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Abstract 

Force-pCa relationships were studied in Triton skinned rat cardiac trabeculae at 

physiological wg2q (0.7 mM) and sarcomere lattice spacing by addition of 5% Dextran 

TSOO. Force (F) was measured using a silicon strain gauge and sarcomere length (SL) 

using laser difhction techniques. The shape of F-SL relationships in 15 trabeculae (7 

controls) was identical to that previously published. F,, was lower in the controls than 

that of Dextran treated muscle (7W8 rnN/mm2 vs. 1 0 M  d m m 2 ) .  ECso decreased fkom 

1.55M.09 pM at SL1.90 pm to 1.06a0.10 pM at SL 2.15 pm in controls and fkom 

1.41M.06 pM to 1.04M.09 pM over the same SL range in Dextran treated muscle. 

However, ECM from both groups were still higher than those of intact fibers. 

Conclusion: correction of wg27 and osmotic pressure in skiming solutions 

increase F, development, but it does not increase ca2+ sensitivity to the level of intact 

trabeculae suggesting the presence of (a) ca2+ sensitizefls) in the cytosol of cardiac 

myocytes. 
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Chapter I 

Excitation contrrrction-coupling in normal cardiac muscie 

1.1 Introduction-basic elements in cardiac ECC 

A human heart consists of 50 million myocytes/g and pumps blood out of its 

chamber by synchronous contractions of each cardiac-working cell. During the cardiac 

cycle, electrical coupling is a crucial step, during which an eledrical stimulus propagates 

rapidly along the whole heart, depolarizes the cellular membrane and causes synchronous 

contraction, Thus, study of the cardiac cycle in a single myocyte can give us a clear 

picture of contraction and relaxation of the whole heart. This coupling of the electrical 

process to contraction in a single myocyte is named "excitation-contraction coupling" 

(ECC). 

ECC begins when an action potential (AP) depolarizes the plasma membrane, and 

ends with the binding of ca2+ to Troponin C (TnC), the ca2+ receptor of the cardiac 

contractile apparatus followed by sarcomere shortening and force (F) development. 

Recently, the concept of ECC has been modified to add the processes that cause the heart 

to relax '. During the AP, the cell membrane is depolarized and ca2+ enters into the 

sarcolemma. In the period of repolarization, ca2+ is excluded from cytosol by a cellular 

ca2+ removal system. ca2+ influx and efflux are balanced during each cardiac cycle. 

The sophisticated structure of single myocyte ensures rapid ECC from beat to beat 

in the cardiac cycle. Figure 1-1 shows a schematic drawing of the structure for ECC in a 

cardiac myocyte. ECC requires an intact sarcolemma, which propagates an AP as a wave 

of depolarization and depolarizes the transverse tubules (T-tubule) 2. The majority of L- 

type ca2+ channels Locate in T-tubule region. T-tubule faces the terminal cistemae of the 

sarcoplasmic retialum (SR) at a very narrow distance. 



SR has special structures to ensure its important function of release and uptake of 

ca2+. The SR membrane can be divided into two different regions, the subsarcolernmal 

cisternae, which contains ca2+ channels through which ca2+ flow initiates contraction, 

and the much more extensive sarcotubular network, which contains a densely packed 

array of ca2+ pumps '. In the region of subsarcolernmal cistemae, there are two 

important proteins: dihydropyridine receptors @HPRs) and ryanodine receptors (RyRs). 

The DHPRs are part of the sarcolemma that includes the T-tubular membranes of the 

heart cells. Recent immunofluorescence evidence has clearly shown that the DHPR and 

RyR are largely co-localized in the T-tubular region of cardiac cells '. The ultrastructural 

organization of DHPRs and RyRs has not been filly established in mammalian heart, but 

the chick heart cells have been examined 4. In the chick heart cells, the ryanodine 

receptors appear to be located in clusters, space about 30 nm from each other. The SR 

membrane that contains the RyRs is -10 nrn away £?om the sarcolemma membrane and 

the RyRs appear like feet and fill the space between the two membranes. The RyR 

appears to span the 10 nm gap. The DHPRs seem to be in a matching patch of 

sarcolemma and overlying the patch of SR membrane that contains the RyRs 4. This type 

of unique structure ensures that the RyRs respond to signals fiom the D m R s  very 

quickly and specifically. 

1.2 Electrophysiological basis of ECC 

~ a + ,  and caZC fluxes through the plasma membrane are the main ionic changes 

occurring during the AP '. At rest, intracellular (-1 50 mM) is much higher than that 



Figure 1-1: Schematic drawing of structures mediating cardiac ECC. During the systole, 

extracellular ca2+ flows into the intracellular space through sarcofemma L-type ca2+ 

channels, which are mainly located in the T-tubule region. This ca2+ flow is insufficient 

to activate the cardiac contractile apparatus, but it opens RyRs and results in CICR The 

released ca2+ fiom the SR lumen and a fiaction of ca2+ flowing through the sarcolemma 

activate the contractile system and cause cardiac muscle contraction. During diastole, 

ca2+ is taken up by the SR pumps or excluded out of the intracellular space through the 

sarcolemma ca2+ pump or ~ a + / ~ a ~ +  exchanger. The Na+/K+ pumps maintain the 

intracellular high and extracellular high FJaq by consuming ATP. 

1 : sarcolemma, 2: L-type ca2+ channels in the T-tubule, 3 : L-type ca2+ channels in the 

sarwlemma, 4: sarcolemma ca2+ pumps, 5: sarcolemma Bfa+/ca2+ exchangers, 6: 

sarcolemma N~+/K+ pumps, 7: SR ca2+ pumps, 8: SR RyRs, 9: SR, 10: sarcomere, 1 1 : 

Regulatory protein 





of extracellular space (4 .5  mM), whereas the extracellular space has much higher ma2 

(140 mM) than that ofthe cytosol (-SmM). [ca27 is lower in the cytosol(-100 nM) and 

higher in the extracellular space (2 mM) at rest. At resting membrane potential, the 

plasma membrane is highly permeable to K', and both ~ a +  and ca2+ channels are closed. 

Therefore, the resting electronegativity of the cell interior is determined largely by the K+ 

gradient across the plasma membrane and the resting membrane potential is very close to 

the equilibrium potential, -90 mv. After activation, the sarcolemma fast ~ a +  channef s 

open and ~ a +  quickly enters into the cytosol, which initiates an AP. The influx of ~ a +  

forms phase 0 of an AP in cardiac working cells and increases the potential to 4 2 5  mV 

inside of the cardiac cells. The depolarization also turns on a transient outward K' current 

(I& resulting in phase 1. The increased membrane potential activates voltage gated L- 

type ca2+ channels in the sarwlemma. The slow influx of ca2' balances with outward 

currents and composes phase 2, which is termed plateau phase in the cardiac AP. A 

delayed rectifier Kf current (I+) increases when the inward caZC current decreases at the 

highest voltage of the membrane potential. The outward delayed rectifier K+ current 

forms phase 3. When the cardiac cell repolarizes and the membrane potential drops, the 

K+ permeability of cell membrane increases again and causes an inward rectifier K? 

current GI), which pulls down the membrane potential to the resting level -85 mV and 

consists of phase 4. At rest, ca2' is taken up by the SR ca2+ pumps or extruded out of the 

cardiac cells by sarcolemma ca2+ pumps and ~ a ' / ~ a ~ '  exchangers. N~+/K+ pumps 

maintain the electrical gradient for the ~ a +  and K' ions 6. The detailed AP of a cardiac 

working cell is illustrated in Figure 1-2. 



Figure 1-2: Schematic drawing of cardiac action potential. At rest, the intracellular 

electronegativity is maintained by the outward current: delayed inwardly rectified K+ 

current. This outward current maintains the membrane potential -85 mV. The rapid 

inward ~ a +  current depolarizes the cardiac membrane, which increases the membrane 

potential to 4 2 5  mV, and forms phase 0. The transient inward K' aurent drops the 

membrane potential to -0 mV and causes phase 1. The slow inward ca2+ current balances 

with the outward currents and forms plateau in the cardiac cycle, which is phase 2. In 

phase 3, the membrane potentid quickly drops to -80 mV, which is caused by the 

activation of delayed outward K' current Then, the membrane potential is brought to 

resting level (-85 mV) by the delayed inwardly rectified K+ current. The resting 

membrane potential is also maintained by the BTa+/K+ pump and ~ a + / ~ a ' '  exchanger 

because these two structures are electrogenic, 





1.3 Functions of Ca2+ in ECC 

1ntracelIula.r ca2+ is a key element in ECC. The transport of ca2+ ions among 

dierent ca2+ pools during a cardiac cycle is a crucial event in the cardiac ECC. There 

are five different ca2+ compartments within the heart: the extracelluiar space, the SR, the 

cytosol, Troponin (Tn) and the mitochondria The movements of ca2+ among the 

extracellular space, the SR, the cytosol and Tn are responsible for the initiation and 

termination of the contractile event. 

In the literature, it has been reported that ca2' has five important bct ions during 

an AP '. First, it can carry positive charge into the cell, which contributes to the electrical 

signal responsible for depolarization. Second, it maintains the plateau phase of 

depolarization in working cells of atria and ventricles, and the His-Purkinje system. 

Third, it stimulates K+ channels to open, which restores the resting electronegativity in 

cardiac muscle cells. Fourth, this slow inward ca2+ current contributes a small amount of 

cytosolic ca2+ to bind TnC and activates contractile elements. Fifth, the most important 

role of ca2+ in the cardiac ECC, the inward ca2+ current can induce SR to release ca2+ 
I stored in the SR lumen - 

1.4 Intracdlular and extracellular ca2+ cycling 

Since ca2+ plays important roles in the cardiac ECC, it is crucial to keep ca2+ 

cycling between the extracellular and intracellular space. ca2+ enters into cells through 

the L-type ca2+ channel. The amount of ca2+ that enters into the cardiac cells fiom the 

extracellular space is insufficient to activate the adult mammalian myocardium. Instead, 

most of the caZ+ entering from extracellular space binds to the ryanodine receptors 

my&) on the SR membrane and induces the SR to release a larger amount of ca2+ fiom 



its lumen through ca2+ release channels on the SR membrane. This process is called " 

~a~+-induced ca2+ release" (CICR) ', which is a characteristic ofthe cardiac ECC. In this 

way, the [Ca27i is amplified by the ca2+ released from the SR The released ca2+ from 

the SR together with a small amount of ca2+ entering through sarcolemma initiates 

muscle contraction. During relaxation, intracellular ca2+ is extruded by the ca2+ pump 

and IVaf/Ca2+ exchanger in the sarcolemma, or taken up by the SR ca2+ pump. The 

sarcolernrna ca2+ channels, sarcolemma ca2+ pumps, ~a+/ca'+ exchangers, SR ca2+ 

pumps and SR RyRs allow the ca2+ cycle of from beat to beat in the heart. 

1.5 Ic.-trigger of  cardiac ECC 

Most studies show that ca2+ influx through the L-type cat+ channel in 

sarcolemma is the trigger of cardiac ECC. 

1.5.1 AYPperfiies of @+ channels 

There are three different types of ca2+ channels: L-type, T-type and N-type 2. The 

L-type ca2+ channels are characterized by a large conductance (-25 pS in 1 10 mM ~ a ~ 3 ,  

long lasting openings (with ~a~~ as the charge carrier), sensitivity to 1,4-dihydropyridines 

(DHPs) and activation at larger depolarization (i-e. at positive membrane potential). The 

T-type channels are characterized by a tiny conductance (-8 pS), transient openings, 

insensitivity to DHPs, and activation at negative membrane potential. The N-type ca2+ 

channels are neither T- nor L-types, and are predominantly found in neurons. They are 

intermediate in conductance and voltage dependence. Cardiac muscle has both Ltype 

ca2+ channels and T-type ca2+ channels. The function of T-type channels is not clearly 

2 known in cardiac muscle - 



Ltype channels isolated fiom skeletal muscle are composed of 5 subunits: al,or2, 

B, y, and 6. The a1 subunit appears to bear the main known fbnctional characteristics of 

these channels. This subunit has the DHP, phenylalkylamine and benzothiazepone 

receptors * and can be phosphorylated by CAMP (Cyclic adenosine monophosphate)- and 

~ a ~ ~ ~ a l m o d u l i n  (CaM) dependent protein kinases and protein kinas C (PKC) lo. The 

cardiac a1 subunit is larger than the skeletal muscle protein a1 subunit by -20 or 30 

ma". 

The activation and inactivation of ca2+ channels are time- and voltage- 

dependents. Cardiac 1- is rapidly activated by depolarization, reaching a peak in 2-7 

milliseconds. Its inactivation is relatively slow and requires a few hundred milliseconds 

to be completely inactivated. The ca2+ channels are the most voltage sensitive channels. 

In patch clamp studies, step-increase of holding potentials fiom the physiological voltage 

(-70 to -90 mV) to -0 mV, Ic, shows stepwise increase with increase of membrane 

potential. The threshold of activation of is approximately -40 mV, the current is 

maximal near 0 mV, and the equilibrium potential &) is around +lo0 mV '. 

1.5.2 Ic, --initiating event in cardiac ECC 

The ca2+ i d u x  alone through the L-type ca2+ channel is insufficient to activate 

myofilament contraction. However, it is clear that cardiac contraction depends on 

extraceilular ca2+, thus it is important to consider the amount of ca2+ that enters via Ic. 

with respect to the ca2+ requirement for the myofilarnent activation. The typical peak 1- 

is about 1-2 nA in the mammalian ventricular myocyte with a volume about 20 pL 2. The 

density of L-type ca2+ channels is 15/pn2 with an opening probability 0.03 12. The total 

number of L-type ca2+ channels is -70,00O/cell and 2,100 of them open during 



depohh t ion .  Based on the above numbers, the intracellular total [ca2C] will increase by 

0.5 M and fiee [ca2f1 will increase fFom 100 n M  at rest to 200 n M  aAer the myocyte is 

depolarized. At maximal activation, cytosolic fiee [ca27 is in the micromolar range. 

There must be other ca2+ source participating in the activation of myofilaments in cardiac 

muscle. 

The ca2+ influx is an initiating event and the primary link of ECC in the heart. 

The caZ+ entered during an AP links the electrical events to contraction. The caZ+ influx 

through L-type ca2+ channels provides a trigger for the cardiac SR t o  initiate the SR to 

release a larger amount of cazf ions stored in the SR lumen, and finally, the myofilament 

contracts. Based on the numbers fiom the study of Cheng et al., this amplification of 

[ca2c]i caused by CICR is -15-20 fold 13. 

1.6 CICR-fuel of contraction 

1.4 1 Generalproperfr*es of R y k  

The SR ryanodine receptors release ca2' £kom its lumen and amplify the ca2+ 

influx through the L-type ca2+ channel, to sdliciently activate cardiac myofilaments. The 

estimation of the number of ryanodine receptors in intact cardiac ventricular myocytes or 

whole heart homogenates is approximately -36 nmoVkg wet wt, which is very similar to 

the number of DHPR. But it is much smaller than that of the SR ca2+ pump, about -6000 

rmoykg wet wt 2. 

The isolated ryanodine receptor molecule weighs -320-450 kDa for a 

monomer14. The ryanodine receptor complex is a homotetrarner, and -27 nm along each 

side and -14 tun tall, which corresponds well with the width and length of the junctional 

"feet' observed in intact cardiac muscle. 



The SR Ca2+ release channel is sensitive to ryanodine. Ryanodine is a neutral 

plant alkaloid, which is found to produce irreversible contracture in skeletal muscle, and 

a progressive decline in contraction in cardiac muscle. Ryanodine affects the SR ca2+ 

release in cardiac ECC, thus affects force development. ter Keurs et al. have found that 

ryanodine causes caZC leak to £?om the SR in a dose-dependent manner lJ. Ryanodine 

depletes the SR cazf content, as a result, it decreases the force development. 

The function of RyRs is regulated by ca2+ influx through DHPRs, the cytosolic 

[ca2C], and [ca2fl in the S R  The cardiac muscle SR caw release channel is a ligand- 

gated channel that is activated by micromolar cytoplasmic [ca27 and inactivated by 

millimolar cytoplasmic [ca29. An excessive increase in cytosolic ca2+ can inhibit fiuther 

ca2+ release. The SR lumen caZ+ also regulates cardiac ca2' release channel activity 

perhaps through the open channel and binding to the channel's cytosolic caZC activation 

16 and inactivation sites . 

1-62 Caf-c r k e  theories 

There are four main theories regarding the mechanism of ca2+ release from the 

SR The first theory is "Electrical Coupling". Some investigators propose that 

sarcolemma depolarization causes SR membrane depolarization, which leads to the SR 

caZ+ release. The second one is "Mechanical Coupling". It is suggested that sarcolemma 

depolarization causes "unpluging" of ca2+ release channels, which might result in ca2+ 

release fiom the SR The third type is caZC release induced by inositol(l,4,5)- 

trisphosphate (IF& P 3  binds to the I& receptors of the SR membrane and induces ca2+ 

release. The fourth theory, CICR, is the theory generally accepted in cardiac ECC. It 

postulates that the entry of a small amount of caZ' across the sarwlemrna, by binding to  



ca2+ receptors on the surface of SR causes a larger amount of ca2+ stored in the SR to 

release into the cytosol l. 

1.7 ca2+ sparks -elements of SR ca2+ release 

The development of the c o n F i  microscope has provided researchers a usefbl 

tool to M e r  study SR firaction, especially ca2+ release fiom the SR The confbcal 

technique allows inverstigators to scan a cell along any arbitrarily defined direction. By 

alternatively taking longitudinal and transverse line-scan images in the same focal plane, 

the direction-dependent properties of ca2+ sparks can be examined in the same cells. The 

c o d d  laser-scanning microscope (cLSM) is widely used in research settings at present 

since it gives a coherent beam of intense light and short sampling time with high 

resolution ". Fluorescent dyes give clear indication of ca2+ ions in confocal microscope 

images. Many research works on "ca2+ sparks" have been done with CLSM. Recent 

studies on ca2+ sparks by confocal microscope have provided exciting new insights into 

the mechanism of ECC in heart cells. 

1. %I Cd+ sparks-kal event of &+ release 

The confOcaI microscope allows imaging local ca2+ release from the T-tubule and 

the SR membrane junctions. Investigators have observed local ca2' release and given it 

the name "caZC spark". It has been found that ca2+ sparks are confined to very small 

areas with radius -1.5 pm in quiescent cardiac cells. The distance of two longitudinal 

18 neighbouring ca2+ sparks is - 2 pm, which corresponds well to resting SL 1.86 pm . 

So, it is reasonable to assume that this ca2+ comes fiom a point source of ca2+. 

caZC sparks are local ca2+ releases fiom the SR The intracellular ca2+ could 

originate either fiom the extracellular space through L-type caZC channels or be released 



14 

by the SR fiom its lumen. The former is ruled out by the observation that caw sparks can 

be seen when cells are briefly exposed to a bathing medium without ca2+, or to a medium 

18 supplemented with 0.1 mM cadmium, which is a blocker of the Gtype ca2+ channel . 

Under this condition, the resting ca2+ sparks could result fiom the RyR spontaneous ca2+ 

release from the SR cavity. Further, the effects of ryanodine on the SR ca2+ release 

channels have supported the hypotheses that ca2+ sparks are generated by the SR At high 

concentration of ryanodine, above 1 ph& ca2+ sparks disappeared. When the cardiac cells 

are exposed to intermediate concentration of ryanodine (100-300 nM), the frequency of 

ca2+ sparks increased fiom 1.6M.22 to 3.53f0.75 ". At resting, ca2+ sparks may arise as 

a result fiom random opening of L-type ca2+ channels. Mostly likely, the resting 

cytosolic ca2+ activates spontaneous ca2+ sparks via CICR I*. 

Further, a single RyR or a small number of RyR channels may be the fbnctional 

ca2+ release unit. The biophysical properties of ca2+ sparks are consistent with the 

hnctional unit being composed of as few as a single RyR Cheng et al. have found that 

the caZC flux associated with a spark 2 x 10-l7 molfs, which corresponds to an ionic 

current of 4 pA 18. This number is quite consistent with the result from planar lipid 

bilayer experiments. In the single RyR channel recording of planar lipid bilayer 

experiments, the current is -3 pA at 0 mV 19. So, a ca2+ spark may be explained by the 

opening and closing of a single SR ca2+-release channel, or a small number of RyR 

channels acting in concert. 

1.l.2 Lac& conhol of SR Cd+ release 

"Common pool" and "local control" are two opposite theories regarding to the 

control of the SR ca2+ release. The former theory proposes that ca2+ releases from a 



common pool in cytosoi and the ca2+ release is in an all-or-none manner. It fds to 

explain the graded gain of the caZ+ release f?om the SR The local control theory has 

provided an explanation for how the SR controls ca2+ release. RyRs seem to be 

extremely insensitive to cytosolic ca2+ in situ. I .  quiescent cardiac cells, there is an 

I 8  occurrence of 100 spadcdceWs . which indicates an opening rate of 1 0 4 s  for the RyR 

1s at -100 n M  [ca29, given lo6 RyRs per rat heart cell . Both evoked and spontaneous 

ca2+ sparks normally do not activate regenerative CICR activities ". The insensitivity of 

the RyR prevents a single ca2+ spark fiom triggering its neighboring caZ+ release units 

despite the large number of RyRs that "see" the caZ+ spark Further, the DHPRs and 

RyRs appose to each other with a 10 nm narrow distance between them 'I, which 

provides structural basis for the "local control" theory. The delicacy and tightness of this 

Local control are best exemplified by the evidence that a single DHPR channel can open 

to elicit a ca2+ spark. Once activated, ca2' sparks have a short half time of decay, which 

is not affected by the opening duration of single L-type ca2+ channel flux or the duration 

of depolarization. The DlW& are closer to RyRs, with a distance about 10 nm in chick 

heart cells, which is shorter than a RyR to its neighboring RyRs, with a distance -30 

nmZ1. The average distance between a DHPR to its nearest neighbor RyRS is less than 

half of the distance between nearest neighboring RyRs. During ca2+ spark diffusion, local 

[ca2c]i decreases sharply with distance, so DHPRs may be in a better position to activate 

a neighboring RyR than a RyR to activate its neighboring RyR. This tight trigger-release 

structure provides another support for the local control theory. 



1. %3 Soume of the Cd+ spark trigger 

There are two different points of views on what the triggering ca2+ comes from. 

Some researchers propose that the ~ a + / c a ~ +  exchanger operating in a reversed direction 

can elevate local [ca27i and causes the SR ca2+ release. Inhibition of both L-type ca2+ 

current and ~a+/ca'+ exchange decreases more force than inhibition of L-type ca2+ 

current alone ". Lederer a al. showed that under circumstances where the SR was 

overloaded in sheep Purkinje fibers, SR ca2+ release could be triggered by the Na+/ca2+ 

exchanger ". Levi et al. also demonstrated that, when the measured ca2+ current was 

blocked, SR caZ' release could be evoked by reverse mode of the ~ a ' / C a ~ +  exchanger 24. 

Further support is from the study of Camel1 et al., which demonstrated Nac/ca2' 

exchange-induced SR ca2+ release under abnormal conditions such as "ca2+-overload" 

produced by sodium-pump inhibition, and membrane depolarization to +I00 mV, as well 

as at less positive potentials in myocytes pefised internally with high pa ' ]  (20 mM) 25. 

The wide distribution of the 31af/ca2' exchanger also makes it possible for the BTa+/ca2+ 

exchangers to provide ca2+ to activate RyRs just like the L-type ca2+ channels. However, 

the significance of the reverse model of the ~ a + / ~ a ~ +  exchanger under physiological 

conditions is still uncertain. The extent of this trigger appears to be quite limited in some 

species %; whereas under conditions, such as with pathological or pharmacological 

modulation of the SR, the role of the ~ a + / ~ a "  exchanger may become significant 16. 

Without the modulation in ECC, the ~ a + / ~ a ~ +  exchanger can hardly be seen to function 

in a reversed way in mammalian heart cells. 

Other investigators have proposed that the triggering ca2+ enters through L-type 

ca2+ channels in sarcolemma fiom the extracellular space. A recent study using 



transgenic mice over expressing the ~ a + / c a ~ +  exchanger has shown that even when the 

~a+/ca'+ exchanger is over-expressed up to nine-fold, ca2+ entry through the exchanger 

produces a much smaller systolic rise of [ca2CJi than does the L-type current. For a given 

amount of ca2+ entering the cell, the ~ a + / ~ a ~ +  exchanger is only 25% as effective as the 

Ltype ca2+ channels in promoting ca2+ release from the SR ". The special structure 

between DHPRs and RyRs is another support for the hypothesis that triggering ca2+ 

enters through L-type ca2' channels. The close co-localization between DHPRs and 

RyRs ensures the small amount of ca2' entering through L-ca2+ channels acts effectively 

with RyRs. 

ca2+ w e n t  is the trigger of CICS which is fbrther supported by the fact that a 

single L-type ca2+ channel is suficient to activate an associated release unit. Camell et 

al. 20 and Santana 28 et al. have shown that, at negative membrane potentials (-50 to -30 

mV), the voltage-dependent spark occurrence overlaps the activation of the L-type ca2+ 

channel. The efficacy of I a  to evoke caZ+ sparks gradually decreased as the magnitude of 

single L-type ca2+ channel w e n t  is decreased. Both of their experiments have provided 

fbnctional evidence for a single L-type ca2+channel being the activator of ca2+ sparks. 

I. Z 4  cd' quarks-smaller events than ~ d f  sparks in ECC 

Most studies have shown that ca2+ sparks are the elementary events in cardiac 

ECC, however, some investigators have presented "ca2+ quarks" model challenging 

the idea of a single RyR as the basis of a ca2+ spark When [ca27i is elevated 

homogeneously by photorelease of caged ca2+, SR ca2+ release by CICR is evident but 

surprisingly, no ca2+ spark is seen. However, in the same cell, I a  does elicit discrete 

local release that looks like ca2+ sparks. These researchers suggest that this phenomenon 



occurs because the elementary release units, named "ca2+ quarks" during photolysis are 

much smaller than ca2+ sparks and are invisible. It has been proposed that RyRs are 

organized into clusters and RyRs within a cluster are gated independently, and each gives 

a rise of ~a*+-quark by the global elevation of [ca2c]i produced by the photolysis. When 

is elicited, the whole group may be adivated as a unit, giving a rise of ca2+ spark, due 

to high local [ca2'-Ji produced by L-type ca2+  current. But this theory does not succeed in 

explaining the similarities between Ia-evaked ca2+ sparks and the ca2+ sparks evoked by 

the resting cytosolic ca2+, neither can explain the fact that the enormous ca2+ flux fiom a 

KyR could not open its clustermates. 

1. % 5 G? wave crnd its pmpagak-on 

ca2+ waves are the summation of individual caZ+ sparks. Increase of the 

sensitivity of SR ca2' release, i.e. the increased SR caZC load and under the effects of 

caffeine and ryanodine, can induce ca2+ waves. Cheng et al. found that the overload of 

SR ca2+ content by increasing [ca2']. to 10 mM can increase the SR sensitivity to release 

18 ca2+ and increase the frequency of ca2+ sparks, resulting in ca2+ wave propagation . 

2 I Studies have shown that an individual caZC spark does not cause muscle contraction . 

The probable reason is that the ca2+ is buffered by the stronger buffering system in the 

cardiac cytosol M. The macro sparks (summation of several closely spaced individual 

sparks with a peak around 500 nM) and caZ' waves can cause muscle contraction and 

2 1 sarcomere length (SL) changes . 

t 1.6SIImmary of @sparks 

The present data £?om studies ef cardiac ECC indicate that: ca2+ sparks are 

elementary units in the sequence of ECC in heart muscle. However, so far, there is not 



enough evidence to exclude the possibility that ca2+ quarks, the events that are smaller 

than ca2+ sparks, exist in the cardiac ECC. A single RyR or a small number of RyRs 

acting in concert composes a fbnctional unit to release ca2+ sparks. Functional units of 

DHPRs and RyRs have delicate and tight local structure to mntrol SR ca2+ release. A 

single DHPR is sufficient to act on an associated RyR and c a s e  it to release ca2+. Most 

likely, ca2+ influxes through the L-type ca2+ channel instead of ~ a + / c a ~ +  exchanger 

cause the SR to release ca2+. Further studies are needed to determine the fbnction of the 

reverse mode of ~a+/ca'+ exchanger in triggering the SR ca2+ release in physiological 

conditions. 

1.8 ~a+/ca'+ exchanger-high capacity for ca2+ removal 

ca2+ entering fiorn the extracellular space or released fiom the SR during 

contraction must be removed f?om the cytosole in relaxation. Two mechanisms are 

responsible for this action: the ~a+ /Ca~ '  exchanger and the ca2+ pumps of sarcolemma 

and SR The ~ a + / c a ~ +  exchanger has a high capacity to extrude ca2' with a low &inity, 

and the SR ca2+ pump has a high &nity for ca2' with a low capacity to remove ca2+ 

fiom cytosol. 

The ~a+/ca*+ exchanger system is one of the primary ca2+ extrusion systems in 

cardiac myocytes and plays an important role in the termination of cardiac contraction. 

The ~ a + / c a ~ +  exchanger proteins are distributed over the entire extracellular surface of 

the membrane, including the T-tubules, so they are well placed to extrude activating ca2+. 

It is estimated that the ~ a + / ~ a ' +  exchange stoichiometry is 3: 1, thus it is electrogenic3'. 

The cardiac BJa+/ca2+ exchanger molecule has 970 amino acid with a molecular 

weight (MW) about 100 kDa. This protein consists of 12 putative transmembrane 



domains and one large cytoplasmic hydrophilic domain The large domain has a CaM 

binding site and a potential phosphorylation site, which could be a substrate for CaM or 

~AMP-dependent protein kinase (PKA) 32. 

The ~ a + / ~ a ~ +  exchanger is regulated by many factors. A high concentration of 

cytosdic ~ a +  or the absence of cytosolic ca2+ promote the formation of the inactive 

states; phosphatidylinositoC (4,s) bisphosphate or other negatively charged phospholipids 

and cytosolic caZC counteract the inactivation process. The exchange function is also 

dependent upon cytoskeletal interactions and the exchanger's location with respect to 

intraceliular ca2+-sequestering organelles. 

One important hnction of the BJa+/ca2+ exchanger is to extrude cytosolic ca2+ by 

using the energy fiom the ~ a +  gradient, but there are still arguments on the reverse model 

of the ~ a + / ~ a ~ +  exchanger, which some investigators think it contributes to CICR in 

cardiac myocytes. 

1.9 SR ca2+ pump-the main machinery of ca2+ removal in cardiac ECC 

The ca2+ pump is another important cytosolic ca2+ removal system other than the 

~ a + / c a ~ +  exchanger. Both the sarcolemrna and SR have ca2+ pumps, and they have 

similar structure and function. The SR ca2+-prnp is the main structure for the cytosolic 

ca2' removal. 

1.9.1 General properlies of SR c p P u m p  

The major protein in the SR membrane is the ~a*+-~'I '~ase,  representing 40% of 

the total protein in the cardiac SR Recombinant DNA studies have revealed that the SR 

or endoplasmic reticulum (ER) ca2+-~TPase family (SERCA) is the product of at least 

33 three alternatively spliced genes, which produce a minimum of five different proteins . 



SERCAl is expressed in fast skeletal muscle, and SERCA2 has been detected in cardiac 

muscle and slow skeletal muscle (SERCAb) and in adult smooth muscle and nonmuscle 

tissue (SERCAa). SERCA3 is expressed in a selective manner, with highest expression 

in intestine, spleen, lung, uterus, and brain ". 

34 The structure of cardiac SR ~ a ~ + - ~ u r n ~  is similar to that of slow twitch muscle . 

The protein has 10 membrane-spanning regions (Ml-M10). M1-M5 each has an 

additional a-helical "stalk" region on the cytosolic side. Recently, researchers have found 

that the important ca2+binding sites are within the transmembrane domains (M4-M6 and 

M8) 35. The transmembrane domains form a cylinder and it acts like an ion channel 

through the SR membrane ". ca2+ can £low into the SR lumen through the channel. 

The SR ca2+ pump can take up 600/0-70% of ca2+ released into its lumen during 

systole through its strong internal ca2+ buffering system '. Inside the SR lumen, [ca2C] is 

in the millimolar range, which is much higher than that in the cytosol, about in the 

micromolar range. If the myocyte's ca2+ buffering capacity is as high as reported by 

Isenberg's group, then 99.98% of the ca2+ is bound with the intracelluiar buffering 

system, the total [ca2q is 4 . 5  mM in the cytosol at resting. The total [ca27 in the SR 

lumen is approximately -5-14mM 2. Several ca2+-binding proteins within the SR lumen 

buffer ca2+ effectively. The most important one is calsequestrin, which traps ca2+ inside 

the SR This protein is primarily localized in the terminal cisternae of the SR Each 

36 calsequestrin molecule binds -35-40 ca2+ ions . Thus, these ca2+ binding sites on 

clasequestrin can buffer a substantial fiaction of the ca2' ions taken up by the SR with a 

high capacitance and an appropriately low affinity. Other buffering proteins found in 



smaller amount in the SR cavity include calreticulin and histidine-rich ca2+-binding 

protein. These proteins also help to retain ca2+ inside the SR lumen* 

1.9.2 RegrcJba'on of SR 

The function of cardiac SR ca2+ pumps is regulated by the phosphorylation of 

phospholarnban (PLN) '. PLN regulation of the SR caZC uptake is a characteristic of the 

cardiac SR caZC pumps. This protein binds with the pump and inhibits the SR ca2+ pump 

function in its dephosphorylated state. Phosphorylation of PLN alters the structure of the 

cardiac SR ca2+ pump, and allows the pump to transfer ca2' from cytosol into the SR 

lumen, 

PLN is a pentamer, however, the detailed structure of PLN is not presently 

known. But based on its amino acid sequence, several models have been proposed. It is 

generally accepted that there are two major domains: one hydrophilic domain, which 

contains three phosphorylation sites, and one hydrophobic domain, which is anchored 

into the cardiac SR membrane. The hydrophilic domain is important in regulating the SR 

ca2' pump, which could have a hydrophilic pore through the SR membrane with 

phosphorylation sites on the cytoplasmic smfiace ". The function of the hydrophobic 

domain is not clear, although some evidence also have suggested it might have effects on 

the SR ca2+ pump regulation. 

The regulation PLN phosporylation is through PKA and ca2'-C~M-dependent 

protein ldnase (CaMKI[) 38. PKA can phosphorylate PLN at serine-16 ", as a result, this 

phosphorylation increases the rate of ca2+ transport by effects on two steps in the SR 

ca2+ uptake. First, PKA phosphorylation increases the ca2+ affinity of the SR ca2+ pump. 

Second, PKA phosphorylation also can accelerate the rate of the overall ca2+ pump cycle. 



CaMKn can phosphorylate PLN at threonin-17 and increases the maximal rate of the SR 

ca2' uptake ". 

Sadrenergic agonists can increase the activity of the SR pump by accelerating 

turnover and increasing ca2' sensitivity of the SR ca2+ pump through the above 

regulatory system. Catecholamine binds to the safcolemmal &receptor and activates 

adenylyl cyclase through stimulator G-protein; as a result, it increases the cytosolic 

CAMP level, which induces PLN phosphorylation and results in the increase of sensitivity 

of SR ca2+ pump and its pumping rate. The increase of SR ca2+ uptake by D-adrenergic 

agonists has been also considered to be due to ca2+ activated CaM action *, caused by 

the increased ca2' flow through the L-type ca2+ channel. 

pH affects the fbnction of SR ca2' pump. A decrease of pH reduces the SR ca2+ 

4 1 uptake rate . Thus, acidosis and ischemia can depress the SR ca2' pump and slow the 

relaxation time. 

1.9.3 Active &+ bansport by SR a + p u m p  

The SR ca2+ pump needs ATP to transport ca2+ uphill: f?om the lower [ca2+] in 

the cytosol to the higher concentration in the SR lumen. The SR ca2+ pump takes up two 

ca2+ ions into its cavity for each ATP molecule consumed 42. 

ATP-induced pump phosphorylation is a key step in SR ca2+ uptake. The Cardiac 

~ a ~ + - ~ u r n ~  has two ATP binding sites, a high afftnity site ( K d - l m ,  which is the 

substrate site and a second low affinity site (Kd - 200 @I), which serves a regulatory 

role ". ATP binds to high atFinity sites on the cytoplasmic side of the pump. The 

terminal phosphate of ATP is transferred to aspartate-35 1 on the pump. It is proposed that 

the phosphorylation of aspartate-351 causes a series of confornational changes in the 



high aEbity ca2+ binding site. The access for ca2+ to the sites fiom cytosol is closed and 

the pathway to the SR lumen is open, as a result, ca2+ only can be released into SR lumen 

and not be moved back into the cytosol ". During the caZ+ transport cycle, the enzyme 

undergoes a transition from a high-affinity state to a low-affinity state for ca2+, and the 

ions are translocated fiom the binding sites into the lumen of the S R  

1.10 Summary of cardiac muscle ECC 

In summary, cytosolic caZC is kept in balance in the heart fiom beat to beat. 

Extmdlular ca2+ flows into cytoplasm through the L-type caZC channel. The amount of 

ca2+ entering is small and insufficient to activate cardiac myofilaments to contract. ca2+ 

influx through DHPR binds to RyR and induces ca2+ release. This triggering ca2+ has a 

fbndamental role in cardiac ECC. It causes CICR and the SR release of a larger amount 

of ca2' into cytosol fiom its lumen. CICR increases the [ca27 in the cytosol and causes 

muscle contraction. Equally important is the ca2+ removal fiom cytosol. ca2+ entering 

from the extracellular space and released fiom the SR must be removed fiom the cytosol 

during diastole. The ~ a + / c a ~ '  exchanger and the SR ca2+ pump are two main systems to 

extrude caZ+ in cytosol. The sarcoIemma ca2' pump also contributes to removal of a 

small amount of ca2+. In normal cardiac cycling, the cytosolic ca2+ cycles and is kept in 

balance between the extracellular space and the intracellular space. 



Chapter 2 

Starling's law and possible mechanisms 

2.1 Introduction 

The effed of  stretch to enhance myocardial performance has been known for at 

least 100 years. In 1895, Frank found that in a frog ventricle, the developed pressure was 

45 a fhnction of the end diastolic volume if the contracting volume was kept constant . 

Later, in 1914, Starling and his colleagues discovered that if the aortic pressure was 

constant, the cardiac output was a function of venous filling pressure ". These two 

distinct but related discoveries formed Frank-Starling's law of the heart. It describes the 

relationship between cardiac output and end diastolic volume. This relationship is based 

on a fixed relationship between end systolic pressure and volume relationship (ESPVR), 

which is a geometric transform of the force-length relationship of  the cardiac sarcomere. 

So Starling's Law can be explained by the length dependent sensitivity of the 

2+ 47 rnyofilaments to Ca . 

The changes in geometry of the whole heart are complex, therefore in recent years 

many physiologists have chosen to study the effects of muscle length in isolated 

preparations of cardiac muscle. Studies have show that the isometric length-tension 

relation of isolated muscle is similar to the isovolumic volume-pressure relation for the 

whole heart. The studies of the length-tension relation in isolated muscles should be 

regarded as a way of analyzing the basic mechanism underlying Frank-Starling's 

relationships in the intact heart. In the working range of SL for mammalian cardiac 

muscle (1.60 to 2.30 pm), only the ascending limb of  the length-tension relation exists ". 

Increased venous pressure stretches the heart during diastole and the improved cardiac 



performance is a consequence both of changes in cardiac geometry and of the effect of 

stretch on cardiac muscle. 

2.2 Cellular view of Frank-Starling's law 

Ih cellular view, SL greatly affects the active force development in cardiac 

muscles, so tremendous work has been done on the force-SL relationship. 

In the 1950's, H. H d e y  proposed the sliding filament theory- He used the 

geometry of myofilament overlap to explain the plateau and descending limb of the 

length-tension relation in fkog skeletal muscle. In the descending limb, at SL 2.20 to 3 -60 

pm in fkog skeletal fibers, the decreased force could be due to the decreased overlap of 

thick and thin filaments, whereas in the plateau range, at SL 2.00 to 2.20 pm, there were 

no cross-bridges in the central region of the thick and thin filaments, so change of SL did 

not affect force developed ". At SL below 2.00 pq Gordon et al. suggested that double 

overlap of thin filaments and restoring forces probably affected the length-tension 

SO relationship - 

Measurement of SL is crucial in study of the force-length relationship. Edman 

first used =action technique to study the force-length relationship in fiog skeletal 

muscle in 1965 'l and Pollack et al. applied this diihction technique in measuring 

cardiac SL in 1972 52. In 1975, Fabiato et al. showed length-tension relationship in 

skinned cardiac muscle fibers. Fabiato's group overcame the difficulties in measuring SL 

in the studies of length-tension relationship in cardiac muscle, and for the first time, 

demonstrated that ca2+-activation in cardiac muscle was length-dependent ". In the 

latter part of 19707s, ter Keurs et al. also confirmed length-dependent tension 

development in rat cardiac trabeculae using SL feedback control by showing that increase 



of SL in cardiac muscIe increased force development ". Later, in 1980's, the studies of 

Kentish et d. demonstrated that the force-SL relationship in intact and skinned cardiac 

55 muscle was similar . These investigators showed that the ca2+ sensitivity of 

myofilaments changed over the entire working range of SL in cardiac muscle. The curves 

of force-SL relationships are convex to the force axis at high [ca2C] in both intact and 

skinned cardiac muscles, whereas at low [ca27, the curves were convex to the SL axis. 

Recently, the data fiom study of skinned cardiac muscle in our laboratory also showed 

similar pattern for the relationship between force and SL %. The concavity and convexity 

are toward the force axis at low and high ca2+, respectively. 

All the above studies indicate that muscles generate different levels of force at 

different [ca27. Further, change of SL increases the force developed at the same [ca2+], 

which implies that enhanced activation of myofilaments increases the number of cross- 

bridges during stretch. This is probably caused by the increased Tn &nity for ca2+ since 

TnC is the only significant ca2' binding protein during force development ". 

2.3 Mechanisms of the length-dependent force development 

The e E i s  of the length-tension relation in cardiac muscle ECC can contribute to 

both physical and activation factors '*. Physical factors are the result of changes in 

myofilament overlap and include changes in: 1) the maximum number of active cross- 

bridges; 2) the lateral spacing of the thick and thin filaments; 3) the restoring forces 

associated with deformations in sarcomere geometry. The activation factors result fkom 

any effects of muscle length on the activation process, which includes: 1) the AP and 

ca2+ current; 2) ca2+ transient; 3) TnC binding constant for ca2+ and cross-bridge 

cycling5*. 



2.3. I PkysiCal f e r n  

The physical fmors  can be distinguished fiom activation factors if the internal 

ca2+ maximally saturates TnC, so that activation is maximal. Under these circumstances, 

only the physical factors can operate when muscle length o r  SL is changed ". 

With saturating [ca27, the pure effects of physical factors on the Frank-Starling 

relation are manifested by the well-characterized SLmaximum tension relation- In filly 

activated heart muscles, a relative flat length-tension relation can be seen. The decrease 

in tension with the decrease of SL appears to result f?om an increase of double overlap of 

thin filaments such that thin filaments fkom the opposite side of the sarcomere interfere 

with cross-bridge binding or cross-bridges actually bind to the thin filaments of opposite 

polarity JO. Increase of SL can reduce double overlap between actin from opposite sides 

of the sarcomere, and this allows more cross-bridges to generate active force. Stretch of 

the muscle also results in reduction of the lattice spacing and cross-bridges are easier to 

attach with actin, which increases cross-bridge dependent force 59; 60 . At SL less than 

1.60 pm, the slope of the F-SL is steeper. This is assumed to be due to a restoring force 

arising fkom the compressed thick filaments. In the SL range of 1.70 pm to 2.30 pn, 

59; 61 there would be a relatively shallow slope, as seen in &lly activated skeletal muscle . 

2.3.2 Advation fmom 

Two activation factors can affect the length dependence of cardiac ECC. First, an 

increase of cytosolic [ca2+] following excitation results in an increase in the amount of 

ca2+ supplied to myofilaments during contraction. Previous studies have shown that 

stretch affects factors such as ca2' innux during an AP and CICR fiom the SR 59, 60 

Second, stretch increases myofilament interaction of thick and thin filaments by a given 



[ca29i, which means the ca2+ sensitivity of myofilaments increases with an increase of 

SL Stretch results in an increase in cross-bridge dependent force by decreasing lattice 

spacing and increasing cross-bridge attachment, which increases cooperativity of the thin 

2+ 57 filaments with Ca . 

Effects of length on ca2* supply 

Research results have shown that the effect of change in muscle length or SL on 

AP, amplitude andduration, is small ". There is no apparent correlation between ca2+ 

63; 64 entry into the cytoplasm and length-dependent variations in force . 

However, change of muscle length or SL greatly affects SR ca2+ release. In the 

later of 1970's and early of 19803, Fabiato et al. did a series of experiments indicating 

that SR G? release mechanisms were indeed length dependent by showing that increase 

of SL resulted in the increased ca2+ release from the SR 61; 63 . These investigators 

proposed that the possible mechanism is that increase of SL increases the opening 

possibilities of RyRs. These studies indicate that length change or the degree of stretch 

acutely affects CICR. 

Effects of length on troponin binding to ca2+ 

The force-length relationship in cardiac muscle is much steeper than that in 

skeletal muscle because the  degree of activation of the cardiac myofibrils at constant 

[ca2C] increases as muscle length is increased. The activation factors are the main cause 

of the difference, as the change of SL, the cardiac myofilament ca2+ sensitivity is 

affected more than that in  skeletal muscle. Stretch of cardiac muscle to increase the SL 

over the range of lengths where only double overlap of the actin filaments plays a role 

leads to an increase of the apparent ca2+ sensitivity of the contractile system. 
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A number of studies have shown that the ca2+ transient declines more rapidly at 

longer SL than that at shorter SL while the duration of contraction at long lengths is 

increased 63; 64 - A quick release. during force generation leads to the appearance of 

66 "extra" ca2+ in the cytoplasm . Decreased length of isolated papillary muscle produces 

a slow declined caZf transient, relating to a co-responding reduction of force 67. Allen et 

al. also showed that rapid shortening of SL could result in a sustained increase in 

myoplasmic [caZf1 ". Allen et al. proposed that the dominant effect of shortening was a 

reduction in ca2+ binding to Tn and that ca2+ binding to Tn became more rapidly at long 

SL. 

That the atfinity of Tn for ca2+ is length-dependent has been proved in the studies 

of Hofmann et al.. These investigators showed that TnC is the only significant ca2+ 

binding bite ". Hokann's group demonstrated that the binding of ca2' to the ca2+ - 

specific regulatory site of cardiac TnC in fiber bundles in rigor was length-dependent 

69 over the SL range 1.70 p to 2.40 pm . Hohann et al. also found that a reduction in 

SL is correlated with a reduced binding of ca2+ to the regulatory site of TnC. In their 

studies, these investigators demonstrated directly that ca2+-sensitivity is associated with 

changes of SL along the ascending limb of the force-length curve, which could be 

correlated with changes in the binding of ca2+ to the regulatory site of TnC using 

radiolabelled ca2+ binding in skinned cardiac muscle fibers ". The binding of ca2+ to 

Tn increases from 0.9 pmole/gm at SL 1.70 pm to 1.15 pmole/gm at SL 2.30 jun at 

2 69 saturated [Ca 7 - 

The results of recent studies have provided fbrther support for length dependent 

ca2+ sensitivity for cardiac myo filaments. Kentish et al. demonstrated a length- 



dependent shift of the forc~pCa w e s  in skinned rat cardiac trabeculae. This sort of 

curve shift has been interpreted to indicate a change in sensitivity of the myofilaments 

for ca2+ 55 - With an increase of SL, the maximal force (I!-) and myofilarnent ca2+ 

sensitivity increased. 

Podtivt force feed-back 

Myofilarnent ca2+ sensitivity is not a fbnction of length per se but of a derivative 

53 of length, namely interfilament spacing. Both in skeletal 'O and cardiac muscle , the 

ca2+ sensitivity is increased along the descending limb of the force-length curve where 

the number of cross-bridge interactions would be expected to decrease with increase in 

SL. ca2+ sensitivity of myofilament is not a straightforward finction of filament overlap 

since as the SL is increased, the myosin and actin filaments come closer together, 

consequently, the probability of strong-binding cross-bridge interaction occurring would 

be increased. 

ca2+ binding to Tn depends on the number of cross-bridges attached. Bremel and 

Weber showed that the c a 2 + - ~ n c  affinity in skeletal muscle is enhanced by rigor bridge 

attachment to actin ". In their study, it was shown that the TnC binding constant 

increased -20 fold by the attachment of myosin heads to actin. Bremel et al. proposed 

that the binding of myosin to actin might turn on the neighboring actin and increase 

myosin ATPase activity. Allen and Kurihara suggested that the TnC binding constant was 

increased as a hnction of tension production 63. Allan et al. also demonstrated in their 

studies that ca2+ which dissociates fiom the myofibrils in quick release is correlated with 

the change in force rather than change in length ". The studies of Hofinann and Fuchs et 

al. further supported this finding by showing that inhibition of the actin-myosin 



interaction by the phosphate d o g ,  vanadate, reduced the c~'+-T~c nffinity and 

69; 72 eliminated the lenwependence of caZc binding . 

At submaximal [ca2+], the formation of force-generating complexes-crossbridges, 

can cooperatively interact within the thin filaments, resulting in increased caZC binding to 

TnC, consequently, forming more force-generating complexes. Since the formation of 

cross-bridges is length-dependent in the SL range 1.70 p to 2.40 pm, obviously, 

increase of SL will augment force generation j7. Thus, the cardiac force-length 

relationship is much steeper than that expected purely from the basis of filament 

geometry- 

The effects of mechanical feedback on the ca2+ regulatory complexes of cardiac 

and skeletal muscle are distinctly different. In skinned fast skeletal muscle fibers, there is 

no change in ca2+-Tn atfinity associated with changes in either force or length ". The 

length-dependence of ca2+-Tn affinity appears only in cardiac muscle since in skeletal 

muscle fibers, Fuchs et al. failed to demonstrate a length or force dependency of caZ+ 

binding to TnC 74. In slow skeletal muscle fibers, ca2+ binding to Tn is also independent 

63 of SL. Quick release of cardiac muscle results in the "extra" caZC seen in cytosol , 
75 however, this phenomenon is not observed in fast skeletal muscle . 

In summary, although the length-dependent myofibrillar ca2+ sensitivity is now 

an established phenomenon, its mechanism remains unclear. The above studies indicate 

that there is no unique function relating the change in force with a change in average SL. 

~ o t h ~ h ~ s i c a l  and activation factors play some role in the cardiac ECC. First, a change of 

ca2+ affinity to Tn is indeed involved. The effect of SL on force acts through different 

levels of myofilament ca2+ sensitivity at different SL. It can be concluded that changes in 



ca2+ sensitivity as a function of length is one of the major mechanisms underlying the 

cardiac length-tension relation. Second, at long SL above 2.2 pm where the increase of 

SL will decrease the number of attached cross-bridge, but still increases ~a~~sensitivit-y 

of myofdaments, length-tension relation is mainly determined by SL itself. The increased 

SL can shrink the lattice space and fhcilitate the attachment between thick and thin 

filaments to generate force. Finally, the length-tension relations of striated muscle are 

altered with different levels of [ca27. Different curvature of the curves of the length- 

tension relationship indicates different activation levels of thin filaments. Enhanced 

tension development increases ca2+ ffinity for Tn and generates a positive feedback on 

the thin filament to produce more force. 

2.4 Starling's Law in Congestive heart faiIure (CHF) 

Most studies have indicated unaltered myofibrillar ca2+ responsiveness and F,, 

development in either human CHF 76 or animal CHF and ventricular hypertrophy (VH')? 

Vahl et al. have found a preserved Frank-Starling mechanism in end stage human CHF ''. 

This group of investigators showed that an increase of SL leads to a sensitization of 

contractile proteins of skinned ventricular fiber preparations fiom failing human hearts. 

Vahl et al. suggested that the Frank-Starling mechanism was operative in failing human 

myocardium and there was a clear length dependence of active force in CHF 

myocardiumm. Vahl et al. also demonstrated that the length-dependent changes in force 

were associated with length-dependent modulations of the intracellular ca2+ transient in 

human myocardium. Diastolic and systolic ca2+ increase significantly with the increase 

of muscle length. With decreasing muscle lengths, the intracellular ca2+ transient became 

broader, and the diastolic decay was retarded and the peak of the intracellular ~2~ 



transient was flatter. The Frank-Starling mechanism has been also observed by 

Holubarsch's group in end-stage failing human hearts. In the study, the investigators 

showed that the myofilament ca2+ sensitivity increases with increase of muscle length M. 

In their studies, this group of researchers demonstrated that both force development and 

myofilarnent ca2+ sensitivity increased with the increased SL. In the studies from skinned 

rat trabeculae, the recent data f?om our laboratory have shown that the dependence of 

force on ca2+ and stretch is not changed by CHF following a large MI. Further, forceSL 

and force-pCa relations in muscles from sham and CHF groups are similar. These studies 

56 demonstrated the similar level of maximal force and EC50 . 

Schwinger et al. claimed that the myofilament response to stretch was altered in 

CHF **. In their study, these investigators used papillary muscles. Because of the 

thickness of papillary muscles, SL measurement would not have been ideal in their study. 

SL measurement is a crucial point in the study of length-dependent force development. 

The force-SL relationship can be misleading in experiments without good SL control. 

Kentish et al. have shown a marked SL dependence of maximum force development, 

ca2+ responsiveness, and steepness of the developed force-pCa relation in skinned rat 

cardiac trabeculae ". When SL is not measured accurately, ambiguous data may be 

obtained. This reason can cause the result of Schwinger et al. to be incorrect. 

2.5 Cross-bridges in the force development 

2.5.1 Sfnrcture for the cross-bridge 

The first and most crucial observation of cross-bridge links between actin and 

myosin filaments came from the early electron-microscope studies by H. E. Hwdey in 

1950's ". Huxley showed that the cross-bridges existed in the space where actin 



filaments overlapped with myosin filaments as well as on the myosin filaments in the 

place where w actin filaments lay alongside them. He proposed that the cross-bridges 

were the only visible mechanical agents by which force could be developed between the 

thin and thick filaments and they were permanent parts of the heavy-meromyosin 

subunits. During force development, cross-bridges physically attached with actin 

l amen t s  and pulled actin to move, then detached fiom the thin filaments ". The cyclical 

attachment and detachment of cross-bridges caused actin to slide along the thick filament. 

H E. Hwley demonstrated that at a given level of SL, two bridges project out 

directly opposite each other on either side of the backbone of the thick filament, The next 

two bridges are rotated relative to the first pair by 120' degree with a distance 143 

angstroms (A). The structure as a whole repeats at 3 intervals in a distance of 429 A " 
(Figure 2-1). HE. Huxley proposed that heavy meromyosin acted like a lever and myosin 

globular head could rotate and attach with actin and pull it to move along with the thick 

83 filaments . Later, AF. Huxley developed this theory and suggested that the "rod" (S2 

subfragment) was extensible, which allowed cross-bridges of thick filaments to attach 

with thin filaments during muscle contraction when the space distance between the thick 

and thin filaments continuously changed *'. This hypothesis is fbrther supported by the 

studies of Spudich et al. 86. In their swinging neck-lever model, these researchers used 

mutant myosin with different neck length and proposed that a swinging motion of the 

neck relative to the catalytic domain was the origin of movement. The force generated 

was directly related to the length of the myosin neck. 



Figure 2-1: Schematic drawing of cross-bridges on the thick filament: two cross-bridges 

project directly opposite each other in either side of the backbone of the thick filament. 

The next two bridges are rotated relative to the first pair by 120° degree with a distance 

143 k The structure as a whole repeats at 3 intervals in a distance of 429 A (From H.E. 

H d e y ,  J o d  of Molecular Biology, 1967, (30)). 





2.5.2 Ckange of M e  spacing by 0s- compression or stretch of m u c k  

The interaction between actin and myosin is crucial in the cross-bridge cycle. One 

of the most important fkctors aE&g the attachment and detachment of actin and 

myosin is the spatial distance between actin and myosin, which is termed "lattice 

spacing7'. 

The average center-to-center distance between the myosin and actin filament 

spacing of relaxed fibers is 28.7 nm ". The diameters of actin and myosin are 8 nm and 

88 13 nm, respectively . At optimal state, the center-to-center spacing between myosin and 

actin filament is 18.7 nm, corresponding to an 8.2 nm interfilament space for the myosin 

89 heads ", which is half of the long axis of myosin S 1 16.5 nm . Thus, for the myosin 

heads, a critical interfilament space of about 8.2 nm could mark the optimal distance 

necessary for h l l  force generation (Figure 2-2). 

The lattice spacing changes with the change of SL. Cecchi et al. demonstrated that 

ramp releases of isolated muscle fibers decreased the fiber length at constant speed, 

which resulted in a decreased force with a lattice expansion. ABer the ramp releases, 

tension development increased with the lattice compression. On the other hand, ramp 

stretches caused a compression of the lattice spacing. After the stretch, tension decreased 

and lattice spacing increased W. This finding indicates that there is a radial component of 

the force generated by cycling cross-bridges. 

Skinned muscIes are swollen and studies have demonstrated that the lattice 

spacing could be reduced by treatment with Dextran-containing solutions or by 

increasing SL. 



Addition of polymers in the skinning solution restores physiological lattice 

spacing. Godt et d. found that Dextran of diameter T-40 and above did not penetrate the 

lattice 91. Thus it is reasonable to assume that addition ofthe proper amount of Dextran 

TSOO only restores the physiological lattice space without disturbing the interaction 

between the thick and thin filaments. Ford et al. suggested fkom their studies that a 

physiological range of filament spacing might have been achieved at pextran T70] of 58 

fliter. The fUrther observation that relative maximum power remained constant up to 76 

Niter of Dextran T70 suggests that the physiological range of lattice spacing might have 

been achieved over the range of 58-76 g/liter Dextran T70 92. The actual amount of a 

polymer that restores the physiological lattice spacing depends on its molecular weight. 

Godt et al. demonstrated that 5% Dextran TSOO compressed Triton skinned fibers to a 

93 width close to that of intact fibers . 

The reduction of lattice spacing by increase of SL is equivaIent to the effect of 

osmotic compression. Moss et al. found that increasing SL fiom -1.85 pm to -2.25 pm 

as well as treatment with 2.5% Dextran significantly reduced myocyte width to a similar 

level. Mean myocyte width decreased by 10.3% when SL was increased by -0.4 pm and 

or treated by 6.5% Dextran at short SL 94. The lattice spacing changes with the muscle 

shortening and lengthening to keep the lattice spacing volume constant. 

2-53 E m t s  of I . a m ~ e  spacing on Cd+ s e d v i f y  from skinned studies 

It is known that there is an optimal filament separation for force development. 

Godt et al. found that addition of 5% Dextran in skinned cardiac fibers maintains force 

development close to the force development in intact muscle, whereas addition of 10% 

Dextran decreased force development 93. Lamont and Miller found that addition of 3% 



Figure 2-2: Schematic drawing for lattice spacing in force development. The average 

center-to-center distance between the myosin and actin filament spacing of relaxed fibers 

is 28.7 nm. The diameter of actin and myosin are 8 n m  and 13 nm, respectively. At the 

optimal state, the center-to-center spacing between myosin and actin filament is 18.7 nm, 

which corresponds to an optimal lattice spacing 8.2 nm. This is half the long axis of 

myosin S1, which is 16.5 nm- 

1: actin, 2: 2-line, 3: myosin, 4: cross-bridges, 5: lattice spacing. 





DextranT-500 in filly activated cardiac skinned muscle increased force development by 

15% ". With pexbtan T-5001 greater than - lo??, the active force development 

decreased*. Active force development declines when the lattice separation is either 

greater or smaller that the optimum 

The lattice spacing change directly affects myofilament ca2+ sensitivity. At short 

lengths, there is an increase of lateral separation of thick and thin filaments %, which 

decreases the cross-bridge interaction in the zone of overlap between thick and thin 

filaments. Moss et al. found that in single myocyte, treatment with 2.5% Dextran at short 

SL shifted the tension-pCa relation to a lower EC50 and very near to the mean EC50 

obtained at long SL 94. This finding is confirmed by the studies from isolated striated 

muscles that the reduced lattice spacing increases ca2+ sensitivity of tension at opdmurn 

SL 93;97 

Some investigators proposed that the low myofilament cazf sensitivity of skinned 

fibers was attributed to the failure of maintaining constant lattice spacing volume. In 

intact muscle, an increase of SL tiom 1.70 pm to 2.30 pm reduces the width of isolated 

cardiac fibers by 13%, an amount equivalent to that produced by exposure of skinned 

100 fibers to 5% Dextran T-500 98. In intact skeletal 99 and cardiac muscle , the filament 

lattice maintains a constant-volume with change of SL, however, a skinned fiber not only 

swells but also loses constant volume behavior. Reedy suggested that there was very little 

change of lattice space with the change of SL in skinned muscle 'O1. The observation 

from the study of our laboratory showed that the width of saponin skinned trabeculae 

increased by -50% when shortened. The increased Iattice spacing in skinned muscles 

increases the distance between actin and myosin. As a result, in skimed muscle fibers, 



both skeletal and cardiac muscle, it is quite possible that the altered lattice spacing 

contributes to the decreased myof'ilament ca2+ sensitivity. 

Lattice spacing and cross-bridge kinetics 

Osmotic compression increases myofilarnent ca2+ sensitivity, which is due to the 

enhanced cross-bridge formation caused by reduced lattice spacing. Maughan et al. 

showed that force development increased in hlIy activated muscles with the increase of 

cross-bridge attachments due to closer proximity of myosin S1 heads to the thin filament 

102 with a decrease of lattice spacing . The greater relative force in Dextran-treated fibers 

at submaximal [ca2C] is probably caused by enhanced co-operative activation of the thin 

103 filaments resulting fiom increased cross-bridge attachments . 

Osmotic compression has a profound effect on cross-bridge dynamics in cardiac 

ECC. Increase of lattice spacing enhances the muscle shortening velocity. Based on 

Hwrtey's cross-bridge theory of contraction, shortening velocity in partial activation of 

thin filament is determined by the balance between positively and negatively strained 

cross-bridges ". Goldman et al. suggested that the increased lattice spacing by skinning 

resulted in cross-bridges unable to resist shortening, probably due to an unfavorable angle 

104 between bridge and filaments, which reduces the negative strain . Moss et aI. 

105 demonstrated that V,, was substantially decreased with the addition of 5% Dextran , 

which indicated that cross-bridges in the expanded filament lattice of skinned fibers did 

not bear as great an axial compressive force as in intact fibers. Skinning causes an 

increase of lattice spacing, resulting in buckling of the myosin subfiagment S2 associated 

with a cross-bridge. Dextran radially compresses fibers and increases the ability of 



105 myosin S2 to bear an axially compressive load to decrease velocity . Cross-bridges are 

better able to bear an axial compressive force as the filament lattice spacing is reduced. 

The lattice spacing affects the position of myosin head for force generation. 

Adhikari and Fajer et ai. reported that both the myosin head orientations and dynamics 

showed a biphasic change as a fbnction of radial compression with varying pextran T- 

5001. The two phases were separated by a critical lattice spacing. Compression up to the 

critical spacing resulted in small but significant changes in mobility and orientation 

without a Lou of tension, whereas dramatic changes of lattice spacing at higher 

88 compression caused a sharp decline in tension . By using electron paramagnetic 

resonance (EPR), Fajer et al. successfully showed increased attachment of cross-bridges 

with a 3 fold decrease of mobiIity if the muscle was highly compressed with 20% 

Dextran T-500 without affecting cross-bridge stiffness and tension development. The 

force generation involved transform fkom a random state to regular state by the rotation 

of the strongly attached heads, leading the cycle to its end, where the heads are strongly 

attached, rigid, and oriented lo6. The results suggest that a minimum mobility, which is 

determined by a critical lattice spacing, is necessary for force generation. 

Length dependence of osmotic compression effects 

The effect of lattice spacing on myofilament ca2+ sensitivity is SL dependent. 

First, at different SL, osmotic compression increases myo filament ca2+ sensitivity to a 

different level. Harrison et al, demonstrated that 5% Dextran T-500 caused an increase in 

ca2+ sensitivity of 0.15 pCa units at SL 2.0 pm and 0.08 pCa units at SL 2.20 pm in 

skinned cardiac fibers n. In skimed skeletal muscle, the effect of osmotic compression 

107 on myofilament ca2+ sensitivity disappeared at SL 2.70 pn to 2.80 pm . W a g  et d. 



demonstrated in their studies that at SL 1-70 ~KU, 5% Dextran T-500 exposure increased 

myofilament ca2+ sensitivity of about pCa50 0.25 unit; whereas at SL 2.30 pm, the same 

[Dextran] caused only a slight shift of pCa50 ((0.1 pCa units) 98. Thus, at longer SL, the 

efferts of lattice spacing on ca2+ sensitivity may be masked by the augmented Tn binding 

&ty to ca2+. 

On the other hand, the effects of reduced lattice spacing by osmotic compression 

on myofilarnent ca2+ sensitivity is similar to that induced by increase of SL. Moss et al. 

showed that at SL -1.85 C L ~ ,  25% Dextran increased pCaso &om 5.54 to 5-65. Increase 

of SL from 1.85 pm to -2.25 pm also enhanced myofilarnent caZ+ sensitivity to a similar 

degree, and p C a ~  increased fkom 5.54 to 5.68 94. The authors found that osmotic 

compression of rnyocytes at short SL resulted in shrinkage to 93% of the width before 

compression, which was similar to that induced by an increase of SL to -2.25 pm with a 

decreased width to 90% of the pre-stretched value. The shift in ca2+ sensitivity was 

similar under both conditions 94. These results support the idea that the length 

dependence of ca2+ sensitivity of myofilament in cardiac muscle is due to the changes in 

interfilament lateice spacing that changes with the increased SL. 



Chapter 3 

Abnormalities of ECC in Congestive Heart FaiIure 

3.1 Introduction 

Congestive heart failure (CHI;) and ischemic heart disease are the important 

causes of death in the world. Although much effort has been put into the study of the 

mechanisms of CHF, the exact causes of CHF are still unknown. Recently, based on 

molecular studies of CHF, some investigators have proposed quite a few potential 

mechanisms involved in the heart failure. First, it is suggested that the failing heart is 

accompanied by a change in ventricular shape and dimension, a process called cardiac 

remodeling lo*. The second possible mechanism is called apoptosis I", which is 

characterized by the loss of myocytes. The third one is extracellular matrix 

110;111 hyperplasia . The increased amount of collagen among myocytes makes the heart 

stiffer. Thus, alterations in the extracellular matrix may have a potentially large impact on 

ventricular function. This non-myocyte remodeling process may play a significant role in 

the decline of cardiac pump function in CHF. The last, but the most important mechanism 

is decreased myocyte function 'I2. Studies fiom both experimental animal models and 

human tissues have demonstrated depressed contractile fbnction in CHF. Now, more and 

more research has been focused on the dysknction ofmyocytes in CHF. 

The mechanism of the decreased contractile function in CHF myocytes is 

uncertain at present. The most likely abnormalities involve alterations in caZC handling, 

myofilament fbnction, and the cytoskeleton. 



3.2 ca2+ handling in CHF 

From recent studies in CHF, it has- been suggested that altered myocyte Ca2+ 

handling plays an important role in the development of CHF. It has been found that CHF 

exhibits a b n o d i t i e s  in ECC, either in the form of depressed contractile hnction or 

impaired relaxation. The former is called inotropic failure and it may be caused by a 

decrease in cardiac myofilament caZC sensitivity and in SR caZ+ release. The latter is 

called lusitropic failure, and it is mainly caused by dysfunction of the SR ca2+ pump, 

which results in inadequate removal of ca2+ from the myofibrillar space "'. These 

abnormalities have been viewed as a compensatory mechanism for myocytes to preserve 

energy consumption and allow better maintenance o f  basal celLular homeostasis by down 

regulating its function and metabolic activity. The end point of myocyte dysfbnction is 

reduced contraction and impaired relaxation, which, in turn, might cause a reduced 

cardiac output and subsequent heart failure. 

3.2.1 &+ injlkx (I', through sarcolertma L-type ~ d +  channels 

In general, the influx ofca2+ through the L-type ca2+ channels is a trigger in ECC 

ofcardiac muscle. The alteration of ca2+ influx might be the result &om the prolongation 

of APD or change of the number of DHPRs in the sarcolemma. 

CHF is usually accompanied by an increase of APD 'I3. This is probably 

explained by a reduction of inwardly rectified K+ current IU and transient outward K? 

current &,, 113; 114 , where the latter is heart rate dependent. The prolongation of APD 

results in an increase in ca2+ influx through L-type ca2+ channels and therefore increases 

the SR ca2+ load. 



A potential role for mechanosensitive ca2+ channels also has to be considered. 

Vahl et al. suggested that the extraordinary afterload dependence of the caZ+ transient in 

end-stage heart failure might be attributed to an increased ca2+ inflow due to altered 

permeability of ca2+ channels during shortening anci the reduction in afterload increased 

shortening in isolated working human myocardium was associated with extraordinary 

78 alterations in the shape, amplitude and time to peak ofthe ca2+ transients . 

On the other hand, studies of gene expression of Gtype caZC channels have 

shown conflicting results. Some investigators reported that the alteration of gene 

expression is related to the abnormalities ofca2' inflow through the sar~lemma in CHF. 

Takahashi et ai. studied the expression of genes encoding the cardiac DHPR in human 

heart failure and the abundance of DHP binding sites was assessed by ligand binding 

techniques "5.  In their study, the level of mRNA encoding the DHP receptor was 

decreased by 47% in the LV myocardium from CHF compared to the normal controls. 

The number of DHP binding sites was also decreased by 35-48%. These researchers 

concluded that the altered expression of these genes might be related to the decreased 

ca2+ inflow in the failing myocardium. In contrast, Rasmussen et al. reported that DHP 

116 ca2+ antagonist binding sites were not reduced significantly in the failing heart , 

indicating that the number of DHP receptors were not reduced in CHF. Thus whether the 

fbnction of L-type ca2+ channels is altered in the failing heart is still questionable. 

3.2.2 A l ' t d n s  of &+ fransient a d S R  Cd+ release channels @y&) 

Some investigators have claimed that there is a reduction in the amplitude of the 

~ 2 +  transient in failing hearts. It could arise from any of the following steps involved in 

ECC: (i) a reduction of 1- (which supplies the trigger for RyR activation); (ii) a reduced 



sensitivity of the RyR to the triggering ca2+ influx; (iii) a change in the number of RyRs; 

(iv) altered properties of the elementary SR ca2+-release events or ca2+ sparks (because 

summation of these events leads to the cell-wide ca2+ transient); and (v) a decrease of the 

2+ 117;118 amount of releasable SR Ca 

Alterations of the SR ca2+ release channel may contribute to a change in the ca2+ 

transient. One abnormality of caZf handling in the SR of failing hearts is due to the 

altered expression of the genes encoding caZC release channel-ryanodine receptor, RyR2. 

RyR down-regulation could contribute to the alteration of caZC transient. The RyR 

119 mRNA level has been found to be decreased by 3 1% in the failing human heart , 

which could result in the decreased density of RyR However, western blot analysis in 

non-failing and failing hearts has shown that protein levels of RyR and calsequestrin are 

similar in control and CHF myocardium 12'. On the other hand, Nimer et al. have 

demonstrated that increased efflux of ca2+ current f?om the SR may contribute to the 

abnormal ca2' homeostasis described in failing human myocardium without a change in 

121 receptor density . These investigators have proposed that the differences of RyRs in 

response to ryanodine between failing and non-failing human myocardium are due to an 

altered gating mechanism in human CHF. 

In contrast, other investigators showed that the properties of RyRs and DHPRs are 

unaltered in animal CHF models caused by hypertension. The reduction in the ability of 

the DHPR to activate ca2+ release may be simply because the probability of RyR 

activation is very sensitive to the geometric rearrangement of RyRs and DHPRs in the 

dyads I". The local increase in [ca2']i by the RyR ca2+ release depends on the average 

distance of the DHPR to the RyR Therefore, if the mean distance between the RyR and 



the DHPR is increased, the RyR will be less effectively activated by the local ca2+ influx 

produced by a DHPR opening. The slowing of I a  inactivation in hypertrophied cells 

would be consistent with the idea that the physical location of DHPRs with respect to 

their neighboring RyRs may be altered in hypertrophied cells. The ability of to trigger 

caZ+ release from the SR in failing hearts is reduced. Because 1- density and SR caZC- 

release channels are normal, the defect appears to reside in a change in the interaction 

between the SR ca2+-release channels and the sarwlemmal ca2+ channels. 

Recent data fiom our lab have indicated that there are other abnonnaiities of 

RyRs in CHF. In experiments with intact trabeculae, the CHF trabeculae exhibit 

substantial spontaneous activity, whereas control and sham trabecuiae are very quiet. In 

the CHF trabeculae, the opening probability of RyRs is apparently increased; as a 

consequence, RyRs simultaneous release ca2+ fiom the SR lumen even at rest. A possible 

mechanism underlying the increased opening probability of RyRs is that the oxidative 

stress and the products of nitrosy1 groups augment the opening probability of RyRs in 

CHF. Both the oxygen fiee radical scavenger MPG and angiotensin II receptor Losartan 

are approved to significantly inhibit the spontaneous activity in failing heart trabeculae in 

animal studies. 

3.2.3 The SR C$+P~mp 

The reduced capacity of failing human myocardium to restore low resting ca2+ 

Levels during diastole has been explained by the impairment of ca2' uptake into the SR 

via the SR ca2' pump. 

Flesch et al. found that the activity of the SR ca2+~'I'pase was significantly 

reduced in failing myocardium lu. The investigators observed that mRNA levels for the 



SR ca2+~TPase and PLN were significantly lower comparing to nonf'ailing myocardium. 

However, there were no significant changes observed at the level of proteins. Since the 

alterations of rnRNA did not cause changes of SR ca2+-~TPase and PLN protein levels, 

these investigators proposed that the above mRNA alterations were not the underlying 

123 cause ofthe end-stage heart t'ailure - 

On the other hand, Schillinger et aI. proposed that altered systolic and diastolic 

function in failing human hearts might result fiom altered expression of ca2+ cycling 

124 proteins , and the crucial one was the SR ~ a ~ + - ~ T P a s e .  In their experiment, the 

decreased systolic force production and inversion of the force-frequency relation seem to 

be related to reduced protein levels of the SR C~--ATP~S~ andlor to the increased 

protein levels of the ~ a + / ~ a ' +  exchanger resulting in an increased ratio of ~ a ' / c a ~ +  

exchanger to the SR ~ a ' + - ~ ~ I ? a s e .  Impaired diastolic knction might result from reduced 

SR ca2+-~T'pase and was most pronounced in failing hearts with lack of upregulation of 

BIa+/ca2+ exchanger. Thus, failing hearts with reduced SR ca2+-~TPase protein level and 

unchanged ~ a + / ~ a ~ +  exchanger protein level exhibit severe impairment of both systolic 

and diastolic function. Some other evidence also has suggested that the under-expression 

of mRNA C ~ ~ + A T P ~ S ~  and PLN is related to the depressed fbnction of the SR ca2+ 

pump. In the animd modeIs of pressure overload-induced cardiac failwe, the rate of SR 

ca2+-uptake and the affinity of SR ca2+~TI?ase for ca2+ are significantly decreased, 

which is associated with depressed protein expression of the SR c ~ ~ + - A T P ~ s ~  and 

PLN'~ .  

One should remain aware that although mRNA levels have been consistently 

reported to be down regulated in human and animal CHF, measurements of the protein 



levels of SR ca2+-~TPase and PLN have been inconsistent in human CHF. The enhanced 

diastolic Ca2+ levels observed in cardiac myocytes fiom CHF may be either a 

consequence of fbnctional impairment of SR ca2+-~TPase (SERCA 2) and its regulator 

protein PLN or due to a reduction in the number of SERCA 2 proteins. Schwingger et al. 

suggested that the & t a d  ca2+ handling in dilated cardiomyopathy W M )  might be a 

consequence of reduced SERCA 2 enzyme activity, but not the result of differences in 

protein expression of the ca2+ regulating proteins SERCA 2, PLN, and calsequestrin in 

126 human myocardium . 

The SR-C~~+ pump f indon is impaired in CHF. Bridge et al. found the maximal 

uptake rate of ca2+ by the S R - C ~ ~ +  pump is not reduced in CHF rats 5 months after MI. 

The results suggest that the slower rate of relaxation of cardiac muscle in CHF rats may 

be explained by a lower SR-C~ '~  pump rate in the intact myocytes as a result of a lower 

ca2+ sensitivity of the SR-C~'+ pump I". This result is also confirmed by experiments in 

our laboratory. The maximal SR ca2+ uptake rate are the same in both sham and CHF rat 

heartsy but EC50 is higher in the failing group than in the sham controlled group. The 

depressed SR caZC pump causes prolonged relaxation and decreased SR ca2+ load, 

56 resulting in the depressed myocyte contractile function - 

3.2.4 Tke ~a+/c$+ erehanger 

It has been proposed that the knction of IVa'/ca2' exchangers be enhanced 

because of the depressed activity of the SR ca2' pump in CHF. 

Flesch et al. investigated the expression of the ~ a + / c a ~ +  exchanger and its 

123 knctional role in human failing myocardium . The ~ a + / ~ a ~ +  exchanger mRNA and 

protein levels were significantly increased in failing myocardium due to dysfbnction of 



the SR ca2+ pump. The inaeased expression of ~ a + / ~ a ' +  exchanger was a possible 

explanation for the increased ~ a +  channel activity in failing human myocardium. The 

increase in the exchanger molecules could be of hctional relevance for the modulation 

of cardiac contractility and might be a powef i  mechanism for increasing cardiac 

contractility in CHF. 

Lehnart et al. found that the levels of the proteins involved in caZC removal were 

significantly altered in the f&ling human heart: (1) SR c~*+-ATP~s~  levels and the ratio 

of SR c~'+-ATP~s~ to its inhibitory protein PLN were significantly decreased, and (2) 

~ a + / ~ a ~ +  exchanger levels and the ratio o f ~ a + / c a ~ +  exchanger to SR c~'+-ATP~s~ were 

significantly increased 12*. SR ca2+-~TPase levels were closely correlated to systolic 

fbnction as evaluated by frequency potentiation of contractile force. The frequency- 

dependent rise of diastolic force was inversely correlated with protein levels of the 

~ a + / c a ~ +  exchanger. These findings indicate that altered expression of SR c a 2 + - ~ ~ p a s e  

and ~ a + / ~ a ~ +  exchanger is relevant for altered systolic and diastolic finction in human 

heart failure. 

3.3 Myofilrrment function in CHF 

In advanced heart failure, several molecular abnormalities, which affect in 

particular contractile protein finction and ECC, have been identified. The contractile 

dysfbnction that is seen in CHF and VH may cause a decrease in the force that is 

generated by the contractile proteins for any given level of [ca2+'Ji. 

3.3.1 SliifZ of myosin isofonrts in CHF Hearts 

Heart failure is associated with changes in the distribution and content of 

myocardial contractile proteins both in human failing heart models and animal failing 



models 130- In failing hearts, the myofibrillar ATPase activity decreases 13'. This 

abnormality is associated with. a marked shift in the myosin isoform expression fiom the 

V1 to V3 '" 13'. The V3 isoform is a "slow" myosin isoform and has a lower ATPase 

activity 13'. The expression of myosin isoform V3 is correlated with a reduction in the 

maximum velocity of wcomere shortening. However, in human and other large 

mammals, the shift fiom myosin isoform VI to V3 in diseased myocardium is not seen, 

1 29 and the possible reason is that the main form of cardiac myosin is V3 in these species . 

3.3.2 M C  alteration 

Changes in myosin light chain (MLC) in heart failure may affect contractile 

activation. MLC2 demonstrated the importance in modulating contraction and cross- 

bridge interaction Morano et al. has recently shown that the change of the interaction 

between the MU3 and actin can have a profound effect on force development and ca2' 

responsiveness 134  . Moss et al. have shown that in skinned myocardium, MLC2 

extraction resulted in decreased velocity of shortening and decreased ca2+ 

responsiveness135. The changes in myosin structure and function link to a protease- 

mediated cleavage of the reduced regulatory light chain (MLC2) in myosin lM. The 

protease exhibited a significant degree of specificity: it was present at a very low level or 

was inactive in the control heart tissue. The length of the control myosin synthetic thick 

filament and turbidity were twice as large as those of myopathic heart myosin. These 

effkcts induced by myopathy could be reversed upon reassociation of diseased myosin 

with normal MLC2 '36. 

The alteration of MLC in CHF is controversial. Margossian et al. reported a 

marked decrease in the MLC content in dilated cardiomyopathy 136, apparently due to 



i n a d  levels of neutral protease in the CHF hearts, while Sutsch et aI. have 

137 demonstrated an increase in the atrial form of MLC 1 in CHF caused by valve diseases . 
The difference is probably caused by different disease process and the cause of disease. 

3-3- 3 Abmrdities of Tn in CWF 

Tn subunits are important in modulating ca2+ sensitivity of the contractile 

filaments. 

The expression of cardiac TnT (cTnT) isoform, a protein essential for ca2+- 

regulated myofibrillar ATPase activity, has been found to differ in the normal and failing 

adult and fetal human heart at the protein level. Different isoform expression is associated 

with changes in the ca2+ responsiveness of the myofilaments during force development. 

cTnT3 is the dominant isoform in the adult heart whereas cTnT4 is expressed in the fetal 

130 heart and reexpressed in the f i l ing  adult heart . The ca2+ activation and ca2' binding 

properties of myofibrillar TnC are altered in developing cardiac myofibrils. The changes 

in these properties may be influenced by changes in the TnT isoforms present in the 

myofibril. 

TnI is the inhibitory component of Tn, the thin filament regulatory complex in 

striated muscle. Hunkefer et al. characterized the expression of the different cardiac TnI 

isofonns in the human heart I". The expression of mRNA and protein of Tnl isoforms 

have been found in normal infant hearts, as well as infant and adult hearts with congenital 

heart disease. However, there is no detectable TnI mRNA expression in the normal adult 

heart. 

Surprisingly, recent data from our lab have indicated that there is no significant 

change of myofibrilar contractile function in CHF. In Triton skinned trabeculae, the 



force-SL relationship and the F- development are similar in both the CHF rats and the 

control rats. ECms of F,, development are at the same level in the two groups %. The 

result indicates that the depressed myocyte ftnction is caused by the dysfunction of the 

elements other than the contractile machinery-myofilaments or protease effects. 

3.4 Alteration of cytoskeleton in CHF 

The cytoskeleton is a supporting structure within a cell. Similar to other type of 

cells, the cytoskeleton of cardiac myocytes semes to control the cell shape and size, and 

stabilize the arrangement of other intracellular organelles. There are three kinds of 

cytoskeleton fibers: microtubules, microfilaments, and intermediate filaments. The 

microtubules are composed of tubulin, and the microfilaments are composed of actin. 

139 Intermediate filaments consist of a set of different subclasses of intermediate proteins . 

These proteins attach the myofibrils to the sarcolemma. 

The changes of cytoskeleton in CHF have been reported in many aspects. 

Recently, Schaper et al. have demonstrated in human CHF a disproportionate increase in 

the relative abundance of cytoskeletal proteins la. Tsutsui et al. have reported that the 

microtubule component of cardiac myocytes increases in the case of pressure overload 

141 hearts with a depression of contractile fbnction . Some researchers have proposed that 

there is a reduction in the myofilament protein titin. This change of the amount of titin 

could result in the increase of the stiffness and the decrease of the compliance of 

142 myocardium . 

Controversial data regarding the role of cytoskeleton change in CHF have been 

published as well. Several laboratories have hiled to show a correlation between the 

change of cytoskeleton and the contraction dynamics Therefore, whether changes in 



the cytoskeleton composition impact on ventricular finction in CHF remains unclear at 

present, 

3.5 Summary 

First, it has been shown rather conclusively that Ca2+ handling is altered in end- 

stage CHF and VH. This change of ca2+ handling is particularly manifested by the 

depressed fbnction of the SR ca2+ pump and the enhanced activity of the ~ a + / ~ a ~ +  

exchanger. The ca2+ handling may be affected without any change in the individual 

components involved in the cardiac ECC. It appears that the coupling between the 

sarcolemd ca2' channels and the SR ca2+ release channels is abnormal, which plays a 

role in CHF animal models. This hypothesis needs to be hrther tested in human CHF. 

Second, it is less clear whether the contractile protein fbnction is altered in heart 

failure. TnT could be notably altered in CHF. Whether the change will affect the 

contractile protein function in CHF is still not known yet. On the other hand, the 

cytoskeleton is significantly changed in CHF, but the finctional consequence of this 

alteration is unclear. 

Last, the mechanism of CHF is a complicated process, therefore, whether any of 

these mechanisms plays a causal role in the development of heart failure is not known at 

present. Most of the experimental models of CHF suggest that altered ca2+ handling may 

be the underlying cause of the decreased myocyte function that is seen at end-stage CHF. 

Clearly, it is necessary to study fbrther ca2+ handling and myofilarnent fbnction in detail 

in CHF in order to resolve this important issue. 



Chapter 4 

Objectives and Experimental Methods 

4.1 Objectives of the study 

Based on the previous introduction, ca2+ ions are important in the carciac ECC, 

especially the fiee ca2+ ions directly determine the activation level of myofilaments and 

the force development. 

During cardiac cycle, the movement of ca2+ ions between different cat+ 

compartments: the extra- and intra-cellular space, the SR and Tn u s e s  the heart 

rhythmic contraction and relaxation. The supply of ca2+ can be either the ca2+ influx 

through the sarcolemma L-type ca2+ channels from the extracellular spafe or the ca2' 

release from the SR cavity. The totai amount of ca2+ in myocytes must be kept balanced, 

otherwise the SR can overload or deplete its ca2' content, which can cause lusitropic or 

inotropic failure in the heart. 

The myocyte ca2+ buffering system affects the cardiac fbnction through its effects 

on the fiee ca2+ levei in the cytosol. The cytosolic free ca2+ ions are directly associated 

with the cardiac power output by binding to TnC. The binding of ca2+ on TnC removes 

the inhibition of TnI on actin, then actin can interact with myosin to form cross-bridges to 

generate force. The amount of ca2+ available for the activation of TnC is affected by the 

myocyte ca2+ buffering system and the SR caZ+ pump. The fiee ca2+ is only a small 

fraaion of the total ca2+, ranging from 0.02% to 1% in resting myocytes as reported by 

different investigators. Because of the high ca2+ buffering capacity of myocytes and the 

inconsistency of the buffering capacity reported, the total caZC in myocyte can not be 



determined. It is necessary to quantitatively further study the myocyte ca2+ buffering 

system and clarify the rnyocyte caZC buffering capacity. 

At the same level of the free ca2+, the work which the heart can be done is 

affected by other facts, such as the length. Like Frank-Starling's law tells us that an 

increase of muscle length results in an augment of force output. This phenomenon can be 

explained that an increase of SL increases the myofilament ca2+ sensitivity in the cellular 

level. This responsiveness of myofiIament to  the change of SL is determined by the 

derivatives of SL, i.e. the lattice spacing and the number of cross-bridges, not the length 

itself; as I describe in detail in Chapter 2. 

Skinning is a valuable technique in the study of the force-length relationship, 

which allows investigators to study the pure fbnction of myofilaments without the effixts 

of the sarcolemma and the SR However, skinning permeabdizes the cellular membrane, 

which may cause loss of ca2+ sensitizers in the cytosol and increase of the lattice spacing. 

Both of the two fkctors can result in a decreased rnyofilarnent ca2+ sensitivity in skinned 

preparation. Besides, the previous skinned studies have been done with high wg2'-J, 
ranging fiom -1-5 mM, which is far off the physiological level, 0.7 mM as reported by 

Gao et ai. The high wg27 can affect the electrical signal propagation, which results in 

the reduction caZC supply, and also affect myofiiament contractile &nction, which causes 

inhibition of myofilament activation in the cardiac ECC, as a consequence, lower the 

force development. 

The purpose of this study is to quantitatively determine the availability of the ca2+ 

for the activation of myofilaments. By using Fura-2, the fiee [ca2C] was detected by 

ratioing measurement of fluorescence intensities 340 nm over 380 nm, and the total 



[Ca27 was controlled in the skinned myocytes. Both the ca2+ buffering capacity of the 

bulk myocyte suspension and pure myocytes were determined under my experimental 

protocol. 

The length-tension relationship is the high point of the study of the Frank- 

Starling's law. In this study, I restored the physiological lattice spacing in the triton X- 

100 s b e d  cardiac trabeculae and kept wg2+] at -0.7 mM. I studied force-SL 

relationships under the corrected wg29 and osmolality in skinned trabeculae. From the 

study, I inferred the extent of the effect of the increased lattice spacing in hypertrophied 

or failing hearts on the cardiac finction. 

4.2 Free [ca29 measurement with fluorescence dye fura-2 

4.2.1 Infroduction for measuring Catf buffm-ng capacity in Saponin skinned mymytes 

The skinning technique allows investigators to control the experimental 

conditions while mimicking in vivo physiological conditions. In this study, I used 

isolated rat myocytes skinned by saponin from both ventricles. The total [ca2+] in the 

experimental bath was controlled. Fura-2 was used as a ca2+ indicator to measure the free 

[ca2C] in the bath. Free [ca2f1 was measured by calculating the ratio of fluorescence 

intensity 340 nm over 380 nm. In order to increase the amplitude of the fluorescence 

signal, a small bath, with a volume of 500 pl, was introduced in the study. There was a 

propeller in the bath, which mixed the fluid in the bath continuously. Myocytes were 

added into the bath and fluorescence intensity at excitation wave lengths 340 nm and 380 

nm was measured at controlled total [ca2fl. 



42.2 Tke &vice forjIuomscence measurement 

Figure 4-1 is the schematic drawing of the set up for fluorescence measurement. 

An arc lamp (Model 6292, Oriel Instruments) seated in fiont of an elliptical mirror was 

ignited by a power supply (Model LPS-220, Proton Technology International). The lamp 

was adjusted so that it generated high light intensity in the second focal plane of the 

elliptical reflector. A minor reflected W light from the arc lamp into an optic fiber. A 

rotary solenoid control shutter (29A45GCw35-36-87, Magnuson Engineers Inc) 

controlled the UV light path. Then, the UV light was separated into two identical quartz 

optic fiber guides facing a 340 nm filter (340FS10-25, Oriel) and a 380 nm filter 

(03mU014, Oriel), respectively. There was a chopper located behind the filters and it 

turned at a controlled rate. This chopper allowed light to pass through one filter only, 

either 340 nm or 380 nrn. The light passing through the filters was collected by an Y 

shaped fiber optics and reflected by a dichroic minor (400DPLC, Nikon) on a ZOX-flu0 

objective lens (Nikon, Canada). The light was then focused in the bath to excite 

fluorescence. The emission of the fluorescence was conveyed to the objective lens and 

transferred back through the dichroic mirror. Finally, the fluorescence light passed 

through a 510 nm filter and projected on to a photodetector. The photodetector consisted 

of a photornultipIier tube with a DA type socket assembly (PMT-R2693, C1053-01, 

Hamamastu, Japan). The PMT signal was recorded on a chart recorder (Gould, 

Cleveland, Ohio) and computer. 

4- 20 3 FUM-2 Sigd c&brofr*011 

Fura-2 is one of the sensitive ca2+ dyes, which has been widely used in a wide 

range of research settings. This major cat+ dye has contributed tremendously to the 



Figure 4-1: Schematic drawing for the fiee [ca27 measurement. 1: stirring bar, 2: 

myocyte bath chamber, 3: microscope, 4: W light source (ARC lamp), 5:  W light 

beam, 6: Chopper, 7: excitation light filters (340nm and 380 nm), 8: wheel, 9: excitation 

light beam (340 nm or 380 nm), 10: excitation tight beam projection on the myocyte 

chamber, 11: emission light beam, 12: dichroic mirror, 13: 510 n m  filter, 14: 

photomultiplier tube (PMT), 15: universal amplifier, 16: computer, 17: GouId chart 

recorder. 





understanding of the role of ca2' in cellular regulation The ability to make ratio 

measurement is one offbra-2's properties. The largest dynamic range for ca2+4ependent 

fluorescence signals is obtained by exciting the fbra-2 at 340 nm and 380 nrn. The ratio 

of the fluorescence intensities was detected at emission light -510 nm. At low 

concentrations of the indicator, use of the 3401380 nm excitation ratio for fiua-2 allows 

accurate measurements of the [ca2']i. Measurement ofthe fluorescence ratio can reduce 

the effects of uneven dye loading, leakage of dye and photo-bleaching, as well as the 

problems associated with measuring ca2' in preparations of unequal thickness or time 

varying. 

In order to accurately measure fiee [cazf3 in cytosol it is necessary to first 

calibrate ha-2.  The W lamp light, metal components in the solution can affect the £bra- 

2 calibration curve and the accuracy of fiee [ca2+] measurement. In this bra-2 calibration 

experiment, I used ca2+ calibration buffer kit #1 (Purchased fiom Molecular Probes). The 

calibration curve is shown in Figure 4-2. 

4.2.4 Skinning techniques 

There are mechanical and chemical skinning methods, which allow investigators 

to make the membrane structure permeable. The chemical skinning method is most 

commonly used in laboratory experiments. Saponin is one of the detergents, which is 

generally used in s k i ~ e d  preparations and makes uniform pits or holes on the d a c e  

membrane structure. Saponin acts on cholesterol molecules and specifically on the 

d k c e  membrane without affecting the SR membrane since the content of cholesterol in 

the SR membrane is much less than that of the surface membrane. Sapnoin I". Triton X- 

100 is another detergenf which removes barriers on both the surface membrane and SR 



Figure 4-2: Fura-2 calibration m e  by using a commercial h - 2  calibration buffer kit 

I#. This is a typical furs-2 sigmoidal calibration m e .  %, =0.163, %, =7.48, 

p 1 5  -00, Kd=78.08 nM. & and R,- are the ratio of fluorescence intensities of 340 nrn 

over 380 nm at minimal and maximal [ca29, respectively. i s  the ratio of fluorescence 

intensity of 380 nm at zero [ca2+] over saturated [ca2+j. Kd is fha-2 absolute binding 

constant to ca2+. Based on the formula: 

[ca2q& = Kd x @-km)/(RmurR) x P 

the fiee [ca27 can be measured from the ratio measurement of the intensity of 340 nm 

and 380 nrn. 



Fura-2 Calibration 



membrane- This detergent dissolves -80% of the protein, and nearly all the phospholipid 

fiom SR membrane 14'. 

Kargacin et al. reported that saponin skinning produced uniform pits or  holes with 

a diameter 70-80 A and density -2x10~/crn~ on the cellular membrane and caused a loss 

of -30% of intracellular protein in smooth muscle cells Triton skinning procedure 

causes a 50% protein loss 14'. The proteins lost through the permeable membrane are 

soluble and low-moIecular-weight cytosolic proteins not attached to the cytoskeleton 

The levels of myosin and actin remain unaffected. Skinned isolated celIs retain their 

major structural and contractile proteins. Acrylamide gels show that both myosin and 

actin are retained by the skinning procedure. The studies of  Kargacin et al. indicate that a 

minimum saponin concentration of 25 pg/rnl could be used to routinely to skin isolated 

146 cells . 

Triton X-100 is another usefbl detergent in skinning studies, which solubilizes 

both the sarcolemma membrane and the SR membrane but does not destroy the ca2+- 
145 dependent acto-myosin ATPase activity . In isolated muscle or cell studies, the force- 

55 length relationship in skinned preparations is very similar to that of intact preparations , 

which demonstrates that the skinned cardiac muscles retain their ability to shorten and 

also indicates that the ca2+ regulatory mechanism present in intact muscle is retained 

after skinning. The maximum shortening velocity in skinned preparations is also similar 

to the maximal velocity of shortening of intact preparations 148, which suggests that the 

kinetics of  the contractile process have not been altered significantly by the skinning 

procedure. 



4.3 ForccpCi-SL reiationship studies 

4.3.1 43pm~metnr m e t k t  for Force-SL-p& studks 

The experiments were conducted under strictly controlled conditions. In skinned 

preparations, I maximally mimicked the in vivo condition ~ $ 7  was controlled to the 

level close to that in vivo in the skinning solutions and the lattice spacing was corrected 

by adding 5% Dextran In this way, I tried to match physiological environment in my 

study. 

1.) Experimental procedure: 

I) Dissected trabeculae fkom anesthetized LBN rats. 

2) Skinned the trabeculae with 1% Triton X-100 for 30 minutes to mimic in vivo 

conditions. 

3) Controlled fiee wg27 at 0.7 mM which was close to the concentration in vivo. 

4) Corrected osmotic pressure by adding 5% Dextran TS00 to decrease the lattice 

spacing. 

5) Controlled experimental temperature at -25°C. 

6) Measured force at controlled SL ana [ca2C]. 

2.) Device for SL and force measurements 

The SL was measured by laser dieaction patterns. The detailed method was 

described by ter Keurs et al. ". Briefly, a laser beam was generated by a 15 mW He-Ne 

laser light (Spectra-Physics model 106-2, Eugene, OR) (632.8 nm). The cross section of 

the laser beam was reduced to 350 pm by a converging lens system mounted in the laser 

beam path and the intensity of the laser light was adjusted by a polarizer. Then, the laser 

beam was projected on the trabeculae and it was symmetrically dieacted into multiple 



orders by the striations of the sarcomeres. The angle between the zero order and first 

order dBiaction bands was proportional to the laser wave length (A) and reciprocal to SL 

(d) and obeys the following equation: 

Sine=nA/d 

where n is the diBaction order of the dieacted beam. The dieacted light was detected 

by a photodiode array (model RC 105, Reticon, Sunnyvale, C A). The spatial resolution of 

the difEactometer is 4 nm and temporal resolution is 500 ps. The photodiode array could 

scan the difiixcted light intensity and generate a profile of light intensity along the array. 

With automatic subtraction of the zeroth-order skirt, the median position of the first order 

intensity distribution was determined f?om the integral of the pattern distribution. An 

electronic calculation system converted the scanning signals to SL. The SL measuring 

system was calibrated by a 10 pm standard grating before each experiment. 

Force was measured by a modified silicon strain gauge (model AE-801, Sensonor, 

Horten, Norway) attached to a micromanipulator. In order to increase the sensitivity of 

the force transducer, a -1.5 cm carbon fiber extension was glued on the tip of the silicon 

gauge. A platinum wire basket was glued on the end of the carbon fiber. The outside of 

the elements of the force transducer was covered by silicone glue mixed with carbon 

black and toluene. This procedure ensured that the transducer become water and light 

resistant. The platinum basket provided a stable-mounting cradle for the muscle block of 

the trabearlae. The transducer was calibrated by six different weight metal hooks. The 

noise of the transducer was e l 5  pN. The  schematic drawing for the experimental setup is 

shown in Figure 4-3. 



4.3.2 Drrio acquisition 

Force and SL were recorded on a pen-recorder (model 2800, Gould Electronics, 

Cleveland, OH) equipped with amplifiers (model 56-1340-00, Gould Electronics, 

Cleveland, OH). Force and SL signals were also displayed on an oscilloscope (model 

610, Data Precision, Danver, MA) during the experiments for monitoring the force and 

SL signal changes. 

43.3 Dafa unak'ysis 

Data were stored in a computer and processed with Excel and SigmaPlot software 

programs. Statistical analysis was done using the "primer o f  bio-statistics" software 

149 program . The comparisons between the experimental groups were tested by one way 

ANOVA and unpaired t-test . 



Figure 4-3: Schematic drawing of the setup for the force and SL measurement. 1: motor 

arm, 2: He-Ne laser beam, 3: force traducer, 4: muscle bath chamber, 5: trabecula, 6: 

mirror, 7: telescopic lens, 8: planoconvex lens, 9: reticon, 10: microscope objective, 1 I: 

video camera, 12: W monitor, 13: computer, 14: Godd chart recorder. 





Chapter 5 

Physiological Ca *+ b u f l e ~ g  in rat cardiac myocytes 

5.1 Introduction 

It is an increase in the intracellular fiee [ca2C] that couples electrical excitation to 

mechanical contraction '%. During excitation, ca2+ enters through L-type ca2+ channels 

fiom the extracellular space into intracellular space and causes CICR The total [ca2C] 

increased is buffered by a cellular ca2+ buffering system, including intracellular ligands 

and proteins. The active force generated is associated with f?ee [caZ']. 

Different investigators have reported quite different value for intracellular ca2+ 

buffering capacity. Isenberg et al. proposed that the intracellular ca2+ buffering system 

has high-affinity binding sites and low-affinity binding sites 30. The former refers to the 

ligands in the myoplasm that compete with TnC for ca2+, the latter are the activation 

sites, Td3. Isenberg et al. suggested that high ailinky sites have a buffering capacity 

5500:l and low affinity sites have a buffering capacity 700: 1 for ca2+ ions in intact 

30 guinea-pig ventricular cells , which means 99.98% ca2+ is bound to cellular buffering 

system at rest. Fabiato et al. demonstrated that the ratio between total [ca29 and fiee 

150 [ca2q was fkorn 140: 1 to 35: 1 corresponding to different level of force generated . 

Sipido and Wier et al. showed that there was 100-fold difference between the total [ca2C] 

15 1 and free [ca2q in guinea-pig cardiac cells . 

The above studies of the ca2+ buffering system show a high buffering capacity of 

the cardiac cells. Because the ca2+ buffering capacity of myocytes is so high, the various 

results between different studies result in tremendous differences in estimates of the total 

[ca2+] inside the cells. The quantitation of the interaction of fiee cytosolic [ca2Y and 



finction are extremely important in cardiac ECC study, especially in the studies of SR 

ca2+ uptake and the properties of the contractile apparatus in skinned preparations. 

Dyshnction of SR ca2+ uptake has been observed in isolated failing cardiac 

myocytes. However, it is more meaningfbl to study SR ca2+ pump function in skinned 

isolated cardiac trabeculae than in isolated myocytes. Isolated trabeculae are closer to 

ccphysiological conditions" than single myocytes since, during the cell isolation 

procedure, the myocytes may be damaged in important ways. It is crucial to measure the 

ca2+ buffering capacity o f  the solutions in order to accurately measure the SR ca2+ 

uptake rate in skinned cardiac trabeculae. 

Also, the high ca2+ buffering capacity of cardiac cells makes the control of free 

lea2'] important in force-length relationship studies in skinned trabeculae. Skinning 

allows investigators maximal control of fiee [ca27, pH and ionic strength (IS) in 

experiments. An a m a t e  control of fiee [ca2'] in the skinning solutions is critical for the 

interpretation of force measurements. In order to best control the fiee [ca2'-j in my study 

of the force-length relationship, it was necessary to  clarify the cardiac ca2+ buffering 

cxpacity. 

In this study, I measured ca2+ buffering capacity after correction for ATP-bound 

ca2+ in saponin skinned myocytes from LBN rats and compared my results with the 

results from previous published studies. 

5.2 Materials and Methods 

The hearts of male Lewis Brown-Norway rats (LBN, Harlan Sprague Dawley, 

hc), with weight -250 g, were pefised on Langendorff apparatus. The ventricular 

myocytes were isolated by an enzymatic method. 



5.2-1 IsoMow of myoqtes 

1.) Solutions: 

1) Modified Krebs-Henseleit solution (in mM): 120 NaCl 5 KCI, 1 -2 MgS04 1.3 7 

Na2HP04 0.43 N-04, 19 NaHC03, 10 glucose, 10 taurine, pH 7.35 and ca2+ fiee. 

2) Digestion solution: 1.5 mg/mi collagenase (Worthington, type I, -210 unit/mg) and 

5% bovine serum albumin (BSA, Sigma, fkaction V) in 50 rnl of ca2' fiee KH 

solution. BSA increased the colloid osmotic pressure in the solution. 

3) HEPES soIution (in mM): 140 NaCI, 5 KCI, 2.8 Na-acetate, 1.2 MgS04 10 HEPES, 

10 glucose, 10 taurine and 0.5% B S 4  adjust pH to 7.35 with NaOH at room 

temperature. 

2.) Cell Isolation Procedure 

Before myocyte isolation, the ca2+ fiee KH solution (300-500 ml), collagenase 

solution (50 ml) and Hepes solution (25 rnl) were pre-incubated at 37 OC. The LBN rat 

was anaesthetized using ether. The heart was quickly transferred to the LangendoM 

pefision apparatus and pefised with ca2+ free KH solution through the aorta at -5 

mumin at 37 OC for 8-10 minutes. The perfbsion of ca2' free KH solution loosened the 

connection between the myocytes. Meanwhile, the surrounding tissue of the heart was 

trimmed and the pulmonary artery was cut open. The heart was then pefised with 

collagenase solution for 12-15 minutes until the heart became soft and its color became 

beige. After that, the atria were removed and the heart was cut into 3-4 pieces and 

incubated in 20 ml Hepes at 37 OC with gentle stirring for 5 minutes. The myocytes were 

filtered and collected through 8 layers of gauze sponge. The collected solution was 

centrifuged at '500 rpm for 1 minute to let the cells settle down. The cells were stored in 



fkesh Hepes solution and purified a few times by gravity. The cell viability and density 

were meamred by a standard hemocytometer chamber. SuccessfLl myocyte isolation was 

characterized by 70.85% ofthe cells in rod shape with a density of 165,000 cells per ml 

suspension solution 

5.2.2 Saponin sRinnr0ng in isolated myocytes 

After the myocytes were isolated, they were washed 3 times by an ATP solution 

containing (in mM): 120 KCI, 5 MgCh (4.36 m M  wg2c]fi=), 10 ATP-Na2, 20 HEPES, 

1.25 dithiothreitol (DTT), 0.03 ruthenium red without addition of EGTA Then the 

myocytes were skinned by 25 jts/ml saponin for 5 minutes. After skinning, the myocytes 

were washed with the ATP solution 5 times to ensure that saponin was completely 

washed away. The Milli Q water contained on average a free [ca29 -700 nM (5 

measurements firom the water). This amount of contaminated ca2+ increased free [ca2+] 

1 10 n M  in the experimental bath. 

5.2.3 Fnru-2 caiibrafion curve: 

It is important to determinate the bra-2 binding constant to ca2+in vitro condition 

to measure the free [ca2'-J. The M - 2  fluorescence was calibrated with 5 u M  &a-2 

penta-potassium (Molecular Probe, Eugene, Oregon). The components of calibration 

solution were as following (in mM): 120 KCI, 5 MgC12 (4.36 mM wg2C]fie), 2.0 

EGTA, 10 ATP-Na2, 20 HEPES, 1.25 dithiothreitol (DTT), 0.03 ruthenium red and 

different concentrations of ca2+, pH 7.15 at room temperature. The free [ca27 in the 

solution was calculated using a computer program provided by Dr. Kentish (1 986). The 

ionic strength of the solution and binding constant of compounds were adjusted according 



to  the study of Hamson and E3ersU2. The fbra-2 fluorescence-[ca27 relationship was 

fitted by the following equation: 

R=&+ -&)* [~a~+j/(K+[ca~+'j) 

& was the ratio of F340R380 at zero ca2+ and %, was the ratio of F340/F380 at 

saturated ca2+. The fin-2 calibration curve is shown in Figure 5-1. 

5.2.4 ~ o t d  [@j confrol in the Cd*cqacify measurement: 

AAer the myocytes were skinned by saponin, they were stored in the ATP 

solution, described above. Then 500 pl of myocyte suspension was pipetted into the bath 

and loaded with h a - 2  at 3 CLM/L. 5 nrnoVml of thapsigargin was also added in the bath. 

A propellor stirred the suspension constantly and evenly. During the fkee [ca2'] 

measurement, I added concentrated CaC12 from a stock solution to produce a total [ca2C] 

at 0,1420,30,50, 100 and 150 @A. The added ca2+ became bound to the myocytes and 

to the ATP which I had added. The theoretical h e  [ca2C] was calculated &er 

consideration of the amount of caz' ion bound to ATP. The detailed calculation is shown 

in Table 5-1 and theoretical caZC binding to ATP is shown in Figure 5-2. 

5.25 Defermiati i  of the -ant of &+ bound with myocyie c ~ C  buffmhg system 

The ca2+ added in the experimental bath included three parts: ca2+ bound with 

myocyte ca2+ buffering system, ca2+ bound with ATP and free ca2+ in the cell 

suspension. The relationship between the different ca2' distributions was fitted into the 

following equation: 

Total ca2+ = ~ a ~ + - r n ~ o c ~ t e  + C~~+-ATP + Free ca2+ 

The amount of fkee ca2+ in the bath was detected by Fura-2 and the amount of caZf 

bound with ATP could be theoretically calculated by a compute program provided by Dr. 



Kentish Since the total amount of ca2+ added was controlled, the amount of ca2+ bound 

with myocyte was then determined by the above equation Based on the average cell 

density in the experimental bath (165,000 celldml) and average cell volume 30 pl, the 

myocyte Ca2+ buffering capacity was calculated. 

5.3 Results 

The added ca2+ bound to both ATP and myocytes. In Table 5-1, I calculated the 

[ca27 bound to ATP and free [ca2+] in the test solution without myocytes. The 

relationship between the amount of ATP-bound ca2+ and free [ca2q in the ATP solution 

is shown in Figure 5-2. In the 500 pl bath chamber, there were total 5000 nmol ATP 

molecules. The theoretical relationship between free [ca2f1 (pCa) and the amount of ATP 

bound ca2+ (nmol) was sigmoidal over the fill range. In my study, I worked in the low 

range of the sigmoidal curve (<200 phQ. From the calculation with Kentish's program, 

the change of IS and other conditions of the test solution caused by the addition of ca2+ 

to the experimental bath chamber was negligible in this working range. 

The total ca2+ in the cellular suspension included three fractions: ATP-bound 

ca2+, ca2+ bound with cellular buffer and fiee ca2+. From the ratio measurement of 

fluorescence intensity, the free [ca29 in the cellular suspension could be measured and 

determined. The result of free [ca27 is shown in Table 5- 1. The relationship between the 

total ca2+ added, ca2+-~TP,  ca2+-myocytes and free ca2+ in the cellular suspension is 

shown in Figure 5-3. From this figure, it can be seen that myocyte bound 40.1 nmol for 

75.7 nmol ca2+ added. The average density of myocyte in the bath chamber was 165,000 

celldml. The average volume of myocyte is 30 pl, so the ca2+ buffering capacity of 

myocytes could be calculated fiom free [c~T 10.9 pM with total [ca2''"j 8.04 rnM per 



Table 5-1: The calculation of [ca2C] and measured free [ca2+] in the cell suspension 

"Total [ca2T was the G? ions, which were added into the cell suspension; "Calculated 

[ca27" was the [ca29 calculated by the computer program in the absence of myocytes; 

"Free [ca2+j" was the actual [ca2+"J measured by h - 2 .  IS = -0.2 M, Ie = 0.17 M. The 

total [ca27 is the sum of controlled [ca27 and contaminated [~gf]  fkom the chemicals 

used. The second and third columns are the free [ca29 and ATP bound [ca2'-J in the pure 

testing solutions without myocytes theoretically caIcu1ate-d by the computer program 

provided by Dr. Kentish. The free [ca29 was measured by Fura-2. In the whole study, 

the wg2+] was kept constant at -0.36 mM. 

Controlled Contaminated 
[ca21 1ca2.l 

0.74 

Calculated 
free [ca2+] 

PM 
0.1 1 
1.62 
3.1 3 
4.65 

Calculated 
A T P - [ c ~ ~ ~  

PM 
0.63 
9.1 2 

17.61 
26.09 

6.1 71 34.57 
7.691 43.05 

Measured 
free [ca2+] 

CLM 
0.21 
0.37 
0.54 
0.73 

Free 
[ ~ g * q  
mM 

0.36 
0.36 
0.36 
0.36 

0.97 
1.27 

0.36 
0.36 



Figure 5-1: the ika-2 calibration a w e .  Calibration solution containing (in mM): 120 

KCI, 5 MgCh (-0.36 mM wg2+lh)), 2.0 EGTA, 10 ATP-Na2, 20 HEPES, 1.25 

dithiothreitol, 0.03 ruthenium red and different concentration of ca2+), pH 7.15 at room 

temperature. In this calibration experiment, Rmin4.162, R,-=3.380, the apparent 

dissociation constant (Kd') of &ra-2 to ca2+ was 935.414 nU The effective dissociation 

coastant (Kd) was 113.00 nM and 0=8.278. Free [ca2+] could be calculated Eom the 

foilowing equation: 

[ca2'], = Kd x ( R - R m ; l ) l h R )  x D 
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Figure 5-2: ca2+ bound to ATP is a sigmoidal M o n  of fi-ee [ca29 with a maximum in 

the range of total 5000 mol ATP molearles added. This figure shows predicted ca2+ 

bound to ATP in both at high free [ca2C] and low range of free [ca2C]. ATP bound a 

substantial amount of  ca2+ added. The C~~+-ATP binding in the low [ca2+] range was 

used to calculate the myocyte caZC buffering capacity. 



C ~ ~ + - A T P  at low range 



Figure 5-3: This figure shows the &+ distribution in the cellular suspension In the 

suspension, the total Ca2+ added in the experimental bath included three fkactions of 

ca2+: ca2+ bound to ATP, caZC bound to myocyte buffer and free ca2+. The £tee ca2+ ions 

were detected by Fura-2, and the amount of Ca2+ ions was theoretically calculated by the 

computer program provided by Dr. Kentish. Based on the equation: 

Total caZ+ = ~ a ~ + - ~ ~ o c ~ t e  + C~~+-ATP + Free ca2+, 

The amount of ca2' bound with myocytes in the bath could be determined. At the 

minimal amount of  ca2+ added, in total 5 nmol ca2+ ions, 4 nmol caz+ ions were bound 

with myocyte ca2+ buffering system, which gave a myocyte cat+ buffering capacity 

99.98%. At the highest amount ofcazf  added, in total 76 nmol ca2+ ions, 40 nmol ca2+ 

ions were bound, which corresponded to a ca2+ buffering capacity 99.93%. 
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Figures-4 shows the relationship between the total [c~T and the [ca27 in the 

myocyte suspension: in the fbll range of total [ca27 in the experiments. Free [ca27 

gradually increased with the increase of total [ca2C] in the cell suspension. At lower total 

[ca2'], the increase of free [ca29 was less steep. When total [ca29 was over 100 CIM, as 

the total [ca2C] increased, the increase of free [ca27 became steeper. There was a non- 

linear relationship between the total and h e  [ca27. 
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Figure 5-5: In the low range of the total [ca2C] tested in the experiments, the relationship 

between the total [ca2q and free [ca2+] was linear. Increase of total [ca2+] incfeased fi-ee 

[ca29 and the ratio behueen total [ca27 and the fiee [ca2q is 50:1. The y-intercept was 

0.14 phk This number was possibly caused by the source of ca2' contamination ca2+ 

contamination fkom the milli Q water was considered to be unlikely, but the ca2+ could 

be fiom the chemicals used in the experiments. The solutions used lacked a strong ca2* 

buffer-EGTb which was another possible reason to cause the ca2+ contamination. 
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liter cells at highest level of  ca2+ added (added ca2': 75.7 mol). In this experiment, 

99.93% Ca2+added was bound to cellular buffer. At the low end of total ca2+ added, 4.13 

nmol out of total 5.37 nmol ca2+ ions added were bound to myocytes which 

corresponded to ca2+ buffering capacity 99 -98%. 

The fiw [ca29 was dependent on the total [ca2+] in the bath solution. Increase of 

total [ca29 gradually increased the fiee [ca2C]. In the full range of total [caZC], the 

relationship between total and fiee [ca29 was nonlinear, whereas in the low range of 

total [ca2+], the relationship was linear. The slope between the fiee [ca2C] and the total 

[ca2+] was -1 :50 in the low range of total [ca2f1 (total [ca2+]<50 pM). 

5.4 Discussion and conclusion 

The data fiom my study show that in the low range of the amount of ca2+ added, 

the myocyte ca2+ buffering capacity is higher than that in the high range. In my study, the 

myocyte ca2+ buffering capacity is 99.98% and 99.93% at the low and high range of ca2' 

added, respectively. 

The myocyte ca2+ buffering capacity of the present study is higher than those of 

Fabiato et al. and Sipido et al-. Fabiato et al- used mechanically skinned cardiac myocytes 

and reported that the resting myocytes had a free [ca2+] 0.05 pM with a total [ca2+] 7 

pMISO. Based on these numbers, the myocyte ca2+ buffering capacity is (7- 

0.05)/7=99.29%. This low value of buffering capacity likely results from their experiment 

approach. In their study, the intracellular total [ca27 was measured by atomic absorption 

spectrophotometry in the homogenated myocytes. Disrupted sarcolemma and cellular 

suspensions could have ca2+ binding sites, which were removed during their 

experiments. Further, the total [ca27 measurement by the atomic absorption 



spectmphotornetry needs a long rest period, which can result in ca2+ loss in cytosol 

through rest decay by the ~ a + / c a ~ +  exchanger I". Sipido and Wier et al. studied ca2+ 

buffering capacity in single myocyte with whole patch clamp to control the amount of 

ca2+ entered into the myocytes. These researchers reported that f i e  [ca29 is 0.01 of the 

total [ca2'-J in the cell 15', and this corresponds to the myocyte ca2+ buffering capacity of 

W?. This low ca2+ buffering capacity is also due to the underestimated total [ca27 in 

their study. In their calculation of intracellular total [ca27, they assumed that total 

amount of ca2+ is the ca2+ entered into the cells through L-type ca2+ channels during 

depolarization when 10 rnM caffeine was applied to deplete SR ca2+ store. This may not 

be true. Isenberg et al. pointed out that 10 pM ryanodine did not deplete the SR ca2+ 

store, neither did 10 mM caffeine completely release all SR ca2+ content 'O. In the 

studies of Sipido and Wier et al., there were probably substantial ca2' ions bound with 

buffering proteins in the SR lumen, resulting in the underestimation of total [ca2C]. 

Besides the factor mentioned above, 10 mM caffeine can increase myofilament ca2+ 

153 affinity and increase the ca2+ binding to TnC , which also result in the estimation of 

total [ca2+j. 

The results of current study agree with the data of Isenberg et al. Isenberg et al. 

have reported that 5499 out of 5500 ca2+ ions are bound to the myocyte buffering system, 

which indicates that 99.98% of ca2+ is bound to myocytes at rest. Once myocytes are 

depolarized, 699 out of total 700 ca2+ ions are bound to intracellular ligands, 

corresponding to a buffering capacity 99.86% 'O. Two different experimental approaches 

were used in Isenberg's study and mine. Isenberg et al. used isolated intact guinea-pig 

myocytes with electron microprobe microanalysis (EPMA) to measure myocyte ca2+ 



buffering capacity. The EPMA is the most direct method for measuring the intracellualr 

totd [ca29. In the present study, I used ~ a p ~ n i n - s k i ~ e d  rat myocytes and total [ca2q 

was controlled. Despite the two distinct experimental methods applied, the results are 

consistent. Based on the above myocyte ca2+ buffering capacity, the total [ca2'-J of 

myocytes at rest is -0.4-0.5 m M  

The real myocyte Ca2+ buffering capacity could be higher than I found. In the 

present study, I added 5 n m d m g  protein thapsigargin during measurement of fiee [ca2+J 

in the cell suspension Thapsigargin inhibits the SR &om taking up ca2+ fiom the cytosol. 

Cardiac cells have a [SR] of 47 pM7l cell water I". In the SR lumen, the ca2+ buffering 

protein cdsequestrin binds -35-40 ca2+ ions/molecule lS5. Based on this number, Bers et 

al. proposed that there are 5-14 mM ca2+ binding sites per liter of SR lS3. Therefore, in 

the presence of thapsigargin inhibition on SR fbnction, the myocyte cytosolic ca2+ 

buffering capacity is underestimated although the exact number for the SR Iumenal 

[ca27 is unkown. Another possible factor may be the decreased buffering capapcity of 

peameablizeci sarcolemma by saponin. Lullmann proposed the existence of the &- 

sensitvive ~ t ? +  binding sites on the inner sarcolemma surface, which were mainly 

negatively charged phospholipids. These binding sites could be as much as 500-1000 

pmoVkg ww Is. Therefore, the peameablization of sarcolemma by saponin also results 

in the underestimation of the bound ca2+ in myocytes. But the quantitative role of these 

sarculemma ca2+ binding sites is still questionable. Rich et al. reported that after the 

extracellular space ca2+ ions were removed, there was no ca2+ released from these 

binding sites when the cellular surfhce was depolarized 15'. These sarculemma ca2+ 



binding sites are probably additional caZC binding sites in the myocyte ca2+ buffering 

system, which does not affect physiological myocyte &+ buffering capacity. 

The cardiac myocytes have a strong ca2+ buffering capacity, even the highest 

capacity reported by Isenberg et al. could be underestimated the real total [ca2+] in 

myocyte. The EPMA used to measure total [ca2+] has some limitations, e.g. dispersion of 

X-ray beam into other regions and geometry of junctional SR within the depth of section, 

which may result in the underestimation of ca2+ buffering capacity. 

Because of the properties of skinned preparations, it is inevitable that some ca2+ 

binding proteins are lost once the membrane is permeablized. In my experiments, after 

the myocytes were skinned by saponin, I washed the myocytes five times. In the washing 

procedure, ca2+ binding Ligands and cytosolic proteins were lost and this may lower the 

ca2+ buffering capacity. In experiments with smooth muscle, previous investigators have 

found that saponin skinning causes loss of CaM from cytosol 158; 159 . Kargacin et al. 

reported that the total amount of protein lost in saponin-skinned preparations could reach 

30% I". The data from our laboratory showed that Langendofl-pefised hearts lost 15% 

cytosolic proteins once skinned with saponin for 10 minutes. The lost CaM by skinning 

in smooth muscle is substantial, however, the [ C W  is much lower in cardiac muscle 

than that of smooth muscle (personal communication fiom Dr. Walsh: 50-fold higher in 

smooth muscle;), so it will not be the case in cardiac saponin skinned cells. The detail of 

the lost proteins by skinning needs to be W e r  studied. 

Except the above mentioned shortcoming in the studies of myocyte ca2+ buffering 

system, under the current technology, the results fiom Isenberg's study and mine give the 



closest value to the real myocyte ca2+ buffering capacity, which indicate that 99.98% 

ca2+ ions are bound with buffering system in resting myocytes. 

In the whole range of total [ca27 in the bulk myocyte suspension, there is a non- 

linear relationship between the fiee and total [ca2+]. An increase of total [Ca27 gradually 

increases the fiee [ca2+] (Figure 54). In the low range, total [ca27 below 60 CIM, the 

relationship between the fiee and total [ca2q is linear. There is a 50-fold difference 

between the fiee and total [ c ~ J  (Figure 5-5). This number is valuable for my fbture 

study of the SR ca2+ uptake rate. The curves depicting the relationship between fiee 

[ca2q and total [ca2f1 have a y-intercept with free [ca2+] 140 n M  instead of 0, which is 

probably caused by ca2+ contamination- Since I did not use the ca2' buffer, EGTA, in 

order to measure the pure myocyte ca2+ buffering capacity, it is possible that trace 

amount of ca2+ from some of the chemicals used, namely ATP or KC! (listed by the 

company as  99.5% and 9% pure, respectively) may have contaminated my solutions. 

Such contamination may have affected my results although I did consider all the sources 

of ca2+ contamination, even the amount of ca2+ in the Milli Q water was counted. 

The following conclusion can be made fiom the present study: 

The results indicate there is a strong ca2+ buffering system in the cytosol of 

myocytes, which makes the f?ee [ca27 control more important in the study of length- 

dependent myofilament ca2+ sensitivity in skinned cardiac muscles. A small variation of 

fiee [ca2C] comesponds to a large difference to the total [ca2C] in the cell. 

The results shows that there is a -50 fold difference between the total [ca2C] and 

the fiee [ca2+]. This number indicates the myocyte suspension ca2+ buffering capacity 



under my own protocol. The result is applicable for hture studies for measuring the SR 

ca2+ uptake in skinned isolated trabeculae using the same protocols. 



Chapter 6 

Leogth-dependent ca2+ sensitivity in skinned rat cardiac trabeculae at physiological 

pgf+l and osmotic compression 

6.1 Introduction 

QI.I arod . . ' " dwmhmhs of F-SLpCrr d a ~ S ~ n s k i j ~  irr im&t arrd ski~rrcd 

frabecuk 

In previous studies of length-dependent myofilament ca2+ sensitivity, 

investigators have shown that intact cardiac muscle and skinned cardiac trabeculae have 

similarly shaped force-SL relationships. Kentish et al. studied length dependence of ca2+ 

sensitivity of cardiac muscle and indicated that the force-SL relationship in intact and 

skinned cardiac muscle was not different ". The force-SL relations for the intact muscles 

at an extracellular [ca2'] of 1.5 mM were similar to the curves at [ca27 of 8.9 ph4 in the 

skinned preparations, which were curved away fiom the SL axis, whereas the curves at an 

extracellular [ca2C] of0.3 rnM in intact muscles felt between the relations at [ca2+] of2.7 

p M  and 4.3 pM in the skinned preparations, which were curved toward the SL axis. 

Recently, fiuther data from skinned-trabeculae studies in our laboratory have shown a 

similar relationship between force and SL s6. The force-SL relationships of intact and 

skinned muscle both have shown that at Low [ca27, the relationships are convex toward 

the SL-axis; at high [ca2+], the curves are convex toward the F-axis. The difference of 

concavity and convexity reflects different activation levels of myofilaments at various 

[ca27. Thus, the cardiac muscle shows an increase of ca2+ sensitivity with an increase of 

[ca2f1. On the other hand, at constant [ca2+], the increase of SL results in increased force 



development, which indicates that in the working range of cardiac SL, an increase in SL 

can augment myofdament ca2+ sensitivity and increase active force production* 

One distinct difference between intact muscle and skinned trabeculae is that the 

former has higher myofilament ca2+ sensitivity than that of skinned cardiac fibers 55; 160 

One possible cause is that the investigators used relatively higher pg27 compared with 

that in vivo. M ~ ~ +  competes with ca2+ in many aspects in activating cardiac muscle. So, 

different @Mg27 in the test solutions for skinned studies results in different level of 

activation of cardiac muscle. In the skinned cardiac muscle studies &om Kentish et ale, 

the investigators reported that skinned cardiac muscle had an ECH, -3.77 pM s5. Gao et 

al. reported that skinned muscle had an Ec50 -2.2 pM and 0.93 pM with wfl 1.2 mM 

and 0.5 mM in the skinning solutions, respectively. From work in our laboratory, the 

ECm was found to be -2.80 phd in skinned studies with wg27 1.0 mM ". This result is 

consistent with that of Gao's. Whereas in intact muscle, the ECm was 0.62 phi with fiee 

I60 wg2+] -0.7 mM in Gao's study . 

The second possible reason is that essential proteins may be lost fiom the cytosol 

during skinning. Gao et al. suggested that despite the significant effect of M ~ ~ +  on the 

force-ca2+ relation in S k i ~ e d  muscle, the ca2' responsiveness of the myofilaments was 

160 still altered by skinning . Skinning causes loss of -30% proteins fiorn cytosol, 

especially when muscle are skinned by Triton X-100, cytosolic proteins are lost to a 

greater extent than that in saponin skinned preparations (-20% more loss of 

146,147 proteins) . The lost proteins may contain ca2+ sensitizers so that skinning can result 

in decrease of myofilament ca2+ sensitivity. 



Another effect of the loss of proteins is decreasexi osmolality in the cytosol, which 

results in swelling of the muscle and increased lattice spacing in skinned experimental 

preparations 93. The Lattice spacing can greatly affect the force generation by influencing 

either the number of cross-bridges formed in force development or the force developed 

by individual cross-bridges. 

6 t 2 MF compds with &+ in vivo 

The effect of wg2+] is not well understood but, to date, the data have shown that 

abnormal M~'+ can greatly affect cardiac muscle contraction in many ways. At 

physiological concentration, M~~~ acts like a modulator 16'. The influence of ~ g a '  on 

myocardium includes two aspects: an effect on electrical activity and an e f f i  on 

contractility. These two aspects are closely linked. 

Effmts of M ~ ~ +  on electrical activity in ECC 

M ~ ~ +  affects myocardial electrical activity by influencing the resting membrane 

potential and ca2+ idlux through sarcolemma. M ~ * +  increases the inward recti&ng K+ 

current and increases the threshold current requirements for activation of the triggered 

response 16'. ~ g "  also has an inhibitory effect on ca2+ channels. It inhibits ca2+ influx 

through L-type ca2+ channels in the sarcolemma '". Investigators also suggested that 

~ g ' +  could stimulate protein phosphatase and dephosphorylate ca2' channels 164 

Aomine et al. reported that M ~ ~ +  may shift the threshold of various ion channels to less 

165 negative potentials, so it decreases ca2+ influx through ca2+ channels . 

~ g ' +  affects SR ca2+ handling. Low wg27 increases the SR ca2+ ATPase 

fiftinity for ca2+ and the uptake rate can be increased by -800% by low wg2q 

( < l m ~ ) ' ~ ~ .  Karalci et al. reported that the contraction induced by caffeine is greatly 



2+ 167 augmented in the absence of M g  . Kawano et al. suggested that bdg2+ could block the 

ryanodine receptor ca2+ release channel in cardiac SR I". These investigators suggested 

that Nlg2+ reduced the opening probability of SR ca2+ release channels by competing with 

ca2+ for the activation site on the SR membrane or binding to low affinity inhibition sites, 

which do not discriminate between ca2+ and M~'+. Evidence has supported the concept 

that ~ $ t i s  a naturally occurring weak ca2+ antagonist. 

Effeets of MC on contractile machinery 

The most important effect of M~~~ in skinned preparations is that Mg2+ has a 

direct effect on the contractile system. Some investigators have suggested that Mg2+ 

competes with caZC to bind to high-anity site on actin, which & ' s  the conformation 

of actin and its ability to form nuclei and hydrolyze ATP 16'. Morimoto et al. pointed out 

that hdg2+ affected ca2+ binding to TnC. They claimed that ca2+ binding to the low- and 

high-affinity sites of TnC in myofibrils was affected by M ~ ~ +  competitively and that 

myofibrillar ATPase activity was modulated through a competitive action of M~~~ on 

caZ+ binding to the low-affinity sites I". Other investigators have also proposed the 

mechanism that the major effect of M ~ ~ +  is to reduce the rate of caZC binding to the sites 

that bind ca2+ and M~'+ competitively due to the slow dissociation of bound M ~ ~ '  from 

171 the binding sites in Tn . 

By a variety of mechanisms, greatly affects ~ a ' +  functions in cardiac 

muscle. So, it is expected that the lowering wg2+]h will increase the myofilament caZi 

sensitivity. 



6 1.3 ,Swo&n sRinned/ssers 

Skinning produces a "high-permeability state" of the cellular membrane. By 

increasing the membrane permeability, both in isolated cells and in isolated muscle strips, 

the ionic concentrations can be controlled and particular molecules can be introduced to 

the experimental milieu. 

However, the removaI of the sarcolemma results in swelling of the fibers, which 

can be recovered by the addition ofpolymers. This muscle swelling is caused by swelling 

99 of the myofi lament lattice . 

Effects of addition of polymer on lattice spacing 

Skinned cardiac myocytes were only expanded radially with no visible alteration 

to longitudinal organization in any location within the cells. In skimed-fibers, 

physiological force development can be restored by adding polymers in skinning 

solutions without affecting contractile properties. Endo was the first who found that 

development of force was affected by osmotic compression in skinned skeletal 

 muscle^'^. Later, Godt et al. showed that Triton skinning increases the width of muscle 

fiber by 20% with a 15% decrease of F, and adding 4% or  5% Dextran T500 could 

reduce the width of skinned muscle to the intact myocyte without affecting F-, whereas, 

adding 10% Dextran reduced the width to 86% of its intact level and decreased F, to 

85% 93. Maughan et at. reported that the myofilament lattice spacing of cardiac papillary 

muscle increased by 8% after skinned I". The author suggested that swelling of the 

myofilament lattice in a skinned cell could be prevented by addition of 2.5% 

I73 concentration of either PVP or Dextran T-500 in isolated myocyte preparations . 



Addition of polymers, i.e. PVP and Dextrin TSOO, do not affect muscle striation and 

SL'". 

Loss of regulatory proteins in skinned fibers 

It has been proven that skinning procedure causes loss of some ca2+ sensitizers in 

cytosol. Gardner et pt reported that CaM was significantly lost in a time-dependent 

manner after smooth muscle was skinned by saponin or Triton X-100 I". In their studies, 

Gardner et al. demonstrated that at the end of a 1-h skinning period, tissues exposed to 

saponin lost 30% of total CaM and Triton X-100 skinned tissue lost SO% of the total 

CaM; whereas during 5-h continuous skinning procedure, total tissue CaM continued to 

158 decline. CaM loss affects the ca2+ sensitivity of the myofilament in smooth muscles . 

Triton X-100 skinned preparations tend to lose more CaM and have a lower ca2' 
147 sensitivity than that of saponin-skinned muscles . 

Some substances have been proposed as the lost ca2+ sensitizers in the skinned 

preparation studies of cardiac muscel. Gao et al. suggested that many factors were 

responsible for the disparity in the force-pCa relation between intact and skinned 

 muscle^'^. In their studies, Gao et al. claimed that skinning caused a loss of carnosine- 

like compounds and taurine. Both of the two substances are natural ca2+ sensitizers. The 

carnosinalike compounds can mildly increase ca2+ sensitivity and F-. Taurine can 

increase ca2+ sensitivity without affecting F,, Gao et al. also suggested that 

skinning caused the loss of CaM and MLC kinase, which impaired the phosphorylation of 

MLC and decrease ca2+ sensitivity In. 



6.2 Hypotheses 

This study aimed to detect myofilament ca2+ sensitivity at physiological wgZC] 
and lattice spacing in skinned cardiac muscle preparations. I studied whether 

physiological wg2y and osmotic compression could restore myofilament ca2+ 

sensitivity in skimed rat cardiac muscle to the level of intact trabeculae. From the results 

of this study, I infer whether the increased lattice spacing caused by swelling of the 

muscle in cardiac hypertrophy and heart failure affects myofilament ca2+ sensitivity. I 

intended to test the foIlowing hypothesis: 

Myofilament ca2+ sensitivity in skinned muscle was identical to intact muscle at 

similar wg2+] and similar filament lattice spacing. 

6.3 Materials and Methods 

63.1 Preparation of the skinning solutions 

In the skinning solutions, I mimicked intracellular conditions and strictly 

controlled the &actions of components in test solutions. 

First, the purity of each chemical used in the experiments was considered, 

especially the purity of EGTA, which greatly affects the free [ca2f1 in the skinning 

solution. Second, the pH of the skinning solutions was kept constant at 7.10 in order to 

mimic the in vivo condition. The experimental temperature was controlled at 25OC. 

Third, a computer program provided by Dr. Kentish was used to calculate f?ee 

concentrations for metals and ligands in the experimental solutions. 

Determining the purity of EGTA 

1% error of EGTA purity can theoretically cause up to 20% error of fiee [ca2C] in 

the final test solutions178, so the accuracy ofEGTA purity is crucial. 



In my experiments, the EGTA purity was determined by back-titration method I". 

In this method, I used cazf to replace H+ in W G T A  to test the actual purity. In the first 

step, I made l O O d  of 100 mM CaC12 solution In making this stock solution, every step 

was taken with extra caution, including carefully weighing and volume measuring. I 

assumed that this solution was 1W! accurate. Then, another solution was made, which 

contains: 98 mM chelexed KPr, 2 mM chelexed BES, and 2mM K2aEGTk The pH of 

this solution was adjusted to -9.4 by chelexed 1 M KOH. The volume of the solution was 

adjusted to 100 ml while the pH was kept constant -9.4. Finally, 25 ml of 2 mM 

KzH2EGTA solution was titrated by CaCl2 in very small steps (initially 50 pl and later 10 

pl) at room temperature. The reaction is described by the following equation: 

KJIZGTA + caZf -t CaK2EGTA + 2* 

A titration auve of pH vs. CaC12 volume was plotted and it had a "V' shaped m e .  The 

concentration of H2K2EGTA was deduced fiom the CaClz volume added- If H2KZGTA 

was 1 W A  pure, the [each] would be 2 mM. In my experiment, I found the value of 

CaClz used in my experiment was 1.92 mM, so the actual purity of EGTA I used was 

96% (company report showed 97%). The actual purity of EGTA was derived from the 

following equation: 

Actual purity = actual concentration I theoretical concentration 

pH measurement 

pH measurement is important in making skinning solution since pH greatly 

affects the forcepCa relationship. First, in order to keep pH value constant, I chose a 

strong pH buffer BES, which has a pKa of 7.1 at 23°C and decreases 0.016 unit per 

degree increase of temperature. Second, I calibrated the pH electrode (Ross-combination 



electrode, Orion, Boston, MA) with two standard solutions: pH 4.01 buffer and p H  7.00 

buffer (Orion Research Inc., Beverly, MA) each time I made skinning solutions- Last, a 

substantial junction potential could contribute a big error in the pH measurement I". We 

(iicluding previous investigators in our laboratory) checked the liquid junction potential 

of the pH electrode and found the effect was minimal so, subsequently it was ignored. 

Determining solution compositions on a computer progrrrm 

The fiee concentrations for all compositions were determined by a computer 

program. The detailed procedure was described by Kentish et al. ". AU binding 

18 1 constants were originally taken fkom Martell and Smith at 0.1 mM IS and 20 "C . 

Then the constants were adjusted to 0.2 mh4 IS and 25 OC according to the procedure of 

Harrison and Bers lS2. Two important equations were used to adjust binding constants: 

1) Correction of the binding constant for different temperature: Van? Hoff equation: 

Ln K2=Ln K1 + (bWR)(I/T1- In2) 

& and KI are binding constant at temperature Tl and Tt respectively. R is the gas 

constant. AH is the molar enthalpy. 

2) Correction of the binding constant for different IS: Debye-Huckel limiting equation: 

Log K2 = log K1+ 2 ~ y  (10gfi-l0&) 

K2 and Kl are binding constants at ionic equivalence &Z and LI respectively, fl and f2 

are coefficient constants of Kl and Kz respectively, x and y are the valence of the 

metal and ligand. 

log fi = A ( I ~ / ( I +  0.5)-0.25 G ~ ]  

log fi = A J J ~ P ~ I ( I +  L~ 0~)-0.25 LZ] 

A=1.8246* 106(cTl)- 1.5, E is the dielectric constant of solvent. 



Table 6-1: Corrected binding constants for ca2+ at ionic strength 0.2 M and 25 OC 

(lnovL). 

HBES: pKa=7. lO at 22.8 OC. dplCa/dt--0.0 16/0~'* was used to correct pKa at 25 OC. 

LIGAND-ION COMPLEX 
HBES 

H~EGTA'- 
HIEGTA 

N ~ E G T A ~  
C~HEGTA" 
M~HEGTA'- 

H2ATPZ- 
NaATP" 

C~HATP'~  
M~HATP'- 
MgHCP 
HEGTA" 
H~EGTA'- 
KEGTA~ 

C~EGTA'- 
~g EGTA'* 

HATP" 
KATP" 

C~ATP" 
M~ATP'- 
CaHCP 
Hprop 

BINDING CONSTANT for caZ+ 
7.61 
18.2 
22.9 
1.38 
14.4 
12.6 
10.5 
1.20 
8.23 
8.38 
1.30 
9.36 
20.9 
0.96 
10.6 
4.96 
6.49 
0.90 
3.45 
3.80 
1.15 
4.72 



Ie=0.5 ~ u m ( ~ i ~ * ~ i ) ,  Zi and Ci are charge and concentration of ion i respecitvely. The 

corrected binding constants are shown in Table 6-1. 

Removal of possible contaminated can 

The resin CKLEX 100 was chosen to remove all contaminated caZ' fiom 

compounds used and containers. CHLEX 100 has a very high atfinity for ca2+, ~ g t f ,  

~ e ~ +  and cufC. The solutions chelexed included: KOH solution, BES buffer solution, and 

KPr solution. 

1) KOH chelexing 

1M KOH was made fiom mixing KOH tablets 56.11 g with 1L Milli Q water. 

In order to remove ca2+, CHELEX 100 was first converted to the K+-CHELEX 

form fkom the ~ a + -  CHELEX form. A 130-150 mi volume of CHELEX 100 was mixed 

with 100 ml of 1 M HCI. In a plastic beaker, this mixture was stirred with a teflon stirrer 

for 10-1 5 minutes; then the beads were allow to settle. The HC1 was decanted and another 

100 mI 1M HCl was added and the above step was repeated once. CHELEX 100 was 

converted fiom the ~ a +  form to the form and the volume of the resin shrank about 

50%. The resin was washed once with -100 ml deionized water for 5 minutes. M e r  that, 

the resin was poured into a column and a pump (Econo-column pump, Bio-Rad) 

continuously sucked the water out at a rate of 1 drop/s. Before the water level was below 

the resin, a small volume of KOH was carefully added into the column. After that, the 

volume of the resin gradually expanded while it changed from the H+-CHELEX form to 

the K'- CHELEX fona During this procedure, pH was carefully monitored. The initial 

exiting solution with pH -0.5 was discarded. KOH collection was started when the 

existing solution's pH was -14 at room temperature- This volume of resin was capable of 



chelexing -1500 mi KOH and the chelexed KOH was stored in 4 "C reEgerator or room 

temperature. 

This procedure involved two chemical changes: 

Na-Chelex + HCI t, H-Chelex + NaCl 

H-Chelex + KOH t, K-Chelex + HzO 

2) BES buffer and KPr chelexing 

Another 120 ml of H- CHELEX 100 was prepared as described the above. Then 

the resin was washed with 100 ml deionized water. The resin was allowed to settIe down 

and half of the water was decanted. Afker that, the resin was titrated with chelexed KOH 

in very small steps while being stirred. The pH was monitored to ensure that the pH never 

exceeded 7.10. When the pH was close to 7.10, a few extra minutes were allowed to pass 

between each addition of chelexed KOH because pH rose rapidly and dropped gradually 

with addition of KOH. It was crucial to keep pH below 7.10 otherwise additional 

propionic acid was required, but this was not ideal because this chemical had not been 

chetexed. AS this moment, the volume of the resin returned to its initial size but it was in 

V-CHELEX form. Then, the resin was poured into a column and the water was 

constantly sucked out by a pump. 

A 500 rnl volume of 500 mM stock BES buffer was prepared by dissolving 53.30 

g of BES in deionized water. The pH was corrected to 7.10 with chelexed KOH. KPr was 

made by titrating 200 ml 1M chelexed KOH with pure concentrated (-13.SM) propionic 

acid to pH 7.1 at 25 OC. 

Before the water level was below the resin, BES buffer was carefully added into 

the column without disturbing the resin bed. The initial exiting 50-100 ml solution was 



discarded. When the existing solution had a pH value close to -7.10, the solution was 

collected in a plastic container. Before the BES buffer level had fillen below the resin, 

KPr was added into the column and the solution started to be collected until the exiting 

solution had a pH value -7.10. Then, the collected BES and KPr were stored in -20°C. 

Stock solution making procedure 

The stock solution was made at 1.25 times of the concentrations of the final 

testing solutions. The detailed concentration of each component was shown in Table 6-2. 

Ka2EGTA and CaK2EGTA solutions 

The final test solutions were made by mixing &H2EGTA and CaGEGTA 

solutions in different proportions to keep the fEGTA] and w+j constant while fiee 

[Ca2q varied. Briefly, H2K&GTA was made from EGTA titrated with chelexed KOH. 

Since ca2+ was bound much more strongly to EGTA than was M~*+, MgC12 was added to 

the solution and the amount was 5 times the difference between the total IMg"] in 

relaxation solution (RS) and total LMg2'-j in the activation solution (AS): 5 x (5.30-4.95) 

= 1.75 mM. pH was corrected to 7.0 at 25 "C by chelexed KOH. Ca&EGTA was 

prepared by mixing equal moIar concentrations of CaC03 and fke acid W G T k  1 M 

chelexed KOH was used to dissolve EGTA and adjust the pH to 7.10 at 25 OC. Both 

H&EGTA and CamGTA solutions were made 5 times more concentrated than their 

final concentrations so that they could be diluted when they were mixed with the stock 

solution in a 1 :4 ratio. 

AS, RS, testing solutions and skinning solution 

Skinning solutions (SK), RS and concentrated AS have the same basic 

components except that the skinning solution has 1% Triton X100, and activating 



solutions have dierent  amount of ca2+. The basic components in the experimental 

solutions are (in mM): BES 100, m A T P  6.8, NaCrP 10, KPr 55, MgClz 5, DTT 1, and 

EGTA 10. In all solutions, ionic strength was 0.2 M, net charge was -0.000 and pH was 

7.1. wg2C] was kept -0.7 mM in all solution. Both RS and AS contained 5% Dextran in 

order to increase osmolality. 

The AS or .RS was made by mixing of 4 units of stock solution amd 1 unit either of 

Ca&EGTA or H&EGTA solution, respectively. The concentrations of components 

were shown in Table 6-3 and Table 6-4. 

The test solutions were prepared by mixing AS and RS in different proportions. 

Details are shown in Table 6-5. When various volumes of AS and RS were mixed, the 

concentration of EGTA and wg29 were always kept conmint with [ca27 varied from 0 

to 23.7 phf. 

The quality of the solutions made was tested by h - 2  measurement. In a series of 

measurements, fba-2 never detected any ca2+ in RS and skinning solutions. The actual 

free [ca2+J measured by bra-2 in testing solutions was identical to calculated values. 

Triton X-100 skinning solution was made by addition of 1 % Trigon X-100 in RS. 

63.2 Mat& and general methods 

Trabeculae were taken &om right ventricles of 250 to 300g male LBN (Lewis 

Brown Norway) rats. The rats were anesthetized by diethyl ether and the thoraxes were 

opened acutely. The hearts were excised and pefised by HEPES solution with [ca2+] 0.3 

mM and high KC11 20 mM within a few seconds. Only thin, long, straight and 

rectangularly shaped trabeculae were selected. The average length, width, and thickness 

of the trabeculae were 3.37M.13 mm, 0.24H.04 rnm, and 0.10M.01 mrn 



Table 6-2. The concentrations of the components in the stock solution and the Einal test 

solutions, at 2S°C, pH 7.10, 0.20 M IS and a net charge of 0.000. 

Mixing the stock solution with either HzK~EGTA or CaQEGTA in 4:l ratio made the 

final AS and RS solutions. 

DTT can prevent the generation of oxygen f?ee radicals, so it can increase the stability of 

the muscle. 

Final Solution 
(mM) 
100 
6.8 
10 

55.0 
4.95 
1.0 

Species 

BES buffer 
Na2ATP 
Na2CrP 

KPr 
MgCl2 
D l r  

Stock Solution 
(1.25X) mM 

125 
8.5 
12.5 
68.8 
6.1 9 
1.25 



Table 6-3. Total concentration (in mM) of final components in AS and RS solutions at 

2S°C, pH 7.10, 0.20 M IS and a net charge of 0.000. AS is concentrated high [ca2C] 

solution, which was diluted to make final test solutions. 

Table 6-4. Free concentrations (in mM) of final components in AS and RS solutions at 

25OC, pH 7.10,0.20 M IS and a net charge of 0.000. 

Species 
BES 
KPr 

MgCl2 
Na2ATP 
Na2CP 
DTT 

EGTA 10.0 10.0 

AS 
100 
55.0 
4.95 
6.80 
10.0 
1.00 

Species 
HBES/BES" 

K' 
~ a '  
Mg2+ 
ca2' 

RS 
100 
55.0 
5.30 
6.80 
10.0 
1.00 

AS 
48.3151.7 

139 
33.1 
0.71 
0.02 

RS 
48.3151.7 

139 
33.1 
0.70 
0.0 

4.1 1 
10.6 
54.8 
9.86 
0.00 

M ~ A T P ~ -  
C I- 
P i  

HCrP- 
EGTA~ 

4.09 
9.90 
54.8 
9.86 
0.00 



Table 6-5: [ca2f1 and mg2q in the testing solutions at 2S°C, pH 7.10. Ionic strength is 

-0.20 dM, ionic equivalent is 0.17 mhd, and net charge is 0.000. 

AS 

(4) 
1000 
1000 
990 
980 
975 
950 
900 
875 
850 
800 
775 
750 
700 
600 
500 
400 
300 
200 
100 
0 . 

Free [lMgLT 
(mM) 

1.04 
0.71 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 
0.70 

RS 

(41 

0 

Total wg"] 

4.95 
4.95 

Total [ ~ a )  
(mM) 

12.5 
10.0 
9.90 
9.80 
9.75 
9.50 
9.00 
8.75 
8.50 
8.00 
7.75 
7.50 
7.00 
6.00 
5.00 
4.00 
3.00 
2.00 
1.00 
0.00 

Free [caL'] 
(fl) 

915 
23.7 
13.7 
8.84 
7.39 
3.89 
1.89 
1.47 
1.19 
0.84 
0.73 
0.63 
0.49 
0.32 
0.21 
0.14 
0.09 
0.05 
0.02 
0.00 

1 0' 
20 
25 
50 

100 
125 
150 
200 
225 
250 
300 
400 
500 
600 
700 
800 
900 

1000 

PCa 

3.04 
4.63 
4.86 , 
5.05 
5.13 
5.41 
5.72 
5.83 
5.92 
6.07 
6.14 
6.20 
6.31 
6.50 
6.68 
6.85 
7.04 
7.28 
7.63 

4.95 
4.96 
4.96 
4.97 
4.99 
4.99 
5.00 
5.02 
5.03 
5.04 
5.06 
5.09 
5.13 
5.16 
5.20 
5.23 
5.27 
5.30 



(m-SE, n=lS), respectively. The trabeculae were equilibrated in HEPES buffer (mM): 

NaCl 140, KC1 4, Na-Acetate 2.8, MgSOd 2.2, fIEPES 10, glucose 10, taurine 10, CaC12 

0.7 and pH 7.4. During the equilibrating period at -2S°C, the trabeculae were stimulated 

1-5 times threshold at 0-5 Hz for 30 to 60 minutes. 

Then the trabeculae were skinned by a standard skinning solution containing 1% 

Triton X-100 for 30 minutes. Following this step, the muscles were washed in relaxing 

solution (ca2+ fiee) 5 times to ensure that all Triton X-100 was totally washed out. Force 

was measure by a silicon strain gauge (Sensonor AESOI, Horten, Norway). A carbon 

fiber extension was glued on the element of the force transducer in order to increase the 

sensitivity of the force transducer. The noise of the transducer is < 15 pN. The trabeculae 

were mounted in a steel basket glued on the carbon fiber. The valve side of the muscie 

was hooked on a motor arm. The muscle length or SL was changed by controlling the 

position of the motor arm. 

The SL was measured by laser difiaction techniques, as  described by ter Keun et 

al. %. A laser beam was projected on the trabecula and diffracted into multiple orders. 

The angle between zero order and the diffracted beam was reciprocal to the SL. The 

daacted beam was sensed by a reticon. In this way, change of SL can be detected. 

During the experiments, the relative zero force point was set at SL -1.86 pn in 

relaxation solutions. Then, the trabeculae were set at resting SL 2.10 pm before each 

activation. The trabeculae were activated by 6 activating solutions containing free [ca2C] 

ranging fkom 0.49 pM to 3.89 )IM In some experiments, increase of the (ca2? to 7.39 

phd revealed no further increase of developed force in the presence and absence of 

Dextran. At this high [ca2+j, the SL difiaction pattern deteriorated. After each activating, 



the trabeculae were put back into relaxation solutions to relax for 2 minutes, and the force 

baseline was checked and adjusted again if it had changed. In most experiments, the 

trabeculae were activated fiom highest ([~a~fl:3.89 to the lowest activating solution 

([Mf]: 0.49 CIM) since the active force gradually decreased in the skinned fibers ". In 

this way, the error of force measurement was minimized. In a few experiments, the 

t r h l a e  were activated from the lowest to the highest activating solution. The results 

fiom the two methods were similar. In each individual experiment, the reference force 

was measured at [ca2+] 3.89 pM and SL -2.15 pm at the end of experiments. If the 

reference force decreased over 20%, the result was discarded. All experiments were 

completed in -1 hour so that the force decrease was minimized. 

In all the steps during experiments, the temperature was controlled -25 "C as that 

temperature was used by investigators previously for in intact trabeculae studies, 

63.3 Dafrr analysis 

F-SL relationship was fitted into the equationss: 

F=~(sL-s~)~ ,  

where S b  was the intercept with the abscissa. Passive force at different SL was fit the 

same equation. 

Interpolated data from force-SL relationships were used to generate force-pCa 

relationships. The curves were fitted into Hill's relationshipss: 

F=F-F/(Ec5on+F), 

where Fmax was the maximal force developed at the SL studied, EC50 was the fiee [ca2'] 

of the half maximal force generated. 



I .  the study of cooperativity, I plotted linearized force-pCa relationship: Iog&J/(l- 

U)] vs. pCa, whereas U was the ratio of the force developed over the F,, at the SL 

studied. This kinds of plot gave two values of Hill coefficient corresponding to the 

different level of [ca27, which reflect different level of coorperativity with different 

force development. 

The data were subjected to one-way ANOVA or unpaired t-test for statistical 

analysis. 

6.4 Results 

64.1 ForcedL redktknsliip in s h e d  cardiac rat trabecrrlae 

Force-SL relationships with Dextran and without Dextran were studied in 6 

different activating solutions which contained free [Ca2+]: 3 -89, 1.89, 1.19, 0.84, 0.63 

and 0.49 pM in SL ranging fiom 1.55 pin to 2.15 pn Force was normalized by force 

generated at [ca2C] 1.19 pM and SL 2.10 pn. 

Eight trabeculae were studied in solutions containing Dextran T500. Figure 6-1 

shows the raw data with the fitting curves for force-SL relationships. Figure 6-2 shows 

the force-SL relationships after the data were binned. At high [ca2q 3.89 CIM, the 

sarcomeres could shorten to SL -1.55 pm while developing -60% of F-. At short 

Length (-SL 1.60 pm to 1.7 pm) and high [ca2+], the curve of force-SL relationship was 

very steep, indicating that a small increase of SL developed substantial force. Further 

increase of SL increased active force less and at SL >2.10 pm, the active force 

development tended to reach a plateau. The trabeculae generated F,, at [ca2'-J 3.89 pM 

and SL 2.15 jm 1 0 W  mN/mm2. 



Seven trabeculae were studied in non-Dextran group as my controls. Figure 6-3 

shows the force-SL relationships in non-Dextran group. The curves were similar to those 

in the De- group. Increasing SL increased force development. In this group of 

preparations, the muscle also developed F- in [ca2C] 3.89 pM at SL 2.15 p. The F- 

was 7%8 mBT/mrn2. 

The data fkom the two groups confirm that [ca2fl greatly affects the force-SL 

relationship. At low [ca2C], the curves of force-SL relationship are convex toward SL- 

axis and at high [ca2+], the curves are curved toward ftoce-axis. The presence or absence 

of Dextrm had little effect on the shape of force-SL relationships. But the addition of 5% 

Dextran did indeed change the F,, developed between the two experimental groups. 

6 4.2 Force-pCb relatr-onsliip in skinned cardiac rat trabeculu 

Figure 6-4 and Figure 6-5 shows the force-pCa relationships £?om interpolated 

force-SL data in the Dextran group and non-Dextran group. Force-pCa relationship is 

sigmoidd. With stretch, the F,, gradually increased and ECSo gradually decreased. The 

change of F, and ECw, along with stretch is shown in the following Table 6-6 and Table 

6-7. 

6.5 Discussion 

At physiological mg2fl and osmotic compression, the values of ECSO are lower 

than those in controls (Figure 6-6). These E C 5 ~  values (-1@4 at SL 2.15 pi) in both 

Dextran treated and non-Dextran groups are substantially lower than those of previous 

skinned preparation studies done with high wg27, in which ECso ranged fiom 2 )IM to 3 

BM ss;56 . However, these ECm values are still substantially higher than those of intact 

cardiac muscle. Gao et al. suggested that intact rat cardiac muscle had an EC50 of 0.62 



Table 6-6: Change of F, with the change of SL in with and without Dextran groups. All 

data are rneanSE. The statistical analysis shows the diierence between the two groups 

is significant (ANOVA p~0.001). 

Table 6-7: Change of ECso with the change of SL in with Dextran and without D e a n  

group. ECso gradually decreases with increase of SL in both groups. Ali data are 

mean*SE. ECm in with Dextran group is lower than that in without Dextran group 

(ANOVA, p<O.OS). At longer SL (2.15 pm), the difference is negligible (unpaired t-test, 

p0.2)- 

~-(rnNfm~)(without Dextran) 
71*4 
73h5 
7 5 . 6  
77k7 
7 e 7  
7%8 

S u p )  1 ~ ~ m ~ f ~ ~ ) ( w i t h  Dextran) 
1.90 
1-95 
2.00 
2.05 
2.10 
2.15 

sL(~un) 
1 -90 
1.95 
2.00 
2.05 
2.10 
2.15 

9 4 s  
9 7 s  
10W4 
10B4 
105*5 
10W 

ECso(jM)(with Dextran) 
1.41M.05 
1.33M.05 
1 -25M.05 
1.17a.05 
l . lM.06 
1.03M.06 

EC50(pM)(without Dextran) 
1.55=t0.09 
1.48S.11 
1.4OM. 12 
1 . 3 M . 1 3  
1.21M. 13 
1.0W. 14 



Figure 6-1: Force-SL relationships from 8 trabeculae in D e n  group. The basic shape 

of force-SL is simihr to that of intact rat cardiac muscle and skinned cardiac muscle with 

high ~ 8 7 .  At high [Ca2q (3.89 pM and 1.89 irM), the curves are convex to the force- 

axis, whereas at low [Ca2q (0.49 CIM, 0.63 @& and 0.84 @%), the curves are convex to 

SL-axis at intermediate [ca2+] (1.19 pM), the force-SL relationship is close to linear. 

Increase of SL increases force development. Force is normalized by the active force 

generated at [ca2+] 1.19 pM and SL 2.15 pm. 
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( With Dextran ) 



Figure 6-2: Force-SL relationships of binned data fiom 8 trabeculae- The curves are fitted 

into the equation: F=a(SL-SL)'. The basic shape of F-SL after binning is similar to that 

in original fitting a w e s .  At high [ca27, the awes are convex to force-axis; at 

intermediate [ca2C], force-SL is close to linear and at low [ca2C], the curves are convex to 

SLaxis. Increase of SL increases force development. All the constants: S L  (SL 

intercept) and c (curvature of the curves) are comparable to those published by Kentish et 

al, 
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Figure 6-3 : Force-SL relationships fkom 7 trabeculae of binned data in the control group 

(without Dextran). The shape of the curves is similar to those in the Dextran group. The 

curvature of the cwves shifts with the change of [ca29, which indicates that change of 

myofilament caZC sensitivity along with the change of  [caZ7. At high [ca2C], the curves 

of force-SL relationships are convex toward to force-axis, whereas at low [ca27, the 

curves are convex toward to SL-axis. At the intermediate [ca2'-J, the force-SL 

relationship is linear. In a.U [ca2'] tested, increase of SL results in increase of force 

development. 
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Figure 6 4 :  Force-pCa relationships fiom interpolated force-SL data in the with Dextran 

group. For clarity, the different levels of force development corresponding to SLs are 

separated into two different groups. The top figure represents force generated at SL 1.85, 

1.95, 2.05, 2.15 pm, respectively. The bottom figure represents force generated at SL 

1.80, 1.90, 2.00, 2.10 pm, respectively. The force-pCa relationship is sigrnoidal. With 

increase of SL, the cuves shift leftward while the F- gradually increases and ECso 

gradually decreases, which indicates that increase of SL increases myofilament ca2+ 

sensitivity. F,, in Dextran group is 10e6 m ~ / m r n ~ .  The SLs are activated SLs during 

muscle contraction, 
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Figure 6-5: Force-pCa relationships fiom interpolated force-SL data in the non-Dextran 

group. For clarity, the different levels of force development at corresponding SLs are 

separated into two different groups. The top figure represents force generated at SL 1.95, 

2.05, 2.15 pm, respectively. The bottom figure represents force generated at SL 1.90, 

2.00, 2.1 0 pm, respectively. The F-pCa relationship is sigmoidaI. With increase of SLY 

the F,, gradually increases and ECm gradually decreases, which indicates that increase 

of SL increases myofilament ca2+ sensitivity. F,, in non-Dextran group is 7%8 

mN/mm2. The SLs indicated are activated SLs during muscle contraction 
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pM la; Hollander et al. in our laboratory reported that the intact rat trabearlae had an 

ECso of 0.38 pM fkom the same strain of rats 18. It seems that skinned preparations 

decrease the ca2+ sensitivity of the myofilament contractile apparatus. However, the 

correction of @Mg2y and osmotic compression in my skinned preparation study did 

reduce the ECu, to 1.03 pM and 1.06 j M  at SL 2.15 pm with and without Dextran T500, 

respectively, which indicates that the myofiiarnent Ca2+ sensitivity increased to some 

extent compared with the data fiom previous studies on skinned trabeculae. 

Many factors contribute to the low ca2+ sensitivity for cardiac myofilaments in 

the skinned preparations. Temperature, wg2q, myofilament lattice spacing and cytosolic 

ca2+ sensitizers are important elements that could affect cardiac myofilament cafC 

sensitivity, 

6 5.1 Effects of femperature on cardiac myofilament &+ semitivity 

Temperature can greatly affect myofilament ca2+ sensitivity. Temperature affects 

EC50 of myofilament ca2+ sensitivity in a species-dependent manner. In rabbit cardiac 

muscle, Harrison and Bers et al. reported that increase of temperature increased active 

force development and increased myofilament ca2+ sensitivity '". In intact cardiac 

trabeculae, fiom the same strain of rats I used in this study, de Tombe et al. in our 

laboratory found that increase of temperature decreased myofilament ca2+ sensitivity 

&om ECm 0.66 pM at 20 OC to 1.73 pM at 30 OC I*', respectively. This could explain 

why ECm is higher in my experiment compared with that in intact muscle from Gao's 

studies (1 -03 pM vs. 0.62 CrM). My experiments were conducted under 25 OC, where Gao 

et al. did their experiments at 22 OC. Higher temperature increased EC5* value and 

lowered myofilament ca2+ sensitivity in rat skinned trabeculae. 



6 5-2 E f f e  of wpj on cardiuc myoEZ~ent G? sensitivity 

Gao et al. found that the free klg2+ is approximately 0.7 mM in vivo la, which is 

much lower than that used in previous skinned studies ranging from 1mM to 5 m M  

b4gZC competes with ca2+ in vivo in many ways, but the exact mechanism is still 

unknown. M ~ ~ +  affects the ca2+ sensitivity of myofilament in skinned preparations 

probably through its effects on Tn. Potter et al. reported that the major effect of M$+ was 

to reduce the rate of ca2+ binding to the sites that bound ca2+ and ~g'+ competitively due 

to the slow dissociation of bound ~ ~ ~ + f r o r n  Tn "I. In skinned muscle, M ~ ~ +  affects caZ+ 

binding to the low and high affinity sites of TnC Morimoto et al. claimed that ca2+ 

binding to the low- and high- affinity sites of TnC in myofibrils was affected by M ~ ~ '  

competitively and that myofibrillar ATPase was modulated through a competitive action 

of ~ g ~ +  on ca2+ binding to the low- affinity sites. By a variety of mechanisms, h4g2+ 

affects ca2+ hnctions in cardiac muscle. It is expected that the lower wflh will 

increase the myofilament ca2+ sensitivity and higher ~ ~ ~ + l h ~  tends to lower 

myofilament ca2+ sensitivity. 

Since wg2C] greatly affects myofilament ca2+ sensitivity, it is crucial to mimic 

the exact in vivo @Mg2C] in the skinning solution preparations. In different skinning 

preparations, investigators have reported different ECso values for cardiac myofilament 

ca2+ sensitivity. From rat cardiac trabeculae, Gao et ai. reported skinned muscle had an 

ECw of 2.2 pM and 1.13 pM using skinning solutions with wg29 1.2 mM and 0.5 

rnMLm, respectively; Kentish et al. suggested that s k i ~ e d  rat cardiac trabeculae had an 

ECSO of 3.77 pM using skinning solutions with wg29 1.5 mM "; Zhang et al. in our 

laboratory found skinned cardiac muscle had an ECso of 2.88 pM using skinning 



solutions with wg2y 1.0 mM lS6. The data &om my current skinned fibers studies 

shows that at SL 2.15 C L ~ ,  the skinned rat trabeculae had an ECm of 1.03 pM and 1.06 

pM with Dextran and without Dextran, respectively. ECm from my skinned preparation 

studies are lower than most of the previous results fiom skinned preparations with high 

wg29 and is comparable with Gao's data from skinning experiments with low [hSg27 of 

0.5 mM (EC50 1.03 pM vs. 1.13 pM, respectively). Thus, high pg2y decreased the 

myofilament ca2+ sensitivity. 

623 EffeciS ofosmotic compression on cardiac myofiIamenf Cd+semotivity 

Changed force development and ca2+ sensitivity by alteration of lattice spacing 

Several investigators have found that removal of the sarcolemma results in 

swelling of fibers, which results in increased lattice spacing of the myofilaments as 

revealed by X-ray difiaction 99,187 . It is possible that cross-bridge properties, especially 

cross-bridge kinetics, would change, resulting in a decrease of force development and 

ca2' sensitivity for myofilaments. 

Godt et al. demonstrated that the influence of osmotic compression on the force- 

pCa relationship of skinned rabbit skeletal fibers was bi-phasic 93. Skinned myofilaments 

had highest ca2+ sensitivity when skinned fibers were progressively compressed by 5% 

Dextran T500 f?om the swollen size to the intact size. This phenomenon is coIlfirmed by 

our experiment results. In the Dextran group, the F,, development is significantly higher 

than that of the non-Dextran group in the SL range Eom 1.80 pm to 2.15 p (Table 6-6 

and Figure6-7: F,, 107.6W6.24 mtT/rnrn2 vs. 78.65a8.08 mN/mm2 with and without 

Dexfran at SL 2.15 jm, respectively). The F,, in the Dextran group is close to the F, 

2 183 of intact cardiac muscle reported previously in our laboratory, 107 mN/mm . The F,, 



in non-Dextran group is consistent with the F, of skinned studies with high wg2q, 87 

rrNfmm2 ". Myofilament ca2+ sensitivity is higher in Dextran treated group than that of 

control in the SL range fiom 1.90 pm to 2.15 pm (TabIe 6-7 and Figure 6-6: ECms are 

lower in Dextran treated trabeculae than those of trabeculae in the control group). 

Increase of SL decreases the ECso difference between the two experimental groups and at 

SL 2.15 jm, the difference is negligible (t-test, p a . 2 ) .  

Possibk mechanism for increased myo filament ca2+ sensitivity by alteration of 

lattice spacing 

Change of lattice spacing could result in a change of cross-bridge angle or the 

attachmentdetachment rate constants, which would be expected to  influence force 

generated fkom the cross-bridges 93. The enhancement of caZC sensitivity might be 

greatest when interfilament spacing is near that of intact muscle (i.e. in 5% Dextran 

solutions) where the angle of cross-bridge attachment might be "optimal"and the number 

of cross-bridge formed is at maximal state. At higher concentration of polymer (i-e. 1% 

Dextran T500 solutions), the fiber is compressed below its in situ size and the F- 

I 87 developed is inhibited . In high osmolality, Krasner et al. reported that the maximal 

ca2'-activated ATPase of skinned fibers was inhibited '", which resulted in a decrease 

in force development. 

Millman et al. proposed that the influence of moderate wextran TSOO] 

increasingly compressed the cross-bridges against the backbone of the thick filaments 

primarily by electrostatic repulsive forces between the contractile filaments, and the 

interaction between the contractile filaments was minimal. At high pext ran  T500 3, there 

was a considerable shrinkage of lattice space, and the contractile filament interaction 



(viscoelastic, rather than attachment) increased dramatically lg9, which caused decreased 

force in highly compressed lanice spacing. This proposal was confirmed by the studies of 

R w s  et al. These investigators demonstrated that the slope of the stiffness-width 

I74 relationship increased sharply at about the 4% concentration of Dextran - 

6 5.4 Force f d a c k  mechanism in skinnedfibers 

A Hill coefficient larger than unity reflects cooperativity between the cross- 

bridges of thick filaments, actin, and Tn binding to ca2+. In my experimental results, the 

force-pCa relationships interpreted fiom the data of force-SL relationships show that, 

although the force-pCa relationships are well fitted by sigrnoidal acnres, the individual 

data points are not perfectly fitted into the curves. This sigmoidal curve fitting procedure 

can result in the error of Hill w-efficient (Figure 6 4  and Figure 6-5). Moss et a1 

proposed that there were two different classes of ca2+ binding sites involved in the force 

development, thus there were probably more than one values for Hill coefficient 19'. The 

linearized force-pCa relationships are best fitted by not one but two straight lines as 

described previously, with Hill coefficient nhi* and nl., corresponding to the different 

levels of myoftlament activation lgl. The value of nl, determines the steepness of the 

force-pCa a w e .  In order to minimize the error of analysis of cooperativity, I plotted 

linearized force-pCa relationship, LogCU/I-U) vs pCa, at each SL studied in both 

group@igure 6-8). 

The data from these experiments show that moderate osmotic compression by 5% 

Dextran T500 treatment, which restores the physiological lattice spacing, increases the 

cardiac myofilament ca2+ sensitivity since there are more cross-bridges formed with 

close to the optimal lattice spacing. From the current study, the values of IQ, are higher 



in the control group than those in the Dextran treated group; whereas the difference of 

%-& becomes negligible between the Dextran and non-Dextran groups (Figure 68). At 

sub-maximal activation conditions, stretch of the trabeculae decreases the lattice spacing 

and increases attached cross-bridges more in the control group than that in the Dextran- 

treated group. Under osmotic compression by 5% Dextran, stretch induces less reduction 

of lattice spacing and increases force less. At the high [ca2+], the activation of  the thin 

fdament is close to maximum, thus stretch increases force little in both the control and 

Dm-treated groups, which, therefore, increases force feedback little and the 

difference of Hill co-efficient between the two groups becomes negligible. Further, the 

results of this study show that is saturated at 4 - 5  in both groups. This implies that 

the force feedback to caZC binding on TnC has reached a maximal level. Further 

increases of [ca2+] or stretch cannot increase the cooperativity of filaments. 

d 5- 5 Effeca of loss of cytosollic UC sem*tizers on cardiac myofiiamenf Cd+ semllSItivify 

EC~O from skinned cardiac fibers at physiological wg27 and &er osmotic 

compression is still higher than intact trabeculae and it does not restore myofilament ca2+ 

sensitivity to that of intact cardiac muscle. A possible reason is that skinning causes loss 

of ca2+ sensitizers in cytosol 14'. These data show that at physiological wg27 and 

osmolality, skinned rat cardiac trabeculae have an ECm of 1.03 j&f at SL 2.15 pm, which 

is substantially higher than that of intact cardiac muscle of the same strain rats 0.34 

pM1". ECs in intact muscle from our laboratory is lower than that from other 

investigators, which probably is due to the different experimental preparations. ECso fiom 

Gao et al. is 0.62 @4 16'. In their experiments, these investigators did not measure 

activated SL. When the cardiac muscle is activated, internal shortening takes place. This 



change of SL during muscle activation can substantially affect the force-pCa relationship, 

thus EC5o. 

Triton X-100 is a strong chemical detergent and it dissolves all membrane 

structures, including the sarcolemma membrane and SR membrane. Not only does it 

cause muscle swelling, it also causes loss of proteins. The wmposition of the lost 

proteins is not clear, but might include ca2* sensitizers. SDS gels of Triton and saponin 

skinning suspension &om the heart reveal many proteins which are lost within 10 minutes 

(data fiom our lab's previous study). The molecular weight of the lost proteins can reach 

200 kD. Small proteins are easily lost during skinning, i-e. CaM. 

Steel et al. proposed that the lost ca2+ sensitizers include carnosine-like 

compounds and taurine (MW 125), which are known as natural ca2' sensitizers In 

the millimolar range, the carnosine-like compounds (or hist idyl derivatives) can increase 

myofilament CaZ+ sensitivity although its effect is small. Taurine can increase 

myofilarnent ca2+ sensitivity without affecting F, developed. In Triton-skinned 

trabeculae, 30 mM taurine decreased ECso Eom 3.02 to 2.56 pM. 

In smooth muscle studies, investigators have showed that skinning causes loss of 

CaM fkom cytosol 14'. CaM is a ca2+ sensitizer, with a molecule weight -18 kD. Afier 

addition of CaM into skinning solutions, it results in increase of myofilarnent ca2+ 

sensitivity. Studies have shown that 5 pM CaM increases 10-fold the speed of 

158 development of isometric tension and pCam shifts fiom 5 to 6.2 in smooth muscles . 

[ C w  is lower in cardiac muscle (-1 pML cell, information from Dr. Walsh) than that 

of smooth muscle (-30-50 CIErl/L cell, information from Dr. Walsh), so CaM probably 



plays different roles in cardiac ECC. Further studies are needed to accurately measure 

[CalMJ in myocytes and elicit the role of CaM in cardiac ECC. 

6.6 Conclusion 

Increase of SL reduces double overlap of thin filaments and decreases the lattice 

spacing. This may increase the number of attached cross-bridges, thus generating more 

force. At longer SL, the attachment of cross-bridges tends to be maximal and the osmotic 

compression has less effect on the number of attached cross-bridges. The latter effect 

may explain why the ECso at SL 2.15 pm is insensitive to Dextran. This length-dependent 

force generation is a clear manifestation in skinned cardiac fibers. 

Increase of osmolality by addition of 5% Dextran, which reduces lattice spacing 

to that of intact level, increases F,, developed. Atter correction of wg27 and osmotic 

compression, skinned cardiac fibers are capable to generate F,, to that of intact cardiac 

muscle. 

M~~~ wmpetes with caZC binding to Tn. Low wg2+] increases the myofilament 

ca2' sensitivity. 

However, the correction of wg2C] and osmotic compression together do not 

restore the myofilament ca2' sensitivity to that observed in vivo cardiac muscle, which 

suggests the presence of (a) ca2+ sensitizer@) in the cytosol of cardiac myocytes. 



Figure 6-6: Comparison of EC50 between the control and Dextran groups. ECso is higher 

in the control than that in the Dextran group. With increase of SLY ECso gradually 

decreases in both groups (ANOVq p<0.001)- At longer SL (SL=2.15 pm), the change of 

ECm becomes insensitive to the presence of Dextran since ECM is at similar level in both 

groups at SL 2.15 nun. Overall, ECH, is higher in the control group than that of with 

Dextran group (ANOVA, p(0-05). 
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Figure 6-7: Comparison of F- developed between the control group and Dextran group. 

At corresponding SLs fiom 1.90 p to 2.15 p q  Fmur is higher in Dextran group than that 

of control group (ANOVA, p<O.OO 1). Also, with increase of SLY F,, gradually increases 

in both groups (ANOVA, p<O.OOl). At SL 2.15 pm, F- is 107a rnN/mm2 and 7- 

(mesrrtSE) rnN/mm2 in Dextran and non-Dextran groups* respectively. 
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Figure 6-8: Comparison of Hill co-efficient between the control group and the Dextran 

group. The Hill coefficient reflects cooperativity between the thin and thick filaments and 

caZ+. The plots of log(U/l -U)-pCa show that there are two phases of caoperativity : at low 

[ca2+] and at high [ca27. At high [ca2+j, the cooperativity reaches maximal at Hill co- 

efficient 4. The values of mow are higher in the control group and the difference is 

statistidly significant (ANOVA, p<0-01). The 95% cofidence interval of nl, in the 

control group is fiu away f?om the fitting m e  of nl,, in the Dextran group. This is 

possibly caused by more increased force generated with stretch in the control group. At 

high [ca2C], the difference of  n ~ a  becomes smaller and is not statistically significant 

(ANOVA, p 4 . 1  I), as it is shown in this figure, the 95% confidence interval of IIE* is 

overlap with the fitting a w e  ma in the Dextran group. 
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Chapter 7 

Future Studies in ECC 

CICR is a characteristic of cardiac ECC. Although previous studies have shown 

th:e ultrastructural organization of the D-IPRs and RyRs in chick-heart cells, it is still not 

clear in mammalian cardiac cells. The number of RyRs per cell may be much greater in 

mammalian heart cells, which may imply differences in ultrastructure. Furthermore, the 

reaction between DHPRs and RyRs needs further study. How many of DHPRs and RyRs 

are involved in a ca2+spark release is still unknown. Moreover, where does the triggering 

ca2+ come from? Does it enter through the L-type cazf channel or by the ~ a + / ~ a ~ +  

exchanger, or by both? Some research evidence has shown that extracellular ca2+ can 

enter into cytosol by the ~a+/ca'' exchanger in the absence of ca2+ entry through the 

voltage-dependent caZC channel. Cannell et d. suggested that both L-type ca2+ current 

and the reversed ~ a + / ~ a ~ +  exchange current contribute to CICR 25. The authors claimed 

that it is clear that the ~ a + / c a ~ +  exchanger can trigger the SR ca2+ release, but these 

investigators failed to identify the physiological role of this kind of SR ca2+ release. At 

present, there is no direct evidence to exclude the above theory. 

There are also some puzzles regarding uptake of ca2+ by the SR ca2+ pump. First, 

the C ~ ~ + - A T P ~ S ~  binds two ca2' ions with high affinity at cytosolic ca2+ binding sites. 

Researchers are still punling whether the translocation of the two ca2+ ions into the SR 

is sequential or non-sequential. Some people think the ca2+ ions pass through the ca2' 

channel sequentially. The first cat+ entering the channel is the first to exit on the lumenal 

side of the membrane of the SR I". Others suggest that the two ca2+ ions become 

indistinguishable as they dissociate fiom the ca2+-~'Pase into the SR lumen. Second, it 



is still uncertain whether there are two or four ca2+ binding sites in the SR &+ pump. 

Some investigators proposed the four ca2+ binding sites model. These investigators 

suggested the two ca2+ ions are bound initially to the high aff~nity cytoplasmic ca2+ 

binding sites, and are then translocated after phosphorylation of the enzyme by ATP to 

distinct low-finity lumenal sites, followed by non-sequential ca2+ release into the SR 

lumen. But this proposal is hard to fit into a single ca2+ channel mode since, if four ca2' 

193 ions occupy the SR ca2+ uptake channel it might cause electrostatic constraints . 

194 Recently, some researchers presented a two-channel model . The transmembrane 

domains & Ms, & and & have been proven to interfere with the high-affinity caZ+ 

binding site and contribute to the caZC channel(s) of the c~'+-ATP~s~. Recent data also 

show the effects of M3 helix on high-affinity caZ+ binding and thapsigargin sensitivity lg5. 

The data also suggest that the effects of mutation on the two high-&nity ca2+ sites can 

be separated. In the two-channel model, the investigators proposed that these two 

interacting ca2+ channels were gated by phosphorylation of the ca2+-~~I?ase at a single 

site. The helices Mz, M3, & and M5 form a channel and the other channel was fonned by 

the helices h&, Ms, &, and w. This hypothesis needs to be tested further, as does the 

variable stoichiomeby of the ca2' binding sites in the SR ca2+ ATPase lg5. The choice 

among the various possible ca2+ translocation mechanisms requires more information 

about the structure of the ca2+ uptake channel than those currently available. 

Most of the previous studies on SR caZf uptake have been done on isolated 

myocytes. Isolated cells are equally exposed to experimental solutions, so the problem of 

uneven skinning in isolated tissue preparation can be avoided. However, isolated cells are 

in "pathophysiological" conditions since structural changes usually occur in the cell 



isolation procedure. In order to measure SR ca2+ uptake findion in conditions much 

closer to physiological states, isolated cardiac trabeculae should be considered. 

In order to measure SR ca2+ uptake accurately, the measurement of intracellular 

ca2+ buffering capacity is very important. Previous studies have reported different values 

for [CpMl in the myocytes with a 20 fold difference. Fabiato et al. reported a [CaM] 2.38 

pmoykg tissue wet wt '%, whereas W ~ e r  et al. showed a [ C W  50 p o V L  cell '%. This 

inaccuracy of [Caw affects the measurement of myocyte ca2+ buffering capacity, and 

thus affix& the shrdy of SR ca2+ uptake. Although there are some technical difficulties in 

measuring [CaJMJ in cardiac cells, this needs to be done in order to firther study SR ca2+ 

pump function. 

The cross-bridge sliding theory has been established for a long time, but the 

detailed mechanism is not completely known. Not many studies have enlightened the 

theory in a quantitative way. During studies of force-length relationship in this project, 

we tried to use BDM (2,3-butane-dione-monoxime) to stop ATP hydrolysis and cross- 

bridge cycling, so that the cross-bridges were kept attached in order to  measure the 

absolute number of cross-bridges at different level of ca2' activation. But in the 

experiments, we found that 20 mM BDM did not stop force development in skinned 

cardiac fibers, as it has been reported to do in intact muscle. Even with 200 m M  of BDM, 

we still o b s e ~ e d  substantial force development (F,, -1W of that in intact muscle) in 

Triton X-100 skimed trabeculae. This preliminary experiment result indicates that BDM 

stops force development in intact muscle probably through a second-messenger system in 

the sarcolernma Not many studies regarding the effects of BDM on force development in 



skinned fibers have been done so far. It is absolutely necessary to  clarify the effects of 

BDM in the force- generating system in skinned preparations. 

It is a very attractive and ambitious goal to measure the absolute number of cross- 

bridges at different levels of myofilament activation. In this way, we could clarie the 

force feedback mechanism in the force development, especially in a quantitative way. 

Some new tools and new chemicals need to be discovered to stop cross-bridge cycling 

while cross-bridges are kept attached without affecting the experimental conditions in 

milieu. 

From the present study, skinned cardiac fibers show lower myoflament caZ+ 

sensitivity even after correction of wg2'] and lattice spacing to their physiological state. 

The cause I have proposed from the available data is the loss of ca2+ sensitizers from 

cytosol during skinning. SDS gels of skinned myocyte suspensions in our laboratory 

revealed that hundreds of kinds of proteins were lost. Ln &re studies, western blot and 

specific antibody labeling study should be considered. Several candidates, i.e. taurin and 

C w  can be tested in future skinned preparations. The effects of addition of possible 

ca2+ sensitizers in skinning solutions on ECS0 will test the validity of my conclusion- 
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