesat someof itsregulatory domainsfurnish
some evidence on thisissue 3%,

Hannon et a * used cardiac TnC tagged with fluores-
cent probes, to furnish specificinformation concerning the
structure of TnC resulting from its association with Ca?*.
The authors measured sensitivity of responsesto Ca?* of
the muscle system related to the association of cross brid-
gestolink themto alterationsof thestructureof TnC. They
observed that the association of cross bridges with actin
caused conformation changesin TnC, and that this altera-
tion was accompanied by an increased sensitivity of the
muscle systemto Ca?*.

Alongthesamelineof investigation, Liouand Fuchs®
tagged two TnC residues in bovine cardiac fibers with
reactive compounds. By measuring thefluorescent signals
of the compounds, they observed that crossbridges“inri-
gor” and cyclic cross bridges had different effects on the
conformation of TnC, suggesting that the mechanisms by
which crossbridgesaffect TnCinvolvemolecular configu-
ration.

Thesetwo studiesoffer an explanation for themecha-
nism responsi ble for the dependence of Ca?* sensitivity on
musclelength, by stating that anincreasein musclelength
induces alterationsin the molecular conformation of TnC,
resultinginanincreaseinitsaffinity for Ca*.

Evidencefor other mechanismsresponsiblefor the
dependenceon musclelength of myocar dial activation -
Although evidence pointing to mechanismsinvolving
cross bridges as the phenomenon responsible for the de-
pendenceof forceand filament sensitivity to Ca?* onmuscle
length, this hypothesis has one obvious difficulty: sensiti-
vity to Ca?* isincreased in membrane-free cardiac fibers®
when these are lengthened in the descending limb of the
force-lengthrelation, aregionwherethe potential for myo-
sin-actin interactionsis decreased.

The hypothesis provided in the literature is that
besides the association of cross bridges, force and TnC/
Ca?* affinity, changesin sarcomere length per seareres-
ponsiblefor aterationsin the muscle system sensitivity to
Ca?*. Studiesusing X-ray diffraction have demonstrated
that actinand myosinfilamentsare positioned closer when
themuscleislengthened and musclevolumeremainsunmo-
dified %, It isreasonable, therefore, to suppose that the
probability of interactionsbetween crossbridgesand actin
would beincreasedin thissituation, wherethedistancefor
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association decreases. This possibility of anincreased
interaction between thefilamentswouldincreaseforceat a
given concentration of Ca?*thusincreasing the sensitivity
of themuscle systemto thiscation.

Alongthislineof investigation, different authorshave
studied the effects of osmotic compression of myosin and
actin filaments, using a high molecular weight polymer
dextran T-5000, polyvinylpyrrolidone-40. Thiscompound
doesnot penetrate the space between the actinand myosin
filamentsand causes|ateral approximation between them.
Some authors 263" observed that following the use of this
substance, sensitivity to Ca?* in cardiac musclewassignifi-
cantly increased.

Wang and Fuchs? specifically investigated the hy po-
thesisthat aterationsin the space between myosin and ac-
tinfilamentscontributeto the dependenceon musclelength
of myocardial sensitivity to Ca?*. Theseauthorsstudied si-
multaneously the effect of osmotic compression (Dextran
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T-5000, 5and 10%), sarcomerelength (1.7 umto 2.3 um),
and the degree of TnC/Ca?* association. The results are
convincing: theuseof 5% dextran onamembranestabilized
atasarcomerelengthof 1.7 umresultedinal3%reductionin
thediameter of themuscl efiber, equivalent tothesituation
in which the sarcomere islengthened to 2.3 um. Most
importantly, this intervention was accompanied by asig-
nificant increasein musclesensitivity to Ca?* [an alteration
of —0.25 pCa?*] (fig. 2) and in the association TnC/Ca?* at
activationlevel sbetween 6.0and 5.0 pCa?*.

Conclusion - Thestudiesreviewedinthisarticlesug-
gest that the dependence of sensitivity to Ca?* on muscle
length isan associative result of theinteraction of myosin
cross bridges and actin, which induces alterations of the
TnC/Cat* afinity, and of changesin the space betweenthe
filaments, whichincreasesthe probability of myosin/actin
interaction.
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