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ABSTRACT 

This thesis investigates the adaptive and evolutionary mechanisms of excitation- 

contraction (E-C) coupling of the heart. The first series of experiments comprise the first paper 

in which rodents participated in one of several different treadmill-training protocols. In each 

study, sarcolemmal (SL) ca2+ channels or dihydropyridine receptors (DHPR) were enumerated in 

purified cardiac SL vesicles and/or ventricular homogenates from treadmill-trained (T) and 

sedentary-control (C) rats. Sarcoplasmic reticulum (SR) ca2+ release channel or ryanodine 

receptor (RyR) densities were also assessed in three of the regimens. No differences were found 

in either DHPR or RyR density after training at the lower workrates in which functional 

adaptations have been previously demonstrated. At the higher training intensities DHPR and 

RyR expression increased, possibly the result of hypertrophic stimuli. The second paper assessed 

training-induced alterations in cytosolic free ca2+ in single cardiomyocytes at one of the lower 

workrates. Simultaneous measurements of contractile properties and indo-1 (a ca2+ indicator) 

emission fluorescence (R=405/480 nm) were recorded from electrically stimulated myocytes. 

Cardiomyocytes from T rats demonstrated enhanced contractile function in the presence of a 

reduced Rm. Maximal SR releaseable ca2+ as determined by R e  during rapid cooling 

contractures was also significantly reduced in T myocytes. At the same workrate, the unaltered 

expression of DHPR and RyR and the lack of any increase in R e  either during stimulated 

twitches or RCCs strongly suggest that a greater ca2+ sensitivity of the contractile element 

contributes to the observed increase in contractility. The third paper assessed the effects of 

training on the ca2+ binding protein, calmodulin (CaM). Calmidazolium, a CaM antagonist, 

inhibited DHPR binding significantly more (8-14%) in SL vesicles from T hearts, ~ ~ 0 . 0 5 .  

Denaturing gel electrophoresis and densitometry revealed a SL protein band from T samples, 



with a M, of -16 and parallel to our CaM standard, that was 170% of C (p<0.001). A CaM 

ELISA failed to reveal any significant differences in the amount of CaM in any fraction collected 

during the SL isolation. The fourth paper assessed DHPR and RyR densities in ventricular 

homogenates from several evolutionary distinct species, the rat, trout, dogfish and hagfish. 

DHPR densities were the greatest in rat (29 siteslPm3 cell volume), lower in trout (1 8 siteslPm3), 

dogfish (13 siteslPm3) and barely detectable in hagfish (2 siteslPm3). RyR densities were highest 

in rat (65 sites/ym3), lower in trout (21 siteslPm3), dogfish (3 siteslPm3) and the lowest in hagfish 

( 4  site/ym3). RyR density correlated with the amount and complexity of SR. These data are 

consistent with a greater reliance on SL ca2+ influx in lower vertebrates and suggest that SL ca2+ 

channels may be modulated differently in the lower species. 
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CHAPTER 1 

REVIEW OF THE LITERATURE 



1 INTRODUCTION 

Cardiac output must be carefully regulated in order to maintain appropriate blood flow 

to exercising muscle, brain and other tissues. Cardiac output is the product of heart rate 

and stroke volume. Stroke volume, in turn, is controlled primarily by the modulation of 

two parameters, preload or end-diastolic volume (EDV) and myocardial contractility. 

Myocardial contractility may be regulated by extrinsic factors such as P-adrenergic 

stimulation or intrinsically by mechanisms of excitation-contraction (E-C) coupling. 

The enormous potential for plasticity in E-C coupling components is revealed by the 

ability of a wide variety of species to regulate myocardial contractility under myriad 

environmental demands. Even within a given species, this plasticity is evident in 

adaptations in E-C coupling components brought about by exercise training. The focus of 

this review is on mechanisms of E-C coupling that serve to regulate myocardial 

contractility in order to identify those components that have the potential for adaptation. 



3 

2 MAMMALIAN EXCITATION-CONTRACTION COUPLING 

2.1. INTRODUCTION 

Contraction of mammalian cardiac muscle begins with depolarization of the 

sarcolemma following pacemaker excitation. Voltage-sensitive ca2+ channels open 

allowing ca2+ ions to traverse the sarcolemmal (SL) membrane down a -10,000-fold 

concentration gradient into the cytosol. In all mammalian cardiac preparations examined 

thus far, this influx of ca2+ serves as a trigger for a larger release of ca2+ from the 

sarcoplasmic reticulum (SR), a process defined as calcium-induced calcium release 

(CICR) (191). The resulting rise in cytosolic free ca2+ leads to the binding of ca2+ to the 

myofilament protein, Troponin C (TnC) which initiates cross bridge formation, and 

subsequent tension development. Relaxation occurs when cytosolic free ca2+ is returned 

to resting levels by the removal to both the extracellular space and SR in magnitudes that 

are proportional to their respective contributions (13). 

2.2. CONTRACTILE ACTIVATION 

2.2.1. Contractile Proteins 

2.2.1.1 Ultrastruture of the contractile element 

The ultrastructure of cardiac muscle has been thoroughly reviewed (170). Electron 

microscopy of heart muscle reveals the distinct banding pattern of the myofibrils 

observed in all striated muscle. The light and dark patterning is produced by alternating 

thin actin filaments forming the light or I (isotropic) band and thick myosin filaments 



which form the dark or A (anisotropic) band. The A band also contains M lines located at 

the middle of the myosin filament which are believed to play a role in maintaining 

myosin alignment. In contrast to the A-band, which remains a constant width during 

contraction, the I-band shortens consistent with myofilament overlap and the sliding 

filament theory of muscle contraction. In the middle of each I-band anchoring the thin 

filaments is the Z line. At rest, the distance between two Z lines varies from 2.0 to 2.5 

pm and makes up the functional unit called the sarcomere. High resolution electron 

microscopy has revealed the presence of periodic cross-bridges from the myosin to the 

actin filaments. In cross section each myosin filament is surrounded by six actin 

filaments in a hexagonal array. The distance between each myosin filament in cross 

section is between 20 and 30 nm. The myofilaments occupy approximately one-half of 

the cell volume in the mammalian ventricular myocardium (29, 134). 

2.2.1.2 Actomyosin ATPase 

The thick filament is composed predominantly of myosin molecules. Each 

mammalian cardiac myosin molecule comprises two heavy chain (HC) subunits (a$) and 

four regulatory light chains. The two HC subunits are combined to form one of V1 (a,a), 

V2 (a$) or V3 @,P) isoforms. The V1 isoform is distinguishable by having a high 

intrinsic ATPase activity, rapid rate of contraction and fast electrophoretic mobility in 

nondissociating gels, V2 has intermediate properties and V3 has the lowest ATPase 

activity, rate of contraction and gel mobility. The rat heart contains a high percentage of 

V1 (70-80%) as expected from the high heart rate. In general, larger mammalian species 

have 80-100% of the V3 isoform (5).  The capacity to respond to changing cardiovascular 



demands may be determined, in part, by the ability to "up" or "down" regulate myosin 

ATPase activity. 

The thin filament is made up of a backbone of two helical strands of globular actin 

molecules. Each double stranded tropomyosin molecule lies in the groove between the 

actin strands and spans -7 actin monomers. A troponin complex attaches to tropomyosin 

at regular intervals of 7 actins. The troponin complex is made up of three subunits; 

troponin C (TnC) is the ca2+ binding protein, troponin T (TnT) binds tropomyosin, and 

troponin I (TnI) inhibits actin from binding to the myosin heads. TnC in fast skeletal 

muscle contains four similar amino acid sequences representing two low affinity 

(regulatory) ca2+-specific sites (I and II) and two high affinity sites @I and 

IV). Cardiac TnC has the distinctive feature that site I has two amino acid substitutions, 

the result of which eliminates the ability to selectively bind ca2+. With the exception of 

TnC, for which there is no evidence of isoforms within a given tissue, most of the other 

thin filament proteins exist as populations of isoforms. TnT and TnI genes express 

different isoforms during development through alternate splicing. As many as five TnT 

isoforms produced by alternative gene splicing have been identified in mammalian hearts 

(4). The cardiac TnI isoform contains a serine residue that is not found in skeletal muscle 

TnI. Phosphorylation of TnI reduces the ca2+ affinity of TnC through cooperative 

interactions in the troponin complex. The functional role for the different isoforms of TnI 

and TnT are not completely understood although it is known they can affect myosin 

ATPase activities (1 15, 166). The potential for differential isoform expression offers an 

important response by the heart to long-term changes in cardiovascular demands such as 



those which occur during ontogeny, exercise training and changing metabolic and 

environmental demands ( e g  starvation, hormonal conditions, temperature) (166). 

2.2.2 ca2+ requirements 

2.2.2.1 Cytosolic ca2+ buffering 

The importance of cytosolic ca2+ buffering is illustrated by the fact that the measured 

free ca2+ transient represents c3  % of the total ca2+ transient in heart muscle (49, 76, 

146). The majority of the ca2+ entering across the SL and released from the SR is bound 

to various cytosolic ca2+ binding sites with the relative amount depending upon the 

number of binding sites, the amount of each buffer and their respective association 

constants (Kd. ca2+ binding moieties such as TnC, calmodulin, ATP, creatine 

phosphate, external rnitochondrial and SR surfaces, and the inner SL surface are all 

known to bind ca2+ during contraction (49, 76). Several studies have attempted to 

determine this buffering capacity quantitatively using: 1) isolated canine cardiac 

myofilaments (168), 2) calculations based on known ligand concentrations and binding 

constants (49), 3) rabbit ventricular homogenates (146), and 4) permeabilized rabbit 

cardiomyocytes (76). Although the amount of ca2+ bound to the various intracellular 

buffers at diastolic free ca2+ levels (-0.1 pM) is unknown, at 1 pM the bound ca2+ is 

estimated to vary between 16 and 72 pmoles per kg wet weight from these studies. 

Finally, in order to generate half maximal tension, free ca2+ must reach a pCa of 5.2 to 



5.7 (2 to 6 pM). The addition of -40-60 ymollkg wet wt is required taking into 

consideration the known cytosolic buffering (49, 168). 

2.2.2.2 ca2+ sensitiviv 

The myofilaments in cardiac muscle are activated by ca2+ in a graded manner such 

that the relationship between free ca2+ (expressed as pCa=-log [ca2+]) and force is highly 

cooperative. Initial experiments were performed on papillary muscle that had been 

mechanically or chemically skinned (48, 66). In these experiments relatively small 

differences in ca2+ sensitivity were observed in a number of mammalian species. The 

pCa values for half-maximal force production (PC%) were typically between 5.2 and 5.7. 

When similar experiments were performed on intact muscle using aequorin, much steeper 

force-pCa curves were observed with a pCa% between 6.1 and 6.3 (60, 196). Reasons for 

this discrepancy are not yet known but may involve the loss of constituents during 

skinning which normally enhance ca2+ sensitivity, or inaccuracies in pCa determination. 

While many factors are known to influence the force-pCa relationship, temperature, 

sarcomere length and pH are particularly relevant when considering different species or 

adaptive responses such as chronic exercise. Lower temperatures and shorter sarcomere 

lengths decrease both ca2+ sensitivity and maximum force generated by the myofilaments 

(66, 87). Similarly, acidosis also decreases both the ca2+ sensitivity and maximum force. 

(26, 5 1). While the mechanisms are not clearly understood, thin filament proteins may be 

involved. It has been shown that both ATPase activity and TnC ca2* binding in the 

prenatal heart are unaffected by acidosis (167). No differences are seen between adult 

and prenatal hearts in myosin heavy chain profiles with nondissociating gels. However, 



differences were noted in the thin filament regulatory proteins, TnI and TnT, when the Tn 

complex was subject to urea gel-electrophoresis (PAGE). These results suggest that the 

difference in pH sensitivity is due to alterations in either TnI or TnT rather than TnC. 

2.3. REGULATION OF C A ~ +  DELIVERY TO MYOFIBRILS 

2.3.1 Action potential 

The cardiac action potential (AP) in mammals reflects a multitude of ionic currents 

across the SL which change over the course of a single beat. With the advent of the patch 

clamp technique to record ionic currents in isolated cardiomyocytes, knowledge about the 

role of these currents in mammalian E-C coupling has increased tremendously. While the 

shape and duration of the cardiac AP varies from species to species, for a given species, 

these parameters will vary depending upon heart rate, temperature, location within the 

heart (eg. conducting fibers, atria, ventricle, endo- epicardium) as well as other factors 

and often reflected by altered E-C coupling (55). 

The AP plateau phase is associated with an inward ca2+ current (&a) and has been 

found in all cardiac cells studied to date. It has been known since the work of Ringer 

(1883) that extracellular ca2+ is necessary for cardiac muscle contraction. Variations in 

extracellular ca2+ concentration ([ca2+],) leads to changes in the magnitude of contractile 

force. As with varying [ca2+],, varying the frequency of APs also leads to changes in 

contractile force magnitude. Jn addition, isolated cardiac &, are facilitated by an increase 

in stimulation frequency, being larger and more slowly inactivating (1 16). La obtained 

from whole cell patch recordings were increased by -25% in guinea pig ventricular 



myocytes when stimulation frequency was increased from 0.2 to 1 Hz (121). 

Simultaneous measurements of ca2' currents and intracellular ca2+ has now yielded 

quantitative models of myocardial E-C coupling in mammals (19 1). 

2.3.2 SL ca2+ influx 

2.3.2.1 Estimates of SL ca2+ influx 

SL ca2+ influx occurs rapidly through the transient opening of voltage-sensitive SL 

ca2+ channels. Each channel contributes -3 million ca2+ ions per second with the peak 

unitary ca2+ current reached in -2-3 msec at positive membrane potentials (72). 

Estimates of SL ca2+ influx, based upon a variety of techniques, range from 10-20 pmol 

per kg wet weight in -40 msec and are insufficient to support contraction in the adult 

mammalian ventricle (1 1, 49, 70, 97). In mammals, this relatively small influx of ca2+ 

triggers the release of a much greater amount of ca2+ through functionally coupled SR 

ca2+ release channels (158). 

2.3.2.2 L-type ca2+ channel 

a. Structure. Voltage-sensitive, L-type ca2+ channels in the sarcolemma represent 

an oligomeric complex consisting of a channel-forming a1 subunit, and the disulfide- 

linked a2-6, P and possibly y subunits (41, 1 16). Each a1 subunit comprises four repeats 

of six putative transmembrane helices or segments (Sl-S6), and represents a functional 

channel which binds a class of ca2+ channel antagonists, the dihydropyridines @HP) 

(101, 120). Recently, the use of subscripts was agreed upon to identify the genes from 



which the a1 subunit originates. These are S for the skeletal muscle isoform, A-B and D- 

E for the various brain isoforms, and C representing the cardiac isoform (24). In cardiac 

muscle, only the ale and P2 subunits have been fully cloned and sequenced (120, 140). 

Receptor sites for several classes of drugs have been located on the ale subunit and 

several phosphorylation sites identified (74). The S4 segment is highly conserved among 

voltage-sensitive ion channels and is believed to represent the voltage-sensor. The ale 

gene product has a molecular weight of 243 kDa based upon sequencing full length 

cDNA (101, 120). Recent experiments using chimeric ca2+ channels expressed in HEK 

293 cells have provided evidence for a ca2+ inactivation site located near the proximal 

fourth of the ale carboxyl terminus (42). Evidence that the additional subunits may be 

involved in channel modulation comes from expression studies. When mRNA for the 

a2s was coinjected with mRNA derived from the ale cDNA in Xenopus oocytes, both La 

and activation kinetics were enhanced (120). The P subunit has also been shown to 

enhance ca2+ channel activation and inactivation kinetics and drug sensitivity when 

coexpressed with ale in oocytes and COS cells (140,188). 

b. Modulation. Cardiac ca2+ channels are modulated by numerous factors 

including: pharmacological agents (eg. dihydropyridines, calmodulin antagonists), 

voltage, temperature, extra- and intracellular cations, and intracellular enzyme cascades 

(eg. CAMP, cGMP, phosphinositide, fatty acids) (1 16). Myocardial DHPRs are also 

modulated by P-adrenergic agonists which indirectly act via CAMP-dependent 

phosphorylation (150) or directly through the Gs a-subunit, to increase probability of 



channel opening (64, 112). In addition, ca2+-calmodulin dependent protein kinase and 

protein kinase C have been shown to modulate ka in chick cell reaggregates (25) and 

phosphorylate DHPRs (73, 128). Recently, the ba activation rate has been correlated with 

als subunit density in cultured myotubes from mice (2). The reasons for this relationship 

are unknown and currently under investigation. 

c. Localization and densitv. In cardiac muscle, DHPRs are localized at or near 

dyadic couplings between the SR membrane and surface SL or T-tubules (32). In 

contrast, skeletal muscle DHPRs are found predominantly in the T-tubules. Another 

distinctive feature regarding the spatial relationship between cardiac DHPR and RyRs is 

an apparent lack of the organized array seen in skeletal muscle even though they are 

within 20 nm of each other (173). In skeletal muscle DHPR tetramers are physically 

coupled to the cytoplasmic domains of alternating RyR tetrarners (27, 58). While 

considerably higher DHPR densities are found in skeletal muscle, estimates of 

mammalian cardiac DHPR densities range between 7-30 receptors per pm3 cell volume 

depending upon species, the experimental approach and associated assumptions (17, 

101). 

2.3.2.3 ~ a + / ~ a ~ +  exchange 

ca2+ entry via the SL NacKa2+ exchanger can contribute to direct activation of the 

myofilaments (21). Large contractions have been elicited either by lowering the 

extracellular Na+ concentration ([Na'],) or raising the intracellular Naf concentration 

([Na+li). In rabbit ventricular muscle, contractions activated by action potentials were 

blocked in the presence of nifedipine, a DHP ca2+ channel antagonist (15). However, 
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when [Ndli was raised to 15-20 mM, large contractions were elicited upon 

depolarization (0.5 Hz) in the presence of nifedipine (15). The SL ~ a + / ~ a ~ +  exchanger is 

electrogenic transporting 3 N d  ions for every ca2+ ion. ca2+ influx or efflux via the 

Na+/ca2+ exchanger depends upon the Na+ and ca2+ concentration gradients and the 

membrane potential. The electrochemical driving forces (DF) for ~ a +  and ca2+ may be 

expressed as: 

DFNa = 3(ENa - Em) and DFCa = 2 (Eta - Em) 

where, ENa and Eca are the equilibrium potentials for Nat and ca2+ ions {I$,.= (RTIzF) 

In ([ion]d[i~n]~)} and E, is the membrane potential. Thus the potential at which DFNa 

and DFca are equal reflects the equilibrium potential for Nac/ca2+ exchange (ENdc,Ca) and 

the potential at which the NaC/Ca2+ exchange current reverses modes. The ENdCa is 

therefore expressed as 

The driving force for Na+/ca2+ exchange @FNd& depends upon both the ENaKS and &, 

During an AP, changes in the E, causes a rise in [ca2+]i and thus Eca and therefore 

2+ ENalCa change. Ca influx or reverse mode is favoured when ENa/ca is more positive to 



. Using appropriate values for the above parameters, one would predict that this 

reverse mode could be favoured at some point during the plateau phase of the AP. The 

amplitude of the Na+/ca2+ exchange current is not only subject to the driving forces but 

also to kinetic limitations. For example, the DF for ca2+ extrusion may be large during 

diastole but the net extrusion of ca2+ is limited by the low [ca2+li relative to the 

Nat/~a2+ exchanger's K, for ca2+. Based on data from intact muscles and 

thermodynamic considerations, it seems probable that under normal conditions the 

Na+/ca2+ exchanger serves mainly as a means of ca2+ extrusion. However, the 

importance of Nat/~a2+ exchange in contributing to ca2+ influx under physiologically 

relevant conditions remains the focus of debate (95, 159). 

2.3.3 SR ca2+ release 

2.3.3.1 Estimates of SR ca2+ release 

In the mammalian heart, ca2+ released from the SR is a major source of ca2+ for 

contraction. The numerous studies in support of ca2+-induced, ca2+-release (CICR) were 

initially based upon data from skinned fibers (49) and supported more recently by 

observations from isolated myocytes with intact SL (20, 126). Rapid cooling of either 

multicellular or isolated cell preparations simultaneously enhances the release of ca2+ 

from the SR and inhibits ca2+ uptake mechanisms thereby inducing a rapid cooling 

contracture (RCC) (30). The magnitude of the contracture is believed to be a valid index 

of relative SR releasable ca2+ (30). 



Estimates of the amount of ca2+ released from the SR during a RCC, based upon indo- 

1 measurements of free ca2+, taking into account estimates of cytosolic ca2+ buffering, 

suggest release of 150-300 pmoles per kg wet weight, which is more than sufficient to 

support contraction (14). Recently, a model was developed to estimate the net flux of 

ca2+ out of the SR during a simulated twitch (164). The maximum flux was estimated to 

be -40-160 pmoles per kg wet weight in -40 msec, clearly, a rate consistent with 

contractile activation. 

2.3.3.2 SR ca2+ release channels 

a. Structure. The purification of the ryanodine receptor (RyR) from junctional SR 

and associated ca2+ channel activity lead to the identification of the RyR as the SR ca2+ 

release channel (79, 91). Three separate genes have now been identified encoding the 

isoforms RyRl (skeletal), RyR2 (heart), and RyR3 (brain and smooth muscle). RyRs are 

homotetramers of -560 kDa with each subunit having a large cytoplasmic domain 

spanning the -15 nm gap between the SR and DHPRs located in the T-tubules or SL 

(127, 133). In the heart, the RyR has been localized to two discrete areas in the SR 

membrane, the junctional and corbular SR (85). In chicken myocardium, RyRs in the 

junctional SR form peripheral couplings and are in close proximity to DHPRs, those 

located in the corbular SR are not associated with DHPRs (173). The evidence that 

corbular SR contains RyRs and calsequestrin (ca2+ binding SR protein), in addition to 

storing ca2+, suggests participation in E-C coupling (50, 85). Evidence for the functional 

coupling between peripheral RyRs and DHPRs is provided by recent experiments using 

rat cardiomyocytes which demonstrate that ca2+ entering through SL ca2+ channels was 



substantially more effective in gating SR ca2+ release compared to ca2+ entering via the 

~ a + / ~ a ~ +  exchanger (158). In addition, the SL ca2+ channels were inactivated by ca2+ 

released from the SR even in the presence of intracellular EGTA which suggests that the 

SR released ca2+ has preferrential access to the DHPR. 

b. Modulation. In both skeletal and cardiac muscle, SR ca2+ release 

channels1RyRs are modulated directly and indirectly by a large variety of effectors 

including ca2+, M ~ ~ + ,  ryanodine, caffeine, adenine nucleotides, fatty acids, calmodulin, 

pH and temperature (38, 96, 116, 117). The major difference between skeletal and 

cardiac RyRs relates to their sensitivity and gating by ca2+. Micromolar concentrations 

of ca2+ stimulate the release of ca2+ from cardiac SR vesicles. The bell-shaped ca2+ 

dependence of release is maximal around 5-20 pM (38, 118). While M ~ ~ +  is a potent 

inhibitor of ca2+ release in SR vesicles isolated from skeletal muscle, physiological (mM) 

concentrations have little effect on the binding of ca2+ to cardiac RyR receptors (1 18). 

Nanomolar concentrations of ryanodine open the SR ca2+ release channel to a 

subconductance state while higher concentrations (>I0 pM) completely block the 

channel. Adenine nucleotides shift the half-maximal ca2+ concentration for CICR from 2 

to 0.8 pM (1 19). The cardiac isoform (RyR2) has a unique phosphorylation site for ca2+- 

CaM dependent protein kinase which is not found on either RyRl or RyR3 (193). The 

cardiac RyR also has a unique property of opening in response to rapid cooling to 

temperatures below 5OC. This characteristic has provided a useful tool in the assessment 

of SR releaseable ca2+. 



Analysis of ['HI-ryanodine binding has provided substantial information about the 

3 function of the release channel. [ HI-ryanodine binding shows ca2+ dependence with a 

threshold of -1yM, with optimal binding around 10 pM to 1 mM. Both high- and low- 

affinity binding sites exist on the homotetramer. The ratio of high- to low-affinity 

binding sites was reported to be 1:3 (143). Equilibrium binding experiments in cardiac 

SR have described dissociation constants of K1=l-4 nM, K2= 30-50 nM, K3=500-800 

nM, and K4=2-4 yM for binding of up to four ryanodine molecules per tetramer (143). 

Hill coefficients of <1 for the low-affinity sites suggest that sequential binding of one to 

three ryanodine molecules to initially identical sites on the open channel proceeds through 

allosterically coupled negative cooperativity (33, 143). 

c. Localization and density. Estimates for the number of mammalian cardiac RyRs 

are considerably greater than DHPR densities and vary from 27 to -100 receptors per ym3 

cell volume depending upon species and preparation (17). The stoichiometric 

relationship between the DHPR and RyR also has important implications in E-C 

coupling. In skeletal muscle, it appears that a RyR/DHPR ratio of 0.5 is highly conserved 

phylogenetically (3, 27, 57). This type of arrangement is consistent with the current E-C 

coupling model in skeletal muscle in which the DHPR has a physical link with the RyR 

(27). In contrast, the RYR/DHPR ratio in the mammalian myocardium is considerably 

higher (2 to lo), more variable and species specific (17). These architectural and 

functional differences help to explain the observed differences in E-C coupling between 

these two tissues. 



2.3.4 ca2+ regulation by mitochondria 

Mitochondrial involvement in E-C coupling has been ruled out, at least in the 

mammalian myocardium, based upon several pharmacological and kinetic arguments (7, 

8, 13, 49). Although mitochondria have a considerable storage capacity for ca2+ (-140 

mmol/kg wet wgt) (31) they are not considered to be of prime importance in the 

regulation of ca2+ levels on a beat-by-beat basis. Reasons for this include: 1) that pCa 

has to be sustained at levels greater than -l$M in order to accumulate ca2+ (123), 2) the 

rate of ca2+ uptake is 2 orders of magnitude too slow (8), 3) no mechanism for rapid ca2+ 

release has been identified and 4) blocking ca2+ release does not affect contraction (8). 

2.4 MYOCARDIAL RELAXATION 

2.4.1 Estimates of ca2+ removal 

In order for relaxation to occur, -40-60 pmoles of ca2+ per kg wet weight must be 

removed during a single cardiac cycle, the time interval of which is dependent upon heart 

rate. In the mammalian heart, this ca2+ removal occurs predominantly by the SR ca2+- 

ATPase and to a lesser extent the SL ~ a + / c a ~ +  exchanger. The maximum SR ca2+ uptake 

rate in permeabilized rat myocytes has been determined to be 56 pmoles per kg wet 

0 
weight per second at 23 C (76). Extrapolation to 3 7 ' ~  yields -168 pmoles per kg wet 

weight per second. Based upon SL vesicular measurements, the SL NaKa exchanger is 

capable of removing ca2+ at a rate of -100 pmoles per kg wet weight per second 

although the affnity for ca2+ is considerably lower compared to that of the SR ca2+ 



ATPase (148). Thus it appears that the SR ca2+ ATPase and the ~ a + / ~ a ~ +  exchanger are 

together more than sufficient to promote relaxation in the time required. Recent 

experiments on ventricular myocytes and other preparations have demonstrated that the 

relative role of each mechanism is highly species and condition dependent with the 

Na+/ca2+ exchanger being the major contributor to Cai-transient decay in rabbit while the 

SR ca2+ ATPase predominates in the rat heart (10, 13, 16). In rat ventricular myocytes 

loaded with indo-1, the relative contributions to relaxation were estimated to be -87% for 

SR ca2+ ATPase, 8.7% for Na+lca2+ exchange, 2.6% for SL ca2+ ATPase, and 1.7% for 

mitochondria (129). 

2.4.1.1 SL ca2+ ATPase 

The SL ca2+ ATPase, while having a high affinity for ca2+ (Q = 63 nM), does not 

appear to be involved in significant calcium removal on a beat-to-beat basis in the 

myocardium of mammalian species studied due to a low maximum transport rate of -2.4 

nmol ca2+ per kg wet weight per second under optimal conditions (43). When both the 

SR ca2+ ATPase and Na+/ca2+ exchanger are inhibited, relaxation essentially does not 

occur (13). 

2.4.1.2 SR ca2+ ATPase 

Both the SR ca2+ ATPase and its regulatory protein, phospholamban, are major 

constituents in the membrane of the longitudinal SR and nonjunctional regions of the 

terminal cisternae (54). The ca2+ ATPase has a K, for ca2+ of 1-5 pM, an affinity which 

can be increased 3-5 fold by phospholamban phosphorylation (161, 174). Two ca2+ ions 



are transported for each ATP utilized at a maximal rate of 10-15 ions/pump/sec. Unlike 

fast-twitch muscle, the cardiac SR ca2+ ATPase is associated with and under direct 

regulation by a -22 kDa protein, phospholamban (80,88,94). 

a. Structure. Of the three known ca2+ ATPase (SERCA) genes, SERCA2 encodes 

the slow-twitchkardiac isoform through alternative splicing (107). The rabbit cardiac SR 

ca2+ ATPase has been extensively characterized including cloning and sequencing of full 

length cDNA (1 08, 197). 

b. Modulation. Phospholamban is a homopentamer comprising -6 kDa monomers 

associated through noncovalent interactions. When phosphlamban is phosphorylated by 

one of several mechanisms including a ca2+ and calmodulin-dependent protein kinase, 

maximal ca2+ ATPase activity and ca2+ binding affinity are both increased (80, 160, 

174). Phospholamban, due to its direct association with the SR ca2+ ATPase, is an 

important regulator of myocardial contractility. In vitro experiments demonstrate that 

when phospholamban is phosphorylated by CAMP- or ca2+ and calmodulin-dependent 

protein kinase, ca2+ ATPase activity and SR ca2+ uptake is markedly increased (80, 88, 

160). Phospholamban knockout in transgenic mice substantially increases 

intraventricular pressure development and maximal rates of pressure development under 

conditions of constant heart rate and cardiac power (106). 

c. Localization and density. Estimates of ca2+ ATPase density reveal -3,700 per 

pm3 cell volume based upon a phosphoenzyme formation of 5.9 pmoVkg wet wt (100) 

and a cylindrical myocyte model with a mass of 22 ng and volume of 2 1 ~ 1 0 - ~ c m ~ .  



2.3.1.3 N~+/c>+ exchange 

Much of what is known about the SL Naf/~a2+ exchanger comes from studies using 

purified SL vesicles. The SL Na+/ca2+ exchanger normally functions in ca2+ extrusion 

mode (145, 147). A high capacity for ca2+ extrusion is demonstrated by maximum 

transport rates of -100 pmol per kg wet wt per sec in purified SL vesicles (148) and 

isolated ventricular myocytes (122). The K, for Na+ is -30 mM while the K, for ca2+ is 

estimated to be -1-40 pM with the lower values having been determined in giant SL 

patches (148). There are apparently significant variations in exchanger activity among 

isolated myocytes from different species reflecting, perhaps, differences in relative roles 

of SL ca2+ influx and SR ca2+ release (157). Whether these are due to differences in 

exchanger densities, modulation or distribution remains to be determined. 

a. Structure. The plasma membrane Na+/ca2+ exchanger is single polypeptide of 

-108 kDa encoded by a single gene with 11 putative transmembrane domains and one 

large cytoplasmic hydrophobic domain (89, 98, 131). To date, four types of Na+/ca2+ 

exchangers have been cloned and are discussed using the current nomenclature (130). In 

addition to the cardiac isoform (NCXl), several tissue-specific alternatively spliced 

isoforms have been identified (89, 98). NCXl from the hearts of a number of species 

including canine, bovine, guinea pig and rat have been cloned and functionally expressed 

( 1  1 13 1 8 )  The SL Na+/ca2+ exchanger from these species is >90% homologous 

based upon sequence comparison. An exception to this high degree of homology is the 

second exchanger (CalX) cloned from Drosophila, which shares only 52% sequence 



homology to NCXl (185). The third isoform (NCX2) was cloned from a rat brain cDNA 

library and shares 62% homology with NCXl (102). Transcripts of NCX2 have only 

been observed in brain and skeletal muscle. The fourth exchanger, NCKX1, found in rod 

outer segments, is not a true ~ a + / ~ a ~ +  exchanger as it exchanges K+ in addition to Na' 

and ca2+ but shares two regions of sequence similarity to NCXl and overall topological 

similarity. 

b. Modulation. A multitude of factors have been cited as modifiers of NCXl 

activity including ca2+, pH, temperature and phospholipids (12, 148). A ca2+ binding 

regulatory site distinct from the ca2+ transport site has been identified on the cytoplasmic 

loop by site-directed mutagenesis (1 11). When ca2+ binds to this regulatory site, the 

exchanger is activated (69). Jn addition to indirect regulation by ATP, several 

phosphorylation sites, and a putative calmodulin binding site have been identified on the 

large cytoplasmic domain between transmembrane repeats 6 and 7 of the exchanger (103, 

131). 

c. Localization and densitv. Charge movements obtained in giant membrane 

patches from guinea-pig SL indicate about 400 exchangers per pm2 (71). 

Irnmunofluorescence and immunoelectron microscopy experiments in guinea pig 

cardiomyocytes have localized the exchanger to predominantly the T-tubular system with 

patchy labelling of the peripheral sarcolemrna (56). 



3 EXERCISE-INDUCED ADAPTATIONS OF CARDIAC FUNCTION 

3.1 INTRODUCTION 

Changes in ca2+ handling have been suggested to be a component of the adaptatve 

response by the heart to chronic exercise training. This review will address the potential 

of ca2+ handling in mediating exercise-induced alterations in myocardial contractility. 

The physiological effects of endurance exercise training are well documented in both 

human and animal models, however, controversy surrounds the nature of the underlying 

adaptive mechanisms. Reasons for this lie in the myriad methodologies, training 

paradigms and different animal models used to determine the adaptive mechanisms (53). 

Taking this into consideration, a review of the cardiovascular adaptations to endurance 

exercise will be presented. 

Cardiovascular responses to endurance training include increases in maximal values of 

oxygen uptake, stroke volume and cardiac output with little or no change in maximal 

heart rate (28, 44). In humans, -80% of the potential increase in maximum oxygen 

r delivery resulting from endurance training is due to augmented stroke volume (SV) with 

the remaining 20% due to improved oxygen extraction (28). There is consistent 

agreement that chronic exercise training of sufficient intensity results in a decreased heart 

rate, and therefore a greater SV for a given submaximal cardiac output (28, 44). The 

mechanisms contributing to greater submaximal and maximal SV remain controversial. 

Since SV can be affected by both extramyocardial and myocardial factors, the effect of 

endurance training on these parameters will be examined. 



3 -2 EXTRAMYOCARDIAL A D ~ A T I O N S  

3.2.1 Heart Rate 

In mammals, the normal heart rate increase to acute exercise is mediated by a 

combination of vagal withdrawal and P-adrenergic stimulation. Chronic endurance 

training produces a well documented bradycardia both at rest and at any given 

submaximal cardiac output (28). It has been suggested that training causes an increase in 

parasympathetic activity at rest but the mechanisms contributing to the reduced HR 

during submaximal exercise remain equivocal (156). Complete vagal blockade in 

humans produces a heart rate of about 130 beats per minute above which increased P- 

adrenergic stimulation is required. However, no significant changes in plasma or 

myocardial tissue levels of epinephrine or norepinephrine are observed at rest in the 

trained individual (39, 141). Consistent with bradycardia, lower plasma catecholamine 

concentrations at any absolute submaximal work load have been cited while no 

differences are observed at the same relative work intensity (28, 156). 

Nonneural mechanisms may also contribute to the observed training induced 

bradycardia. Several studies have demonstrated a decrease in the intrinsic rate of the 

atrial pacemaker and sinoatrial node (1 63, 165). 

3.2.2 Coronary Vasculature 

An important effect of physical training on cardiac function is an increase in the size 

of the coronary vascular bed with changes involving neogenesis of capillaries in addition 



to changes in the larger vessels (93). Consistent with greater coronary vascularity is an 

increased coronary blood flow observed in chronically instrumented, trained dogs (172). 

3.2.3 Preload 

By definition, the greater SV observed with training must involve an increased preload 

or end-diastolic volume (EDV), decreased end-systolic volume (ESV) or both. Increased 

preload or EDV remains a small but significant adaptation to exercise training (28, 44). 

Echochardiography, a non-invasive technique, has provided some evidence for an 

increase in ventricular preload in healthy male subjects trained by jogging (194). Animal 

studies using isolated working heart preparations have demonstrated enhanced SV but 

often fail to show whether their results are due to greater EDV or some other intrinsic 

mechanism (138). Using radionuclide angiography, more direct evidence of EDV 

augmentation during submaximal and maximal swimming in trained individuals was 

observed (149). Factors which may contribute to enhanced EDV are improved venous 

return and greater total blood volume. 

A slower heart rate for a given workload would allow a longer filling time and may 

prove to be an important adaptation to training by leading to greater venous return and 
r 

EDV (18). However, maximum heart rates do not change while maximum cardiac 

outputs can increase by as much as 20%. Greater total blood volume may also contribute 

to enhanced EDV with training. Small but statistically significant changes in total blood 

volume occur with training, usually without major changes in hemoglobin concentration 

or hematocrit (149, 152, 156). Several studies have been cited which have involved the 

reinfusion of blood into sedentary and trained subjects (28). Greater SV and cardiac 



outputs were found in the trained but not untrained subjects in response to acute blood 

volume increases. 

3.2.4 Afterload 

In addition to greater EDV, a reduction in ESV further adds to SV enhancement. 

Smaller ESV may occur as a result of increased contractility, andlor a reduced resistance 

to flow. The increase in SV seen in trained subjects has not been associated with a fall in 

mean arterial blood pressure even though a fall in total peripheral resistance (TPR) has 

been documented (37). During maximal exercise at similar arterial pressures a marked 

reduction in TPR enables the trained athlete to generate cardiac outputs twice that of 

sedentary persons. A striking feature of the training response is a marked increase in the 

size of the skeletal muscle capillary bed with the major site of decreased resistance 

occuring at the arteriolar level. It appears that training causes an important increase in the 

maximal vascular conductance of working muscle in response to local rather than 

systemic mechanisms (28). While training-induced adaptations do occur at the level of 

working muscle, afterload is not reduced and therefore does not contribute to the 

reduction in ESV. 

3.3 MYOCARDIAL ADAITATIONS 

3.3.1 Cardiac Hypertrophy 

While cardiac hypertrophy is often an expected adaptation to chronic exercise training, 

experimental evidence does not unequivocally support this conclusion. Cross-sectional 

studies using echocardiographic analysis indicate that differences in cardiac dimensions 

between endurance-trained athletes and non-athletes are small with average increases of 



0.3 rnrn in wall thickness and only 2.1 mrn in end-diastolic diameter (142). Many animal 

studies have reported small but significant changes in heart size (59, 68, 154). These 

studies are often confounded by a number of factors such as gender, mode of training (eg. 

swimming vs running), or the indices used to determine the extent of hypertrophy (eg. 

heart weight, heart weighthody weight ratio) (142). A significant number of studies, in 

which treadmill-trained female rodents are used, demonstrate enhanced cardiac function 

in the absence of significant cardiac hypertrophy (6, 177, 180). When total work is 

calculated based upon body mass, treadmill speed and percent grade, and the total number 

of exercise sessions, no differences were noted between the % increase in the 

hypertrophic index and either the total work (kg-m) performed or the relative power 

output (Wlkg) (142). Thus, while cardiac hypertrophy occurs and is related to intensity 

and duration of exercise, it is not obligatory for improved cardiac performance. 

3.3.2 Myocardial Contractility 

Another potential intrinsic adaptation to exercise training is an increase in myocardial 

contractility. A change in contractility by definition involves length-independent 

mechanisms. Many experimental parameters have been used as indices with which to 

measure changes in contractility. However, indices such as V,, (maximum rate of cross- 

bridge turnover), dP/dt (or dT/dt) (rate of change in pressure or tension development), 

rate of fiber shortening, dFilow/dt (rate of change in aortic blood flow) and peak LVP (left 

ventricular pressure) all have a confounding length dependence. The use of papillary 

muscle, ventricular strips and more recently isolated single cardiomyocytes has permitted 

greater control over fiber length. 



Isolated muscle strips from trained rats generated greater active tension compared to 

sedentary animals (40). In another study using a working heart preparation, trained hearts 

had greater ejection fractions, greater fiber shortening and increased dP/dt for a given 

filling pressure, all in the absence of hypertrophy (18). Investigators, using isolated 

cardiac tissue from trained hearts, have observed increases in contractility (68, 124, 138, 

155, 177, 180), while others have found no change or even a decrease (132, 192). 

Two distinct approaches have been taken to investigate the possible mechanisms 

which may contribute to enhanced myocardial contractility and thus greater stroke 

volumes with endurance exercise training. One approach has focused on alterations in 

the contractile element and the other on changes to the various components of E-C 

coupling which ultimately alter the amount of ca2+ delivered to the myofilaments. 

3.3.2.1 Contractile element 

Some investigators have attributed the enhanced cardiac function, at least in part, to an 

increase in actomyosin ATPase activity (22, 23). While such alterations have been 

confirmed using rats subjected to swimming regimens (22, 23), rats that have been 

treadrnill-trained do not appear to undergo alterations in cardiac myosin isofonn 

composition or ATPase activity (52, 109, 135, 180). Treadrnill-training of pigs also 

failed to induce changes in either myosin or myofibrillar ATPase activities (92). Myosin 

light chain-2 phoshorylation (LC-P) has been proposed to augment myocardial force 

production. In another study, the extent of LC-P remained unaltered in trained hearts at 

rest and under conditions of equivalent workload and heart rate as assessed by gel 

densitometry (52). Extensive in vitro experiments have not provided any evidence to 

suggest that the contractile element undergoes any adaptations resulting from chronic 



treadmill training. However, recent experiments using single myocytes have revealed 

some indication that the contractile element may indeed be altered after training. In this 

study, enhanced contractile activation was demonstrated in cardiomycytes isolated from 

treadmill trained rats (125). The reasons for this apparent discrepency are unclear but 

may involve either different experimental conditions, loss of regulatory factors in the in 

vitro preparations or changes to the contractile element independent of the contractile 

proteins. 

3.3.2.2 E-C Coupling Alterations 

Alterations in E-C coupling leading to enhanced myocardial contractility will either 

increase the delivery of ca2+ to the contractile element or enhance the contractile element 

sensitivity to a given level of ca2+. In addition to possible adaptations in ca2+ buffering, 

three organelles could potentially contribute to an increase in ca2+ delivery: 1) the 

mitochondria, 2) the sarcoplasmic reticulum, and 3) the sarcolemma. 

a. Mitochondria. As previously mentioned mitochondria have been clearly 

implicated to be more important for long term ca2+ regulation rather than for beat-to-beat 

regulation of contractility (8, 13). In vitro studies on the effects of exercise training on 

myocardial mitochondria function in several species show no improvement in function 

(139, 171). 

b. Sarcovlasmic reticulum. There is limited evidence regarding the nature of SR 

adaptations with training. Several studies cite evidence which suggest that training 

increases ca2+ uptake by the SR which may explain the increased rate of cardiac 

relaxation sometimes observed in trained rats (99, 109, 137, 176). Other studies have 

failed to demonstrate any differences with chronic training (171, 175). Interpretation of 



these data is made difficult due to variations in the mode of training (eg. swimming vs 

running), animal gender and species. Virtually nothing is known about the effect of 

training on SR ca2+ release. 

c. Sarcolemma. It has been proposed that exercise-induced adaptation of SL 

function may result in a greater delivery of ca2+ to the contractile element (177). 

Electrophysiological analysis reaveals a prolonged plateau phae of the action potential in 

ventricular endocardium from the treadmill-trained rats. In the same study, papillary 

muscles also generated greater peak isometric twitch tensions (177). Increased SL ca2+ 

influx may directly activate the myofilaments or trigger an even greater release of ca2+ 

from the SR. In vitro studies have shown an increase in the DHPR density (190), and 

~ a + / ~ a ~ +  exchange affinity for ca2+ (178) with training. Marked changes in the lipid 

composition of cardiac SL vesicles were also observed in another study (182). Specific 

SL content of total phospholipid and phosphatidylserine (PS) increased by 23 and 50%, 

respectively. This may be an important adaptation to exercise since PS is an anionic 

phospholipid known to bind ca2+ and stimulate the ~ a + / ~ a ~ +  exchanger (144). However, 

the consequences of such changes remain to be determined. In contrast to these data, a 

recent study found that cardiomyocytes from trained rats shortened to a greater extent in 

the presence of an apparent reduction in peak cytosolic ca2+ (125). Clearly, exercise 

adaptations in the mechanisms of E-C coupling are proving to be complex. 

d. ca2+ buffering bv Calmodulin. As mentioned the major known intracellular 

ca2+ buffers include the ca2+ binding sites on the external SR, the ca2+ high affinity site 

on the internal SL, the ~ a ~ + - s ~ e c i f i c  site on TnC, and calmodulin (CaM), all of which 



have binding affinities (KD) in the low (1-100) pM range. Virtually nothing is known 

regarding the nature (if any) of exercise adaptations in these components. There is, 

however, some indirect evidence implicating CaM in exercise adaptations. 

CaM, a small ubiquitous ca2+ binding protein, posseses four ca2+ binding sites with 

affinities in the micromolar range. Upon ca2+ binding, CaM produces stable conformers 

capable of interacting with and activating a number of cytosolic and membrane enzymes 

including cyclic nucleotide phosphodiesterase, SL ca2+ ATPase, myosin light chain 

kinase, SR-phospholamban protein kinase, SR ca2+ release channel, and phosphorylase 

kinase (35, 119, 186, 187). In addition, exogenously added CaM has been shown to 

modulate ca2+-dependent Na+ channels (151) as well as spontaneous ca2+-dependent 

APs in cultured ventricular cell reaggregates isolated from chick embryos (25). 

Dihydropyridine ( D m )  binding is known to be strongly voltage- and ca2+-dependent 

(90, 105). CaM antagonists, a group of agents known to bind to and inhibit CaM and 

CaM-dependent processes, were found to inhibit radiolabelled DHP binding in rabbit 

ventricular microsomes at doses similar to CaM inhibition (81). At 1 pM, calmidazolium 

inhibited ['~lnitrendi~ine binding by 83%, while the same concentration of 

trifluoperazine inhibited binding by 28%. In another study, exogenously added CaM (50 

nM) increased specific ['H]PN~OO-I 10 binding by 200% (189). These data suggest that 

CaM may play a role in modulating ca2+ channel activity. 

To date there has only been one report of total CaM determined in hearts of treadmill- 

trained and sedentary-control rats (136). While no significant changes were noted, an 



indirect method of phosphodiesterase activation was used and the amounts cited were 

several orders of magnitude lower than typically reported for heart. Because CaM is 

known to be distributed between both SL and cytosolic compartments, measuring total 

CaM may not reveal differences in membrane-bound CaM levels after training. Because 

CaM has been implicated in SL ca2+ channels and that SL ca2+ channel density increases 

with training in both homogenate and purified SL (190), the potential exists for exercise- 

induced changes in the levels of SL-bound CaM in the heart. 

The experiments described in this dissertation use three separate approaches (papers I, 

11, and III) to further investigate the nature of exercise adaptations in the E-C coupling 

components. The working hypotheses is that myocardial contractility is enhanced with 

treadmill-training and this is due, at least in part, to greater ca2+ delivery to the 

myofilaments. 

The first approach (paper T) assesses the effects of treadmill-training under four 

different workrates on DHPR and RyR densities in ventricular homogenates using the 

same female rat model. The second approach (paper 11) assesses possible training- 

induced alterations in cytosolic ca2+ transients in isolated cardiomyocytes. The third 

approach addresses whether or not total or SL CaM levels are enhanced as the result of 

endurance training. 



4 E-C COUPLING IN LOWER VERTEBRATES 

4.1 INTRODUCTION 

Environmental factors such as varying pH, oxygen availability and seasonal 

temperature changes place unique demands on the hearts of lower vertebrates. In order to 

meet these demands different strategies have evolved in E-C coupling mechanisms in 

order to maintain contractility in the different species. For example, trout (Oncorhynchus 

mykiss) are able to maintain high cardiac outputs at both warm (15-20'~) and cold (4- 

9 ' ~ )  temperatures despite the negative inotropic effects of cold temperatures. This 

compensation may be the result of hyperplasia, hypertrophy, alterations in myofilarnent 

ca2+ sensitivity or quantitative changes in ca2+ delivery. Those factors involving E-C 

coupling mechanisms will be reviewed. 

4.2 MYOCARDIAL ANATOMY 

The most striking comparative feature is that fish, unlike mammals, have a single 

ventricle receiving venous blood which is subsequently pumped to the gills for 

oxygenation. In many of these species, including the more primitive hagfish, the 

myocardium lacks any form of coronary circulation and consists entirely of spongy 

trabeculae which are nourished by the venous circulation. In the more active species such 

as the teleosts and the elasmobranchs which are known to tolerate hypoxia, the spongy 

layer is surrounded by an outer compact layer of varying thickness which supplies 

oxygenated blood via a coronary circulation. While any differences in E-C coupling 



between spongy and compact layers within a given species have yet to be determined, 

important differences have been noted among the lower vertebrates and under different 

temperatures in the trout heart (75, 77). Another noteable feature is the smaller myocyte 

diameters of 2-6 pm compared to -20-25 pm observed in mammals. 

4.3 CONTRACTILE ACTIVATION 

4.3.1 Contractile proteins 

4.3.1.1 Ultrastructure of the contractile element 

The sarcomere structure in the myocardial cells of cyclostomes, elasmobranchs and 

teleosts is comparable to that observed in the hearts of mammals (153). A, I and Z bands 

are readily seen under the electron microscope. M lines have not been as well 

documented, nor has the composition of the N lines which are located on either side of 

the Z band. In general, less is known about the protein composition of the various bands 

and their functional roles. As in mammalian striated muscle, six actin-containing thin 

filament surround each myosin filament which are spaced 20-30 nrn apart (153). In some 

species the myofibrils are located in the periphery of the cell, in other species they are 

evenly distributed. Morphometric analysis has indicated that the proportion of the cell 

occupied by myofibrils varies somewhat between species and also between atria (37% of 

cell volume) and ventricle (47% of cell volume) (195). In the tuna, Thunnus alalunga, 

no significant differences exist between the spongy and compact layers, where the 

myofibrils occupy 55% and 52% of cell volume, respectively. 



4.3.1.2 Actomyosin ATPase 

Non-dissociating gel electrophoresis has revealed the presence of a single but distinct 

native myosin isoform in both atria and ventricular tissue of several teleosts (86). 

However, two isoforms are apparent in the ventricles of goldfish (Carassius auratus L.) 

and arctic char (Salvelinus alpinus) (86, 110). The existence of multiple myosin isoforms 

has been demonstrated using histochemical and immunological techniques even though 

these isoforms could not be resolved electrophoretically. An example of this is the 

electrophoretic detection of one myosin isoform in carp ventricle with a myosin ATPase 

activity -60% higher on average in the compact compared to that of the spongiosa 

myocardium (9). These results suggest the presence of multiple myosin isoforms, some 

of which may not be electrophoretically resolveable. Not only are multiple isoforms 

present in heart, differential isoform expression is demonstrated by temperature 

compensation, studied thus far only in fish skeletal muscle (84). 

Temperature compensation by poikilotherm fish enables better swimming performance 

than would otherwise be predicted by seasonal variations in temperature. The majority of 

studies have focused on the compensatory mechanisms in skeletal muscle. Myofibrillar 

ATPase activity from goldfish skeletal muscle is -3 times higher in fish acclimated to 

1•‹c than to 2 6 ' ~  and marked differences in thermal stability were also observed (83). 

Both electrophoresis (SDS-PAGE) and peptide mapping have failed to reveal any 

differences in carp fast and slow skeletal myosin heavy chain (MHC) profiles due to 

temperature compensation (84). In contrast, northern blot analysis has provided evidence 

of differential MHC isoform expression in warm vs cold-adapted carp skeletal muscle 

(61). Temperature compensation in some fish species leads to changes in ventricular 



mass, heart rate, and mechanical efficiency (63). Myofibrillar changes in response to cold 

have yet to be examined in the fish heart. 

Little is known about the presence or absence of thin filament protein isoforms in the 

hearts of lower vertebrates. The stimuli for differential isoform expression known to 

occur in mammals are also present in the enviroment of fishes (eg. starvation, exercise, 

temperature adaptation). More sensitive techniques and further investigation may reveal 

a greater diversity than is currently known. The plasticity offered by differential isoform 

expression would enable fishes to maintain myocardial contractility under those 

environmental conditions known to depress function. 

4.3.1.3 ca2+ requirements 

As indicated previously, the amount of ca2+ required to generate contractile force 

depends upon the cytosolic ca2+ buffering capacity and the affinity of TnC for ca2+. At 

present, little is known about either the extent of cytosolic ca2+ buffering, or the affinity 

of TnC for ca2+ in lower vertebrates. Compared to mammals and based on myocyte 

dimensions, the relative contribution of internal SL ca2+ binding sites would be more 

while the external SR ca2+ binding sites would be less. Myofibrillar volume is 

appoximately the same as that in mammals, thus the concentration of TnC would be 

expected to be similar. Assuming a similar ca2+ requirement and substantially less SR 

involvement, greater SL influx would be predicted. However, the amount of ca2+ 

required to generate tension in the hearts of lower vertebrates awaits quantitative 

knowledge of cytosolic ca2+ buffering. In addition, the temperature and pH dependence 



of the buffer K, values may be of physiological consequence in the maintenance of 

contractility when exposed to different environments. 

In cardiac muscle of homeotherms, the ca2+ sensitivity of the contractile element is 

profoundly temperature sensitive with reductions in both maximal force and myofibrillar 

ca2+ sensitivity as temperature is lowered below physiological (66). This potentially 

cardioplegic influence of lower temperatures must be overcome in poikilotherms either 

by greater ca2+ delivery or increased ca2+ sensitivity of the contractile apparatus. In the 

frog, tension generated by slunned cardiac myofibrils are less temperature sensitive 

compared to rat and more sensitive to ca2+ at any given temperature over the range of 1 

to 2 2 ' ~  (67). It appears that a thermal adaptation in C? sensitivity helps to maintain 

myocardial contractility at lower temperatures experienced by at least some of the lower 

vertebrate species. 

Both pH and temperature can alter the ca2+ sensitivity of myofibrillar ATPase activity. 

In poikilotherms, a 1 0 ' ~  temperature drop is associated with an increase in pH of -0.16 

to 0.19 units. This a-stat regulation (eg. the stabilization of a-irnidazole groups by 

changing pHi with varying temperature) could potentially compensate for the 

desensitizing effects of temperature on myofilament ca2+ sensitivity (169). However, 

recent experiments have suggested that this a-stat regulation is insufficient to 

compensation for the temperature effects on myofibrillar ca2+ sensitivity in trout heart 

(36). Reasons given for this were that the temperature sensitivity of trout myofibrillar 

ATPase and tension is much greater than the rat preparations and the a-stat pH change 



did not offset the temperature effect. It was suggested this was due to an inherent 

difference involving either TnC or TnI (36). Adaptations in myocardial E-C coupling 

mechanisms due to chronic exposure to lower temperatures remain largely unknown. 

4.4 REGWON OF C A ~ +  DELIVERY 

4.4.1 Action Potential 

In mammals, the action potential duration (APD) varies among species being 

comparatively short in the rat ventricle, -100 msec at 23 '~,  with little or no plateau phase 

to a longer APD of -375 msec at 2 3 ' ~  observed in the rabbit (162). Much larger species- 

dependent variations in APD occur among the lower vertebrates which are also subject to 

lower physiological temperatures. The longest APDs recorded have been observed in 

amphibian (- 723 msec) and agnathan (-1000 msec) ventricles at room temperature (78, 

82). Interpretations based upon APD are complicated by the different temperatures under 

which measurements were taken. It is well known that lower temperatures prolong APD. 

These recordings, while suggestive, do not necessarily reflect the magnitude of SL ca2+ 

influx. 

The nature of the relationship between the AP and contractile characteristics provides 

some indirect evidence that the SR is not an important source of ca2+ in some species. 

Similar to frog, the flounder has a long AP plateau phase and is not sensitive to 

ryanodine, an agent that affects the ability of the SR to release ca2+ (47). Both frog and 

elasmobranch venticles lack the post-extrasystolic potentiation attributable to SR ca2+ 

release. In addition, twitch force is highly sensitive to APD in these species (1 13). 
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4.4.2 SL ca2+ influx 

Unlike mammalian myocardium, there is some evidence to suggest that SL ca2+ influx 

is sufficient to support contraction in the poikilotherm heart. The myocardium of lower 

vertebrates comprises myocytes of smaller diameters which lack T-tubules. The smaller 

myocyte diameters may serve to reduce diffusional distances and the need for T-tubules. 

If the I, densities were comparable, the same SL ca2+ influx into a smaller myocyte 

volume with similar buffering characteristics could provide a greater rise in cytosolic free 

ca2+. 

In order for the poikiolotherm to maintain contractility at their physiologically lower 

temperatures, fundamental differences would be expected in either SL ca2+ channel 

density or temperature dependence. In mammals, the SL ca2+ channel is highly 

temperature sensitive with a Qlo of -3.0 (34). Recently, the SL ca2+ channel from trout 

heart was purified and partially characterized. While the ale appears to be of similar 

molecular weight, structural differences were apparent in the regulatory a 2  subunit 

(Tuana, B.S. et al, in preparation). In addition, DHPR density as measured by 

radiolabelled ligand binding to purified SL vesicles from trout heart was greater than that 

measured in purified rat SL (179). However, it is unknown whether the differences in 

DHPR density are real or reflect species differences in SL purification. The ha density 

has yet to be determined in this species, but measurements from frog ventricular 

myocytes suggest the ca2+ current density is close to mammalian values (116). ca2+ 

channel density alterations also provides a means by which SL ca2+ influx could 



potentially be altered in order to maintain contractility at the lower temperatures. In 

support of this, DHPR density in ventricular homogenates from cold-adapted trout 

increased by -17% compared to warm-adapted trout (65). 

4.4.3 SR ca2+ release 

A role for SR ca2+ release in a number of poikilotherm hearts, including several 

teleosts, is generally dismissed because electron microscopy reveals a relative sparseness 

and lack of organizational complexity of SR. The SR which typically accounts for -7% 

of myocyte volume in rat only accounts for -0.5% in fish and amphibians (153). 

Experiments measuring contractile force in ventricular strips do not show substantial 

reductions in force in the presence of ryanodine or caffeine under physiological 

stimulation frequencies and temperatures (45, 77). However, a role for SR ca2+ release 

in E-C coupling cannot be ruled out in all lower vertebrates, particularly the more active 

teleosts and endotherms where a more rapid cycling of ca2+ may be required to maintain 

brief active states consistent with high heart rates. Potentiation of twitch force has been 

demonstrated in ventricular strips from trout at 1 5 ' ~  and to a greater extent at 2 5 ' ~ ~  

which can be abolished by ryanodine (75). However, in trout ventricle which has a 

shorter AP and less pronounced plateau phase compared to either arnphibia or flounder, 

changes in APD are still correlated to changes in twitch force under some conditions (77). 

4.4.4 Mitochondrial ca2+ regulation 

The contribution by mitochondria to regulation of ca2+ delivery has yet to be assessed 

in the hearts of lower vertebrates. Due to the slower rate of tension development in many 



poikilotherm hearts (181), a role for mitochondrial Ca2+ uptake and release can not be 

automatically precluded as it has in the faster beating mammalian heart. 

4.5 MYOCARDIAL RELAXATION 

Currently, it is not known to what extent, if any, the SL Ca2+ ATPase and 

mitochondria participate in relaxation. This part of the review will therefore focus on 

what is known about the role of SR and SL in the relaxation process. 

4.5.1 SR ca2+ uptake 

While the SR is sparsely developed in the hearts of poikilotherms studied thus far, 

there is some evidence that the SR ca2+ ATPase may participate in myocardial relaxation 

45 2+ is some species such as the trout. Ca uptake by the SR in both thin sections and crude 

homogenate preparations from trout at lo•‹C and 15'C, respectively, were similar to that 

observed in rat heart at 3 7 ' ~  (46, 114). These in vitro data suggest that the SR is capable 

of functioning at rates comparable to mammals at physiological temperatures. 

4.5.2 SL Ca2+ efflux 

Several lines of evidence suggest that NaC/Ca2+ exchange may play a prominant role in 

mechanical relaxation of the teleost heart. Elevation of extracellular Na+ was found to 

reduce the positive inotropy due to an increase in stimulation frequency from 0.2 to 1.0 

Hz in ventricular strips from trout (45, 77). An increase in twitch force was observed in 

paced ventricular strips of flounder (Platichthys flesus L.) upon lowering extracellular 

45 2+ Na+ while at the same time Ca efflux decreased (62). The exchanger from both 



amphibia (19) and trout (183) is less temperature sensitive compared with mammals. The 

trout exchanger exhibits a Qlo of -1.2 compared to >2.0 for the canine exchanger. At 

~OC, initial rates of Na+-dependent Ca2+ uptake in the trout were 4 to 7-fold higher in 

reconstituted and native vesicles, respectively, compared to the canine exchanger (183). 

This suggests the differences between trout and canine Na+/Ca2+ exchange activity are 

intrinsic to the protein and independent of the lipid environment. However, there is 

substantial homology between mammalian and lower vertebrate ~ a + / C a ~ +  exchanger. A 

cDNA probe from the canine cardiac Na+/Ca2+ exchanger hybridizes to trout mRNA and 

western blots of mammalian, amphibian and trout SL display identical banding patterns 

using rabbit polyclonal antibodies (1 83). 

Thus far it appears that the Na+/Ca2+ exchange is the primary means of ca2+ extrusion 

in the hearts of lower vertebrates. However, the relative roles of the SR ca2+ ATPase, SL 

Ca2+ ATPase and Naf/ca2+ exchange in contributing to mechanical relaxation remain to 

be examined in fish heart. 

Compared to mammals, lower vertebrates generally have a paucity of SR, lower heart 

rates, smaller myocyte diameters, and at least in the trout a pronounced AP plateau phase 

and more active Na+/Ca2+ exchange. Based on this information it has been proposed that 

SL influx of Ca2+ plays a more prominant role as a source of contractile ca2+ in lower 

vertebrates. Secondly, among the lower vertebrates DHPR and RyR densities are 



proposed to correlate with the cardiovascular demands (eg. heart rate and cardiac output) 

of each species. To test these hypotheses DHPR and RyR binding densities were 

determined in crude homogenates of phylogenetically distinct species (rat, trout, dogfish 

and hagfish). 



5 SUMMARY OF HYPOTHESES 

5.1 GENERAL HYPOTHESIS 

The main premise of this thesis is that myocardial E-C coupling varies with phylogeny 

and perturbations such as exercise, temperature compensation, pharmacological 

intervention and ontogeny. 

5.1.1 Exercise Adaptations 

The first premise of this thesis is that endurance exercise-training leads to enhanced 

myocardial contractility. This increase in contractility is due, at least in part, to greater 

ca2+ delivery to the myofilaments. 

5.1.1.1 Specific Hypothesis. Endurance treadmill-training increases the amount of 

ca2+ delivered to the contractile element, at least in part, by increasing DHPR andlor RyR 

densities. 

5.1.1.2 Specijc Hypothesis. The peak intracellular free ca2+ concentration is 

increased with each beat as a consequence of training and is due, at least in part, to an 

adaptation in the ability of the SR to sequester, store and release more ca2+. 

5.1.1.3 Specific Hypothesis. The relative amount of calmodulin is increased as a 

consequence of exercise training. 



5.1.2 Phylogenetic Differences (Mammals vs Lower Vertebrates) 

The second premise of this thesis is that the hearts of lower vertebrates compared to 

mammals rely to a greater extent on extracellular ca2+ to support contraction. One of 

several ways to increase SL ca2+ influx is to increase the density of SL ca2+ channels. 

5.1.2.1 Specific Hypothesis. The density of dihyropyridine receptors (DHPR), in 

receptor number per unit cell volume, will be the same or greater in ventricular 

homogenates from lower vertebrates compared to mammals. 

5.1.2.2 Spec@ Hypothesis. The density of ryanodine receptors, in receptor number 

per unit cell volume, will be less in ventricular homogenates from lower vertebrates 

compared to mammals. 

5.1.3 Phylogenetic Differences (Lower Vertebrates) 

The third premise of this thesis is that among the lower vertebrates, E-C coupling will 

vary according to the cardiovascular demands of each species. 

5.1.3.1 Speczjk Hypothesis. The trout, capable of the higher heart rates and cardiac 

outputs compared to the dogfish and hagfish, will express DHPR and RyR densities 

greater than those in the dogfish which will express greater DHPR and RyR densities 

compared to the hagfish. 
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CHAPTER 2 

EFFECT OF EXERCISE TRAINING ON RYANODINESAND 

DIHYDROPYRIDINE 

RECEPTOR DENSITIES IN RAT HEART 



ABSTRACT 

Potential mechanisms underlying enhanced myocardial contractility resulting from 

endurance treadmill-training were assessed. In two studies using five separate training 

protocols, the effects of different exercise intensities on the densities of the sarcolemmal 

(SL) L-type ca2+ channel (dihydropyridine receptor- DHPR) and the sarcoplasmic 

reticulum ca2+ release channel (ryanodine receptor - RyR) were studied using female rats 

randomly divided into either sedentary-control (C) or treadmill-trained (T) groups. In the 

first study, T rats were trained progressively until after -1 1 weeks they ran 1 hrlday, 5 

dayslwk at either 30 drnin, 8% grade (TIM) or 32 dmin ,  8% grade (TlH). No 

differences were found in either T group with respect to heart weights (HW), body 

weights (BW) nor SL characterization. Specific [)H]-DHP binding to DHPR (DHPR 

B,,) in ventricular homogenates (HG) was increased by -16%, in TIM vs C1M 

( ~ ~ 0 . 0 5 ) .  DHPR B,, values in T1H were increased in the HG by -50 % and in SL by 

-36 % compared to C1H ( ~ ~ 0 . 0 5 ) .  The binding affinities remained unchanged by 

exercise. In the second study, T rats were trained to run at either 27 d m i n ,  5% grade 

(T2L), 28 dmin ,  8% grade (T2LM) or 30 dmin ,  8% grade (T2M) for -1 1 weeks. No 

differences were noted in HW and BW in any T compared to C group with the exception 

of HW (T2LM). HW from T 2 W  showed a small but significant 10% increase compared 

to C2LM, ~ ~ 0 . 0 5 .  No significant differences were observed in either the DHPR B,, or 

the binding affinities in homogenates from rats trained at any of the three work rates. 

RyR B,, was no different in T2L or T2LM compared to their respective controls. 



However, RyR B, was significantly higher in T2M vs C2M: 785+82 (n=15) vs 635G3 

(n=15) fmollmg 2 S.E.M., respectively, p<0.05. RyR binding affinities remained 

unchanged in all groups with KD values of 7-17 nM. These results suggest that DHPR 

and RyR are not altered after training at the lower workrates in which functional 

adaptations have been previously observed. 



INTRODUCTION 

It has been proposed that enhanced myocardial contractility, in the absence of 

significant hypertrophy, contributes to the observed increase in stroke volume in response 

to chronic endurance training. Possible cellular mechanisms of adaptation which may 

contribute to enhanced myocardial contractility include alterations in the ca2+ sensitivity 

of the contractile element andlor ca2' delivery to the myofilaments. While remaining 

somewhat equivocal, in vitro evidence (i.e., myofibrillar ATPase activity) suggests that 

treadmill training does not involve significant alterations to the contractile element (1) 

while data from isolated myocyte preparations suggest it does (21). We have proposed 

that a modification in ca2+ delivery to the myofilarnents contributes to the observed 

increases in contractility (30). Indirect evidence in support of this proposal comes from 

several lines of investigation. Enhanced myocardial contractility has been documented in 

treadmill trained rodents using in vivo (14), isolated working heart (6), and papillary 

muscle (30, 32) preparations, all in the absence of significant hypertrophy. Several of 

these studies also failed to demonstrate changes in ca2+-activated myofibrillar ATPase 

activity (14, 30, 32). However, recent experiments using isolated myocytes from trained 

hearts with enhanced contractile activation have failed to show any significant increase in 

peak ca2+ transients using the fluorescent dyes, fura-2 (21) or indo-1 (29) although both 

have shown enhanced contractile activation. On a physiological level, these data suggest 

that neither the SL nor the SR are involved in exercise-mediated changes in contractility. 

It is unknown to what extent cell growth and thus a dilution effect may have contributed 

to the reduction in ca2+ transients from T myocytes. In addition, because we have 

previously seen an increase in the density of DWR in purified SL (13, 34) it is important 

to substantiate or refute these observations using a biochemical approach. 

The experiments outlined in this paper examined the effect of treadmill training at 

different intensities on the densities of the sarcolernrnal Ltype ca2+ channel 

(dihydropyridine receptor - DWR) and sarcoplasmic reticulum ca2+ release channel 



(ryanodine receptor - RyR) in rat hearts. A narrow range of training intensities was 

chosen for two reasons. The first was that functional changes have been shown to occur 

within the range 25 to 32 mlmin. Above this range hypertrophy becomes significant 

while less strenuous exercise fails to evoke a myocardial training response. Second, by 

determining the various timecourses of adaptive changes in the heart, information about 

the nature of the cardiac response to exercise will be achieved. 

In the first study, in which only DHPR densities were examined, a significant 

increase in DHP binding capacity to purified SL vesicles in response to training was 

observed. Several questions were raised regarding the reliability and universality of this 

phenomenon due to problems associated with the use of purified membrane fractions to 

quantitate receptor densities (1 1, 17). Also, since most of the DHP receptors in the heart 

have a close structural and functional relationship with RyR (28), it is important that RyR 

densities should be examined as well. Changes in RyR density have been documented 

using widely different perturbations. For example, RyR density was decreased in the 

hearts of swim-trained normal and hypertensive rats (15), cardiomyopathic hamsters (17) 

and diabetic rats (35), all of which, are known to produce various manifestations of either 

physiological or pathological hypertrophy. 

Thus the aims of the experiments described in this chapter were: 1) to reassess 

whether or not DHPR density is altered in response to treadmill training, 2) to determine 

if there is an intensity threshold for this response, and 3) to determine if there is a 

concomitant increase in the density of the SR ca2+ release channel (RyR). 



METHODS 

Animal Care and Training. The first study comprises two separate training protocols 

which were conducted by Dr. G. Diffee (G.D.) and M. Weyman (M.W.). A total of 148 

female Sprague-Dawley rats were randomly divided into treadmill-trained (TI) and 

sedentary control (Cl) groups. Both groups were housed in a light and temperature 

controlled room and provided food and water ad libitum. Group T1 participated in a 

treadmill-training protocol in which the workload was progressively increased until after 

10 weeks the animals were capable of running 5 dayslwk, 1 hrlday up an 8% grade at one 

of two velocities: moderate (TIM) - 30 d m i n  or high (TlH) - 32 mlmin. 

The second study comprises three separate training regimens carried out by 

Marion Thomas (M.T.) and Brian Hamman (B.H.). For each study, 20-30 female Wistar 

or Sprague-Dawley rats were randomly divided into treadmill-trained (T2) and sedentary- 

control (C2) groups. Again, both groups were housed in a light and temperature 

controlled room and provided food and water ad libitum. Group T2 participated in a 

treadmill-training protocol in which the workload was progressively increased until after 

10 weeks the animals were capable of running 5 dayslwk, 1 hrlday at one of three work 

intensities: 1) low (T2L) - 27 dmin ,  5% grade, 2) low-moderate (T2LM) - 28 d m i n ,  8% 

grade, or 3) moderate (T2M) -30 d m i n  up an 8% grade. 

In all of the studies, training was continued for a further 2-3 weeks after the final 

intensity was achieved. All animals were sacrificed at the same time each day and at least 

24 hr after the last exercise bout to eliminate any acute effects of exercise. 

Ventricular Homogenate Preparation. Hearts were rapidly excised and placed into a 

beaker of ice-cold homogenization medium (HM) containing: 250 rnM sucrose, 20 mM 



MOPS, pH 7.4 @ 37 '~ .  After rinsing and removal of atria and connective tissue, the 

ventricles were blotted, weighed, and further rinsed in ice-cold HM. After mincing in -5 

rnl HM, the hearts were individually homogenized with a Tekmar Tissumizer (5 times 3 

sec on setting 40). The ventricular homogenates were then filtered through two layers of 

stainless steel wire mesh and brought to 15-20 ml per gram wet weight. Protein content 

was determined following the method of Bradford (7) using bovine serum albumin as the 

standard. 

Sarcolemma Isolation. Sarcolemrna were isolated in the first study only. For these 

experiments, rat cardiac SL vesicles were prepared by differential ultracentrifugation and 

discontinuous sucrose gradient fractionation as described (33). The SL marker K'- 

stimulated p-nitrophenylphosphatase ( K + ~ N P P ~ ~ ~ )  was assayed (33) in the crude HG and 

all fractions derived from the sucrose gradient. The purification index (PI) was defined as 

the ratio of the specific activity of ~ ' p N P ~ a s e  in the SL fraction (F2) to that in the crude 

HG. Recovery was defined as the percentage of the total KtpNPpase activity (pmoVhr) 

in the SL fraction compared with the crude HG. 

~~]-dihydro~yridine binding. In the first study, either [3~]-nitrendipine (1M) or 
i 

[ 3 ~ ] ( + ) ~ ~ 2 0 0 - 1 1 0  (1H) binding experiments were performed on both the crude 

homogenate and the purified SL fractions. Total binding was determined by varying the 

amount of [3~]-dihYdropyridine over the range of 0.10-0.80 nM. Non-specific binding 

was determined in separate tubes containing the same DHP concentration as that for 

specific binding plus more than a hundred-fold excess of cold nifedipine to displace the 

radioactive ligand. All experiments were done in the dark and in duplicate. For the crude 



homogenate and sarcolemmal fractions, either 150-400 or 10-20 pg protein, respectively, 

were added per tube. The reaction media contained 25 mM MOPS, pH 7.4 8 2 3 ' ~ ,  and 

2.5 rnM CaC12in a final volume of 5 rnl. After incubation at room temperature for 90 

min, the separation of free from bound ligand was achieved by rapid vacuum filtration of 

a 2.25 ml aliquot using Whatrnan GFIC glass-fiber filters. Each filter was then washed 3 

times with 4.5 ml of ice-cold 25 mM MOPS buffer. The filters were dried overnight in 

liquid scintillation vials, after which 5 ml Beckman Ready protein@ liquid scintillant was 

added followed by 2 hours of orbital shaking at 200 rpm to solubilize the protein. Vials 

were counted (Beclunan LS 7000) using standard liquid scintillation procedures. 

In the second study (2L, 2LM, 2M), specific DHP binding was determined in a 

3 
manner identical to that described above with the following exceptions: [ H](+)PN200- 

110 concentration was varied over the range of 0.025-1.6 nM, each tube contained 150- 

160 pg protein from crude homogenate only, and the number of samples was increased 

from 4 to 10 and 15. The greater range of PN concentrations was to ensure maximal 

binding was reached. The use of crude homogenates avoids problems associated with 

membrane purification and differential loss of DHPRs. Sample size was increased to 

improve the resolving power of our data. 

?HI-ryanodine binding. Ryanodine binding was determined in the second study (2L, 

2LM, 2M) only. In these experiments RyR and DHPR densities were determined from 

the same hearts. The method to determine RyR densities was adapted from the procedure 

of Chu et al. (9). Briefly, specific binding was determined by the addition of 5 nM 1 3 ~ 1 -  

qanodine plus varying amounts (0 to 495 nM) of unlabelled ryanodine (Calbiochem) to 



12 tubes containing 150 mM KC1,20 mM MOPS (pH 7.4 @ 23'~) ,  and 100 pM CaC12. 

Non-specific binding was measured after adding 100-fold excess unlabelled ryanodine to 

separate tubes. After the addition of -250 pg protein of ventricular homogenate, tubes 

were incubated at room temperature for 2 hours to allow the binding to reach a maximum. 

Duplicates were taken for each of the 12 data points. Separation of bound and free 

ligands was achieved by rapid filtration using Whatman GFIC filters and rinsing twice 

with 4 ml ice-cold buffer (containing: 150 mM KCl, 20 mM MOPS, 100 pM CaClJ and 

once with 4 ml ice-cold 10% ethanol. After drying filters overnight in scintillation vials, 

5 ml Beckrnan Ready Protein@ liquid scintillant was added followed by 2 hours of orbital 

shaking at 200 rpm to solubilize the protein. Vials were then counted using standard 

liquid scintillation procedures. 

Citrate synthase assay. Citrate synthase activities were determined in the second study 

only following the method of Srere (27). B.H. performed the citrate synthase assay on the 

right medial gastrocnemius muscles from TlC2L and TlC2LM while M.T. performed the 

experiments on medial gastrocnemius and soleus muscles from TlC2M. All muscles 

were frozen and stored in liquid nitrogen until assayed. The day before the assay was to 

be performed the muscle samples were weighed, thawed and placed into 9 volumes of 

ice-cold homogenization buffer containing 20 m .  MOPS (pH 7.2 @ 23OC), 5 mM 

EDTA, and 0.1 % Triton X-100. The tissue was minced, homogenized, sonicated (3 times 

for 10 sec) and re-frozen at -200C. The following day samples were thawed, sonicated 

and centrifuged (40C) at -13,000 rpm for 5 min. to remove any non-solubilized material. 

A small aliquot (5 p1) of this supernatant was then added to the reaction medium (1 ml 

final volume) containing in mM: 0.5 acetyl Co-A, 0.1 DTNB and 20 TRIS (pH 8.0 @ 



23OC). The absorbance at 412 nm, which represents background thiolase activity, was 

monitored. After approximately 2 min, 100 yl oxaloacetate (0.3 rnM final concentration) 

was added. The difference between slopes prior to, and after the addition of oxaloacetate 

was used to determine citrate synthase activity. 

Data and statistical analysis. All DHPR binding data were analyzed by iterative non- 

linear regression and Scatchard analysis using GRAFIT@ (Erithacus Software Ltd, UK) to 

determine B,, and KD values from T and C groups. RyR binding data were also 

subjected to non-linear regression analysis using GRAFTT@, however, a two-site ligand 

binding model was used to determine the high affinity B, and KD values from T and C 

samples. Between group (T vs C) comparisons were made using a paired Student's t-test 

with a significance level set at p < 0.05. 

Materials. Radioisotopes were purchased from New England Nuclear (Dupont, St. 

Laurent, Quebec). All biochemicals were obtained from Sigma Chemical Co. with the 

noted exceptions. 



RESULTS 

Study 1 

Training response. In the first study, the mean values for body weight, and heart weight 

were not significantly different in the trained compared to control group at either of the 

two work rates. Heart-to-body weight ratios were significantly increased by 6% in TIM 

but not T1H (Table 1). Crude homogenate and purified SL vesicles isolated from rats 

trained under both the 1M and 1H work rates did not demonstrate any apparent 

differences between groups with respect to total protein, marker enzyme activities, 

relative purification, and percent recovery (Table 2). 

DHPR binding. The maximum density of DHPR (B-) was significantly (p< 0.05) 

increased in response to both work rates. In TIM, the crude homogenate DHPR B,, 

values were significantly (p ~0 .05)  increased by -16% in comparison to C1M. At the 

higher intensity, T1H demonstrated B,, values that were increased by -50% in the HG 

(Table 3) and by -36% in purified SL (Figure 1) fraction relative to C1H. At both 

intensities, the binding affinity (KD) in each preparation was not significantly affected by 

training. In this study, the DHP binding data are best represented by a single class of high 

binding sites as evidenced by the linear Scatchard plot (figure 1 -inset). 

Study 2 

Training response. In this study, mean body weights from T and C groups were no 

different nor was the protein content of the ventricular homogenate isolated from each 

group trained at any of the three work rates (Table 1). The absolute ventricular weights 

from T2L and T2M were not significantly different compared to their respective controls, 

C2L and C2M. A significant -10% increase in the ventricular weight in group T2LM 

was observed. However, when ventricular weights were normalized for differences in 

body weight, no significant differences were observed in the heart-to-body weight 

(HWlBW) ratios from any group. When the heart weights were expressed as a function 



of body weight and fit to least-squares linear regression, the regression coefficient was 

not different to the mean HWBW ratio for each group. 

Citrate synthase. Work done at the three different intensities was reflected in the 

gastrocnemius citrate synthase activities from each group which ranged from 9 to 20 

pmoYg wet wgthin (Figure 2). T2M, T2LM and T2L were significantly (p <0.05) 

increased by 24, 18, and 13% respectively, compared to their controls C2M, C2LM and 

C2L. In T2M the citrate synthase activity of the soleus ranged between 22 and 30 pmol/g 

wet wgtlmin and was significantly (p ~0.001) increased by 35% over its control C2M. 

DHPR binding Non-linear regression and Scatchard analysis did not reveal any training 

induced adaptation in either the B,, (pmol *mg protein-1) or KD @M) values between T 

and C groups at any intensity as shown in Table 3 and Figures 3,4, and 5. In this study as 

well as the first, the DHP binding data are best represented by a single class of high 

affinity binding sites. 

RyR binding - Figures 6,  7 and 8 illustrate specific [3~]-ryanodine binding to the high 

affinity site in the same homogenate preparations as that used for DHPR. Using a wide 

range of ryanodine concentrations (0 to 500 nM), both high and low affinity binding sites 

were apparent in all preparations. B, (pmol *mg protein-1) and KD (nM) values for the 

high affinity site were obtained from non-linear regression and Scatchard analysis. While 

there was a trend for greater RyR density with increasing exercise intensity (Table 4), 

there were no significant (p ~0 .05)  differences in the B,, values for the high affinity site 

in T2LM or T2L compared to controls, C2LM and C2L. However, there was a 

significant (p <0.05) increase of 24% in the B, of the high affinity site in T2M 

compared to C2M. The KD values for the high affinity site ranged from 7 to 17 nM and 

were unaltered by any training regimen. 



DISCUSSION 

Training response. In the two separate studies, two of the workloads (TIM, T2M) were 

similar to those in previous studies which produced changes in myocardial contractile 

function (30, 32). In this paper, we also examined the response to work rates that were 

both higher (TIH) and lower (T2LM, T2L) that those studied previously. In the first 

study, unfortunately, skeletal muscle mitochondrial markers were not measured and as a 

consequence training-induced mitochondrial biogenesis can not be evaluated. In the 

second study, all work rates (T2L, T2LM, T2M) induced significant increases in 

mitochondrial marker activity from skeletal muscle in a dose dependent manner. The 

magnitudes are similar to what has been observed previously. Specifically, the increases 

in citrate synthase activity found in T2M compares favorably with the following studies 

that our lab has published using training paradigms of similar to slightly higher intensity: 

1) 36% increase in gastrocnemius malate dehydrogenase (31) and 2) 38% increase in 

gastrocnemius cytochrome C oxidase (30, 32). In the latter studies, contractile function 

was determined by using isometric force generation from isolated papillary muscles and 

the treadmill training paradigm resulted in significantly improved contractility. Although 

it is extremely difficult to compare treadmill paradigms based on treadmill speed, grade 

and duration, the degree of skeletal muscle adaptation suggests that the stimulus in T2M 

was of similar intensity. The ability to compare regimens using different mitochondrial 

markers is based on the observation that all mitochondrial enzymes have been shown to 

covary in response to varying activity levels (16). 

The lack of any differences in body weights between the two groups at all work 

rates is consistent with the original observation of the female rodent's response to 



exercise by Oscai et al. (22) and many subsequent studies. The effect of exercise on heart 

weight was small and not significant in any group except T2LM. The reason why HW in 

group T2LM was significantly greater than C2LM is not clear but it does highlight the 

difficulty of trying to match work rates from study to study. The fact that the HW 

changes are small is consistent with other studies using regimens in this range of work 

rates. Sirnilarily, HWBW ratios were essentially unchanged after training, with only 

TIM showing a small but significant increase, p <0.05. This increase in HWBW is 

within the range of 043% typically observed using similar training intensities (24,3 1,32). 

The greater HWBW ratio found in TIM may reflect a small increase in myocyte length 

as we (19) and others (21) have shown previously in response to regimens over this 

intensity range. Alternatively, some other adaptation involving proliferation of non- 

myocyte tissue (ie. fibroblasts), or water retention (8,24) is possible. These observations 

from the rodent model seems to mimic that found in training studies using human 

subjects in which V02, and maximum cardiac output can be increased significantly 

without a concomitant increase in left ventricular wall thickness (24). Thus based on our 

previous experiments and the results of others, we believe that regimens TIM, T1H and 

T2M induce similar improvements in cardiac contractility. Less is known about the 

chronic cardiac adaptation to regimens T2L and T2LM. 

DHPR binding. The DHPR binding site and that of other ca2+ channel blockers (e.g. 

verapimil and benzodiazapines) are known to be on the a1 subunit of the Ltype ca2+ 

channel. The a1 subunit represents the voltage sensing and pore components of the 

channel (20). The other subunits presumably play regulatory roles (23, 25) that are not 



completely understood. Despite earlier controversy, the DHPR is now generally 

recognized as a functional ca2+ channel in cardiac muscle (18). Furthermore, T-type 

ca2+ channels, which do not bind DHP, are present in atrial but not ventricular rnyocytes 

(3). Thus the quantification of ventricular ca2+ channel density by DHP binding is 

justified based on the literature and has been used by several groups to monitor the 

adaptation of the ventricles to a variety of perturbations including cardiomyopathy (2). 

In the first study, we found significant increases in DHP B,, values in the trained 

groups (TIM, T1H) in both the purified SL (Figure 1) and crude homogenate fractions 

compared to their respective controls (ClM, C1H) (Table 3) but no changes were noted in 

the binding affinity. Furthermore, the training-induced increase in DHP B,, was 

substantially greater in the high (TlH) work intensity compared to the moderate (TIM) 

work intensity in both SL and homogenate fractions. KD values were unaffected by either 

of these exercise paradigms. From these data, it was tempting to speculate that exercise 

training of sufficient intensity to increase myocardial contractile function but not to 

induce substantive cardiac hypertrophy, stimulates Ltype ca2+ channel synthesis and 

insertion into the sarcolernma. This notion was pursued further in the second study with 

some changes being made in the experimental protocol. In the first study, DHP binding 

was determined in both crude homogenate and highly purified sarcolemmal vesicles. 

However, we found in the first study that the extrapolation of DHP binding from highly 

purified sarcolemmal fractions to the intact cell to be problematic. While the SL marker 

K + - ~ N N P ~ S ~  was increased about 20-fold in the purified SL fraction compared to the 

crude homogenate (Table 2), the DHP B, was increased less than 2 fold (data not 



shown). Thus the DHPRs are not copurifying with the SL membranes per se. From 

control experiments that we performed (data not shown), it was observed that much of the 

DHPR is lost in heavier fractions. In particular, one might expect the DHPR and RyR to 

copurify if they are physically coupled. To avoid this problem only crude homogenates 

were used. The crude homogenate represents 100 per cent of the DHPR population 

because there is no loss due to purification while the signal to noise ratio in this 

unpurified preparation remains very good. The latter is reflected in the S.E.M. being 

typically -6% of the mean and the specific binding at 0.1 nM DHP being > 70% of total 

binding. 

The second modification implemented was that the range of DHP ligand 

concentrations used in the binding assays was increased from the 0.1 - 0.5 nM (5 fold 

range) used in the first study to 0.025 - 1.6 nM (64 fold range) in the second study. These 

assay conditions allow for a better characterization B, and KD values. 

While TIM and T2M did not produce similar increases in DHPR using the same 

exercise regimen, both studies yielded binding constants that were similar in magnitude to 

those previously reported by others for the rodent heart (4, 17). However, KD values 

from the first study were at the high end of published values (141 and 151 pM in C1H 

and T1H respectively) and more than twice that of the six KD values (46-68 pM) 

determined in the second study. The reason for this difference is not known but may 

reflect the narrower range of ligand concentrations and the smaller sample size in the first 

study (TIM). 



In contrast to the first study, the second study showed no exercise-induced 

differences in the B,, values over the three slightly different training paradigms used. 

However, it should be pointed out that TIM and T2M were nominally the same intensity 

although the experiments were carried out by different investigators. Thus TIM showed 

a significant increase in B,, while T2M did not. The results from these two studies may 

be a reflection of the noise within the assay itself. It also could be argued that the results 

reflect different DHPR binding assay conditions between TIM and T2M. For example, 

the smaller range of ligand concentrations used in TIClM may result in a less reliable 

estimate of B-. However, the specific binding at the three highest concentrations of 

free ligand in TIM were all significantly greater than the respective controls. 

Furthermore, the estimated KD had a tendency to be higher in the trained than control 

groups indicating that higher ligand concentrations would be required for complete 

saturation. Thus for the ligand concentrations used, the degree of saturation may be lower 

for a given ligand concentration. We suggest that this work intensity may represent a 

threshold for enhanced expression of the Ltype ca2+ channel. In a previous study (12), 

work of similar intensity also resulted in no significant increase in DHPR B-, although 

clearly the specific binding had a pronounced tendency to be higher in the trained group. 

Thus the work load of 30 mlmin, 8% grade for 60 minutes may represent a threshold 

point for an increase in sarcolemrnal DHPR density. 

RyR binding. The determination of cardiac RyR densities in the second study was 

prompted by the fact that we had observed training-induced increases in DHPR density in 

the first study. Because of the intimate functional and morphological relationship 



between the DHPR and RyR in the heart, it seems logical that these two proteins may 

covary in response to a stimulus. This is the first report of RyR binding density in 

3 response to treadmill training. As shown in Figures 6, 7 and 8, specific [ HI-ryanodine 

binding at the lower ligand concentrations (5-100 nM) is fit by a single high affinity 

binding site. The high affinity B,, (Table 4) and KD values from the control groups are 

similar to those reported in homogenized isolated myocytes (4). A low affinity binding 

site was apparent at higher (200-500 nM) ligand concentrations. These data are neither 

shown nor discussed because their relevance is not clear. Consistent with the DHPR data, 

exercise training in this study had no significant influence on either the B- or KD of the 

high affinity RyR at the two lowest training intensities, 2L and 2LM. However, at the 

highest intensity (2M), RyR densities were significantly increased. One point worth 

noting about this increase is that it appears to be reflected by lower absolute control 

values when a comparison is made with control values from the other workrates. The 

reason for this difference is not clear but it must be noted that: 1) the trained and control 

samples were processed one pair at a time with identical solutions and conditions and 2) 

the three different training regimens of the second study were performed sequentially. 

RyRDHPR ratio. In skeletal muscle, a RyR/DHPR ratio of 0.5 is highly conserved 

phylogenetically and reflects the model of Block et al. (5). The RyR/DHPR ratios were 

not altered as the result of training at any intensity and ranged from 3.07 to 4.05. These 

ratios while lower than previous reports are still consistent with the ca2+-induced, ca2+- 

release mechansim of E-C coupling in cardiac muscle. In a study by Bers and Stiffel (4), 

in which these determinations were made in both cardiomyocytes and crude 



homogenates, it was demonstrated that both the RyR and DHPR densities are about 75% 

greater in the cardiomyocyte preparation in comparison to the crude homogenate. This 

greater value was almost completely due to the removal of nonmyocyte cells, which 

contain little or no DHPR and RyR, during the myocyte isolation procedure. Since both 

values were comparably effected, the RyR:DHPR ratios in the myocyte and homogenate 

preparations were within -8% of each other in this study, underlying the relatively small 

effect of nonmyocyte cell contamination on this ratio. Therefore, our data from the crude 

homogenates is likely to be an accurate reflection of the RyR:DHPR ratio in the myocyte. 

Our ratios from rat heart homogenates are lower than previously reported from 

homogenized rat cardiomyocytes (4). This difference is due almost entirely to higher 

DHPR B,, values (175-253 fmol/mg protein) in homogenates in this study compared to 

the 114 fmol/mg protein observed in rat myocytes in the study by Bers and Stiffel (4). 

The higher DHPR densities may reflect a reduced receptor degradation andlor different 

assay conditions. The ligand binding assays are similar in both studies with the main 

differences being the inclusion of 2.5 rnM ca2+ in the reaction medium in the present 

study and the vesicular harvesting done on Whatrnan GFIC (1.2 i m  pore) in the present 

study as opposed to GF/B (1.0 pm pore) filters. Thus the reason for the differences are 

not obvious. 

Implications for finction. While a comprehensive functional analysis was not 

performed in the current study, previous investigations of treadmill-training at or near the 

work rates used in the present investigations have produced enhanced contractility in 

isolated myocytes (19, 29). Thus the increases in myocardial contractility previously 



documented do not appear to result from increased DHPR or RyR density. However, 

changes in contractility in response to a chronic perturbation can be implemented in many 

ways exclusive of ca2+ channel densities. In light of the reduced ca2+ transients in 

cardiomyocytes from trained rats (21), it is quite possible that the significant increases in 

DHPR and RyR densities observed in the present study merely reflect cell growth. In 

addition, changes in ca2+ channel densities do not necessarily imply changes in myocyte 

contractility. The exquisite regulation of ca2+ fluxes through these channels must also be 

considered. It is well documented that a close functional coupling between the DHPR 

and RyR exists in the myocardium. For example, it has long been known that the ca2+ 

flux through the DHPR regulates the opening of the RyR through the process of calcium- 

induced calcium release. More recently, it has been demonstrated that ca2+ fluxes 

through both the DHPR and the RyR can regulate the inactivation kinetics of the DHPR 

(26). This regulation probably occurs because of the binding of ca2+ by the EF hand 

configuration on the DHPR (10). 

In conclusion, the changes observed in RyR and DHPR density in response to 

training are complex. In general, over the range of training intensities used in this study 

the effects were negligible. For the treadmill training intensity (30 rnfmin, 8% grade, 1 

hrlday) that we have shown previously to induce a pronounced enhancement of 

contractile function, the results do not support an increase in DHPR density. The results 

from 1M and 2M should have been equivalent but were not. In 1M a small (16%) but 

significant increase in DHPR was observed but this was not corroborated by the results of 

2M. A previous study (12) at this intensity also demonstrated no significant effect on 



DHPR B-. Interestingly, although the DHPR density was not significantly higher in 

T2M, the RyR densities were significantly increased, although these data are suspect due 

to the lower control values. From these studies, it could be argued that the moderate 

intensity of work reflected in TIM and T2M regimens may be in the range of a threshold 

for increased DHPR and RyR expression. The observed increases in DHPR and RyR 

densities in TlH, TIM and T2M may be implicated in the maintenance of myocardial 

contractility with the concomitant onset of myocyte hypertrophy that we and others have 

observed around this intensity. 
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Table 1 

Mean values for heart weight, body weight, and protein content in 
homogenates. 

Values are means rt S.E.M.; HW, ventricular weight; BW, body weight; HW/BW, heart weight 

to body weight ratio; Protein, protein content of ventricular homogenate per gram wet weight; N, 

number of animals with one heart per determination; * p c 0.05. 



TABLE 2 

Characteristics of homogenate and SL from the first study. 

Homogenate Sarcolemma 

1M 1H 1M 1H 

Protein Yield 
(mglg heart wt) 

C 

Purification Index 

Recovery (%) 

Values are means -c S.E.M. for 8 (homogenate) or 6 (sarcolernma) observations per 

group; Protein yield is the protein content in the crude homogenate and purified SL, in 

milligrams per gram heart weight; K+-pNPPase is the SL marker enzyme activity; 

Purification index is the ratio of K+-pNPPase activity in the SL fraction to that in crude 

homogenate in pmol/mg/hr; Recovery is the percentage of the total Ki-pNPPase activity 

(pmoleslhr) in the SL fraction compared to the crude homogenate. 



Table 3 

Maximum specific DHP binding to homogenates. 

Values are means +- S.E.M. of individual curve fits using GM@; n, number of 

experiments performed using homogenates prepared from either 8-9 pooled 

ventricles (1M and 1H) or 1 ventricle per experiment; *p < 0.05, **p c 0.0001 

level. 



Table 4 

Maximum specific binding to the RyR high affinity site. 

Values are means a S.E.M. of individual curve fits using GRAFIT~; * p < 0.05 level; n, 

number of experiments with one homogenized heart per experiment. 



Figure 1 - Specific [ 3 ~ ] - ~ ~ 2 0 0 - 1  10 binding to purified sarcolemma (SL) prepared from 

the hearts of sedentary-control (Cl) and treadmill-trained (TI) rats trained under 

the high (1H) regimen. Training and data collection was performed by M.W. 

Data represent the mean 2 S.E.M. of 4 binding experiments. For each experiment 

SL was isolated from 8-9 pooled ventricles. Data were fit with a single class of 

binding sites using non-linear regression (~rafit@). A Scatchard plot of the data is 

shown in the inset. 



Figure 2. Mean citrate synthase activities from medial gastrocnemius and soleus 

homogenates isolated from sedentary-control (C2) and treadmill-trained (T2) rats 

trained under the low 0, low-moderate (LM), and moderate (M) regimens. Data 

analysis for 2L and 2LM was performed by B.H. Data analysis for 2M (medial 

gastrocnemius and soleus) was performed by M.T. Data for each group represent 

the percent increase over control for 10 experiments with one muscle 

homogenized per experiment. * T2 significantly difference compared to C2, P 

<0.05. 



Figure 3. Specific [ 'HI-~~200-1 10 binding to crude homogenates prepared from the 

hearts of sedentary-control (C2) and treadmill-trained (T2) rats trained under the 

low Q regimen. Data collection was performed by B.H. and analysis by M.T. 

Data for each group represent the mean -c S.E.M. of 10 exeriments with one 

03 ventricle homogenized per experiment. Non-linear regression (Grafit ) was used 

to fit the data with a single class of binding sites. A Scatchard plot of the data is 

shown in the inset. 



Figure 4. Specific [ 3 ~ ] - ~ ~ 2 0 0 - 1  10 binding to crude homogenates prepared from the 

hearts of sedentary-control (C2) and treadmill-trained (T2) rats trained under the 
i 

low-moderate (LM) regimen. Data collection was performed by B.H. and analysis 

by M.T. Data for each group represent the mean +. S.E.M. of 10 exeriments with 

@ one ventricle homogenized per experiment. Non-linear regression (Grafit ) was 

used to fit the data with a single class of binding sites. A Scatchard plot of the 

data is shown in the inset. 



Figure 5. Specific [ 3 ~ ] - ~ ~ 2 ~ -  1 10 binding to crude homogenates prepared from the 

hearts of sedentary-control (C2) and treadmill-trained (T2) rats trained under the 

moderate regimen (M). Data collection was performed by B.H. and analysis by 

M.T. Data for each group represent the mean + S.E.M. of 15 exeriments with one 

@ ventricle homogenized per experiment. Non-linear regression (Grafit ) was used 

to fit the data with a single class of binding sites. A Scatchard plot of the data is 

shown in the inset. 
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Figure 6. Specific [ 3 ~ ] - ~ a n o d i n e  binding to the same crude homogenates from 

sedentary-control (C2) and treadmill-trained (T2) rats trained under the low (L) 

regimen. Data collection and analysis was performed by M.T. Data for each 

group represent the mean + S.E.M. of 10 exeriments with one ventricle 

homogenized per experiment. The homogenate was the same preparation as that 

used for DHP binding. Non-linear regression (~rafit") was used to fit the data 

with a two classes of binding sites over a range of 0 - 500 nM ryanodine. In order 

to improve the resolution of the high affinity site only data from 0 to 100 nM are 

shown. A Scatchard plot of the high site is shown in the inset. 
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Figure 7. Specific [3~]-ryanodine binding to the same crude homogenates used in the 

DHP binding from sedentary-control (C2) and treadmill-trained (T2) rats trained 

under the low-moderate (LM) regimen. Data collection and analysis was 

performed by M.T. Data for each group represent the mean + S.E.M. of 10 

exeriments with one ventricle homogenized per experiment. Non-linear 

regression ( ~ r a f i t ~ )  was used to fit the data with two classes of binding sites over 

a range of 0 - 500 nM ryanodine. In order to improve the resolution of the high 

affinity site only data from 0 to 100 nM are shown. A Scatchard plot of the high 

affinity site is shown in the inset. 



0 20 40 60 80 100 120 

Ryanodine (nM) 

Figure 8. Specific [3~]-ryanodine binding to the same crude homogenates used in the 

DHP binding from sedentary-control (C2) and treadmill-trained (T2) rats trained 

under the moderate (M) regimen. Data collection and analysis was performed by 

M.T. Data for each group represent the mean +. S.E.M. of 10 exeriments with one 

@ ventricle homogenized per experiment. Non-linear regression (Grafit ) was used 

to fit the data with two classes of binding sites over a range of 0 - 500 nM 

ryanodine. In order to improve the resolution of the high affinity site only data 

from 0 to 100 nM are shown. A Scatchard plot of the high affinity site is shown 

in the inset. 



Figure 9. Ratios of B,, values for ryanodine receptor (RyR) to dihydropyridine receptor 

(DHPR) in ventricular homogenates from sedentary control (C2) and treadrnill- 

k trained (T2) rats conditioned under the three workrates: low Q, low-moderate 

(LM) or moderate (M). 



CHAPTER 3 

ENDURANCE EXERCISE TRAINING: EFFECTS ON ca2+ 

HANDLING AND SARCOPLASMIC RETICULUM ca2+ 

CONTENT IN RAT CARDIOMYOCYTES 



ABSTRACT 

To examine possible exercise-induced alterations in ca2+ handling in the rat 

cardiomyocyte, indo-1 fluorescence emission (R = ratio 4051480 nm) was monitored 

simultaneously with changes in cell length during electrically stimulated twitches and 

rapid cooling contractures (RCCs). Female rats (n=30) were randomly divided into two 

groups, sedentary-control (C) and treadmill-trained (T). T animals were trained 

progressively for 14 wks and then maintained for a further 20-28 weeks at 30 m/min, 8% 

grade, 1 hrlday, 5 days/wk. This training protocol resulted in a 25% increase in soleus 

muscle citrate synthase activity (pc0.0001). ca2+-tolerant myocytes were enzymatically 

isolated from C (n=ll) and T (n=12) hearts. Unloaded average sarcomere length 

remained unaltered, 1.90 a 0.02 pm (n=105 cells) vs 1.88 4 0.01 pm (n=105 cells) in T 

vs C, respectively, as a greater number of sarcomeres contributed to the observed 6% 

increase in cell length, pc0.05. Upon field stimulation of T myocytes, maximal extent of 

shortening, expressed as % change from resting cell length, was significantly (pc0.05) 

greater in T (15.5 +- 0.4 %, n=113 cells) vs C (14.1 2 0.5 %, n=71 cells). T cells also 

demonstrated significantly (pc0.05) faster peak rates of shortening in T (193 2 7 p d s ,  

n=113 cells) vs C (162 2 6 pmls, n=71 cells), faster peak rates of relaxation in T (145 a 5 

p d s ,  n=113 cells) vs C (127 a 5 p d s ,  n=71 cells) with no change in time-to-peak 

shortening in T (193 a 4 msec, n=113 cells) vs C (198 k 5 msec, n=71 cells). The 

average Rrat in the T group slightly lower compared to C group but was not statistically 

significant. The maximum rate of rise in R was significantly lower in the T compared to 

C cells with time to Rpeak remaining unchanged resulting in a lower Rpeak (1.13 2 0.04 vs 



1.29 k 0.05, T (n=29 cells) vs C (n=22 cells)), respectively (pc0.05). Inconsistent with 

greater rates of relaxation during a twitch, T cells (n=29) demonstrated significantly 

( ~ ~ 0 . 0 5 )  slower time to one-half R decay (290 k 21 msec) compared to C cells (233 + 17 

ms, n=22 cells). RCCs were used to assess training-induced changes in sarcoplasmic 

reticulum releaseable ca2+. Maximal cell shortening during RCCs expressed as % 

change from initial cell length was not altered as a result of training in T (29.5 + 0.6 %, 

n=66 cells) vs C (30.5 & 0.6 %, n=57 cells). In contrast, Rpeak during the RCC was 

significantly ( ~ ~ 0 . 0 5 )  reduced in the T group (1.22 k 0.05, n=15 cells) vs C (1.43 k 0.10, 

n=12 cells). The time to one-half relaxation and R decay were significantly faster during 

rewarming in T compared to C cells, both in the presence and absence of 10 rnM caffeine. 

These results indicate that chronic exercise enhances contractile activation, and this 

adaptation does not appear to be due to greater ca2+ delivery but rather an increase in 

contractile element ca2+ sensitivity. 



INTRODUCTION 

Improvements to the cardiovascular system resulting from endurance exercise 

training have been well documented in a variety of models (17, 21). Irrespective of the 

variability of training conditions employed, myocardial functional adaptations are 

evidenced by greater submaximal and maximum stroke volumes (SV). For a given 

workload, SV contributes a greater portion to the cardiac output as heart rates are lower 

(18, 21). While bradycardia may allow for greater filling volumes of the left ventricle 

under conditions where heart rate and loading conditions were held constant, greater EDV 

still persisted (33). In addition, evidence for enhanced intrinsic contractile function has 

also been documented in a variety of preparations including isolated working heart (33), 

papillary muscle (39) and recently in isolated cardiomyocytes (29). 

Intrinsic adapatations may arise from alterations in ca2+ delivery or in the 

responsiveness of the contractile element to a given amount of ca2+. Evidence based 

upon in vitro data suggests that increased contractility occurs in the absence of significant 

alterations to the contractile element (4, 22). However, recent data from intact cell 

preparations suggest that training may sensitize the contractile element to activation by 

ca2+ (29). In the trained rat heart, evidence for greater ca2+ delivery is suggested by a 

prolonged action potential plateau, while papillary muscles generate greater peak 

isometric twitch tensions (39). Increased SL ca2+ influx may directly activate the 

myofilaments or trigger an even greater release of ca2+ from the sarcoplasmic reticulum 

(SR). Recent in vitro studies have shown an increase in the DHPR density (20,43), and 

~ a +  Ka2+ exchange affinity for ca2+ (40) with training. Marked changes in the lipid 

composition of cardiac SL vesicles were also observed in another study (41). However, 

the consequences of such changes remain to be determined. Finally, virtually nothing is 

known about the effects of treadmill-training on SR ca2+ content or fractional release. 



The purpose of this study was to make a direct assessment of training-induced 

alterations in ca2+ delivery and removal by measuring intracellular free ca2+ transients 

(R) in isolated ca2+-tolerant myocytes using microfluoremetry, and to determined 

whether these alterations involve relative changes in SR releaseable ca2+ as assessed by 

rapid-cooling contractures (RCCs). Simultaneous measurement of contractile properties 

also allowed correlation of changes in ca2+ handling with the functional properties of 

contraction. 



METHODS 

Animal Care and Training. Female Wistar rats (n = 30) were randomly divided into 

exercise-trained (T) and sedentary-control (C) groups. Both groups were housed in a 

light and temperature controlled room and provided food and water ad libitum. Group T 

participated in a treadmill-training protocol in which the workload was progressively 

increased for -10 weeks, until the desired duration, speed and intensity of 5 days per 

week, 1 hourlday at 30 mfmin, 8% grade was achieved. Training at this level was then 

continued for a further 24 to 32 weeks. Animals were sacrificed during weeks 24 to 32, 

at the same time each day and at least 24 hours after the last exercise bout to eliminate 

any acute effects of exercise. 

The Cdiomyocyte Model. This study involves the use of enzymatically isolated ca2+- 

tolerant cardiomyocytes. This preparation was chosen for a variety of reasons. In vitro 

biochemical analyses, while offering the greatest control of variables, is furthest from the 

physiological situation and thus extrapolation to the intact organism may often be 

inappropriate or misleading. Regulatory functions may be lost during the purification of 

membrane fractions and experimental conditions do not realistically reflect in vivo 

conditions. At the other end of the spectrum is intact cardiac muscle. While these 

preparations are useful, they present difficulties in controlling membrane potential, and 

because they also contain nonmyocyte tissue it is difficult to attribute specific activity or 

property to the myocyte. Isolated single cardiomyocytes are used to study a variety of 

electrophysiological and biochemical phenomena (7, 12, 13,34). Putative mechanisms of 

cardiac adaptation to exercise developed from papillary muscle and cell-free preparations 



can now be addressed using a more physiologically relevant model. The isolated cardiac 

cell offers considerable advantages over other multicellular preparations. 

Inhomogeneities due to cell-to-cell variations are not masked. Single myocytes are not 

limited by diffusional spaces nor subject to local accumulation or depletion of substrates 

andlor pharmacological agents. They are not hindered by series and parallel elastic 

components. However, it is important to note that the isolated, plated cell is essentially 

"unloaded" and the mechanical characteristics may not fully represent a functionally 

intact cell. Also loading the cell with the ester form of ca2+-sensitive fluorescent 

indicators may potentially compromise cell viability due to toxic byproducts of the 

deesterification process. The contractile properties such as changes in length, and rates of 

shortening and relaxation represent the culmination of a complex series of events. Any 

changes in these parameters only provides indirect evidence for underlying mechanisms 

but does help to corroborate evidence obtained from the less physiological biochemical 

studies. Finally, cardiomyocytes are small with relatively short changes in cell length 

during a twitch, making quantification of length changes difficult. However, with the use 

of recently developed video edge detection methods these limitations can be overcome. 

Mechanical urouerties. Mammalian cardiac muscle, in contrast to skeletal 

muscle, has a very steep sarcomere length-tension relationship. Due to the low intrinsic 

compliance of the cardiomyocyte, which appears to be related to the cytoskeleton, and the 

resistance offered by extracellular collagen, the descending limb is essentially absent in 

cardiac muscle (19). The steepness of the ascending limb has now been attributed to 

changes in E-C coupling and internal restoring forces as opposed to myofilarnent overlap. 



It is now known that below optimal sarcomere lengths T ~ c - c ~ ~ +  sensitivity decreases 
I 

and less ca2+ is released from the SR (1,2,27). 

Indices of contractility. There are many methods that have been used to measure a 

change in myocardial contractility using a variety of preparations including whole hearts, 

ventricular strips, papillary muscle and more recently isolated myocytes. A change in 

contractility, by definition involves length-independent alterations in the amount of work 

performed during a single cardiac cycle. However, it is virtually impossible to remove all 

influences of length-dependent changes in tension development. Even the use of isolated 

cardiomyocytes involves changes in sarcomere length during cell shortening. 

Characterization of the myocardial contractile process comes from measures of 

shortening responses such as maximal extent of shortening, rates of shortening and time 

to peak shortening and these have been used to measure changes in contractility. Tension 

or force generated by the isolated and intact myocyte is technically difficult to measure. 

Direct measuremnt of mechanical forces have been achieved, although problems 

associated with the increased resistance offered by the attachment apparatus can be 

significant (1 9,23). 

Ventriculur Myocyte Isolation. ca2+-tolerant myocytes were enzymatically isolated 

following a modified protocol of Mitra and Morad (28). All solutions were prepared 

using sterile procedures and aerated before and during use with 100% 0 2 .  Several 

minutes after an injection of heparin containing sodium pentabarbitol (65 mglkg and 5 

mVkg heparin ip) the heart was removed and placed into a beaker of ice-chilled buffered 

minimal essential medium (MEM), pH 7.3 at 23'~. The heart was attached to a 



Langendorff apparatus and perfused with MEM (nominally ca2+-free) at 37 '~ .  After 

several minutes, the perfusion buffer was changed to a MEM-collagenase solution [ l  

mglml collagenase type It, (Worthington Biochemicals, Freehold, NJ) plus 25 pM ca2+ 

and 0.5 % bovine serum albumin (BSA; Boehringer Mannheim, fraction V, fatty acid 

free)]. 

After -30 minutes the atria were removed and the venticular cells were gently 

teased apart, transferred to a water-jacketed beaker (37'~) and subject to a further 3-5 

minutes of mechanical digestion. Isolated myocytes were then filtered through a 200 pm 

nylon mesh. The ca2+ concentration was gradually raised from 0.25 to 1.0 mM in three 

steps. Step 1 involved pelleting the cells by gravity, removing the supernatant, and 

resuspending in buffered MEM (7.3 at 23 '~)  with 1% BSA plus ca2+. This procedure 

was repeated three times increasing the ca2+ concentration each time. The fourth and 

final step involved resuspending cells in buffered medium-199 and 1.8 mM CaC12 

(M199) plus 5% fetal bovine serum (FBS; Gibco). After 1-3 hours recovery at room 

temperature, myocytes were plated onto laminin-coated (20 pgirnl in M199) glass 

coverslips (thickness 0.2 rnm). All experiments were performed between 3 and 12 hours 

post-isolation. 

Measurement of myocyte dimensions and contractile properties. The plated cells were 

mounted on the stage of an inverted microscope (Nikon Diaphot-TMD) and continually 

bathed in a temperature-equilibrated (23'~) modified Tyrode solution containing (in 

rnM): 140 NaCl, 6 KCl, 1.8 CaC12, 1 MgC12, 10 glucose, and 5 mM TES buffer (pH 



adjusted to 7.3 at 23'~). Myocyte dimensions were routinely made at 2 and 3 hours post- 

isolation. Selected cells were quiescent in 1.8 mM ca2+, rod-shaped, had clear striations, 

visible dark edges, and completely adherent to the coverslip. The focused cell image was 

captured by a video camera (COHU CCD 48 15 series, San Diego, CA) mounted onto the 

microscope side port (Figure 1). CCD line scan voltage output was passed online to a 

video edge detector (VED) circuit board (38), and a high resolution monitor (Sony PVW- 

91). The VED output was also directed to a personal computer, digitized (Tekmar 

(5' Labmaster board), and viewed on-line using Oscar [Deltascan Photon Technology 

International, (PTI)] software at a sampling rate of 50 data points per second. Resting 

cell length was determined by positioning the left and right VED windows at maximum 

cell length and recording the voltage output. Maximum cell width was determined in a 

similar manner after rotating the CCD camera 90' and repositioning the VED windows. 

Average sarcomere length was determined by dividing the cell length by the number of 

visually counted sarcomeres. 

During motion measurements, myocytes were field-stimulated with platinum 

electrodes at a frequency of 0.5 Hz (1.5 times threshold), and 5 msec duration using a 

Grass S11 digital stimulator. In some experiments the frequency was varied between 

0.10 and 1.33 Hz. Contractile measurements were taken after 5 minutes of continuous 

electrical stimulation to ensure cell viability and that a steady state twitch amplitude had 

been reached without changes in resting length. Only those cells contracting at least 5% 

of initial length were used. Maximum rates of cell shortening ( -Udt)  and relengthening 



(+dUdt) were determined by derivatizing the motion signal using Oscarm software and 

converting to units of microns per second. 

Measurement of intracellulnr [ca2+li. In chapter 2 pharmacological methods were used 

to examine two key components of E-C coupling, namely the DHPR and RyR . A more 

integrated approach to assess the physiological consequences of changes in DHPR and 

RyR densities is to use isolated ca2+-tolerant cardiomyocytes. By recording intracellular 

ca2+ transients under various conditions, a better understanding of the underlying 

mechanisms which contribute to the known exercise-induced enhancement of 

contractility may be achieved. 

Intracellular ca2+ has been measured in a variety of excitable cells using ca2+- 

selective microelectrodes, metallochromic dyes, bioluminescent indicators and more 

recently fluorescent ca2+ indicators (15). ca2+-selective microelectrodes generally have a 

wide dynamic range, but suffer from slow response times making measurements of rapid 

changes in ca2+ impossible. In addition, ca2+ leakage at the impalement site may lead to 

inaccurate measurements. In contrast, the metallochromic dyes (i.e., arsenazo IU, 

antipyrylazo III, tetrarnethylmurexide) and bioluminescent indicators (i.e., aequorin) have 

significantly faster response times, but have the disadvantages of: 1) motion artifacts, 2) 

the need for microinjection, 3) inappropriate KD, 4) low quantum yield, andlor 5) multiple 

ion sensitivity. The fluorescent ca2+ indicators subsequently developed have overcome 

many of these drawbacks. In particular, indo-1, has a sufficiently fast response time in 

vitro (tau -2-14 msec), high quantum yields, and because indo-1 is a derivative of EGTA 

it is relatively insensitive to M ~ ~ +  and temperature. Unlike EGTA, indo-1 is relatively 



insensitive to pH. Moreover, indo-1 has a KD of -250 nM in the absence of binding to 

protein and thus is well suited to measure physiological ranges of cytosolic ca2+ (24). 

ca2+ binding to indo-1 causes a change in the relative intensity of emitted fluorescence at 

the two wavelengths, 405+10 and 480210 nm. Indo-1 was chosen for the present 

experiments because both emission wavelengths can be monitored continuously and 

simultaneously with myocyte shortening. The ratio of fluoresence emission (4051480 nm) 

has been used to estimate [ca2+li. The ratiometric method eliminates problems 

associated with variations in emitted light unrelated to ca2+ such as that which would 

occur due to: 1) variations in excitation light intensity, 2) nonuniform illumination of the 

optical field, 3) motion artifacts, 4) variable dye concentration, and 5) variations in cell 

thickness. The effect of fluorescence emission pathlength does not pose a problem in the 

following experiments. Over the measurement timeframe [ca2+li will be homogeneously 

distributed throughout the cell. However, interpretation and quantification of the ca2+ 

transient data has proved difficult for several reasons. 

2+ Initial experiments relied upon in vitro calibrations in order to estimate [Ca Ii, 

and have generally used the free acid form of indo-1. The generation of in situ or in vivo 

calibrations, while more appropriate, have been extremely difficult to perform and have 

not been fully accomplished (8). The difficulties encountered include myocyte 

contracture at high [ca2+li, loss of cellular components including the indicator during 

equilibration of intra and extracellular media, and interactions between indo-1 and 

intracellular constituents. The latter can result in altered indicator kinetics and a reduced 

in vivo dynamic range. There is evidence that indo-1 may bind to intracellular proteins 



which can decrease its ca2+ affinity by several-fold and lead to underestimations of 

intracellular ca2+ (3, 8, 14, 26). In addition, high levels (>I00 pM) of dye loading may 

contribute to significant ca2' buffering effects (6, 30). The use of the actoxymethylester 

form of indo-1 to load cells with dye further complicates interpretation of the fluorescent 

signal as it may originate from compartmentalized or incompletely deesterified forms. 

All these factors place limitations on the quantitation of intracelluar ca2+ during a single 

contraction. These factors do not, however, prevent relative changes in ca2+-sensitive 

fluorescence to be assessed provided care is taken to ensure a viable myocyte preparation 

is used and dye compartmentation andlor partially deesterified forms are minimized. 

Cell loading and Indo-1 Fluorescence Measurements. Cells to be used in fluorescence 

measurements were loaded with 5 pM indo 1IAM in ~ 0 . 1 %  anhydrous DMSO 

(Molecular Probes, Eugene, OR) for 30 min at 2 3 ' ~  in the dark. After loading, plated 

cells were washed with M199/FBS and left in the dark for a further 15-20 minutes. This 

method optimized deesterification and minimized dye compartmentation. Cellular 

fluorescence emissions were recorded simultaneously with contractile movements as 

previously described (44). Fluorescence emissions were expressed as the ratio (R) of 

4051480 nrn and were used to analyze the [ca2+li -transients. 

Preliminary experiments, using an excitation wavelength of 350 nm and band pass 

filters on emission of 405k10 nm and 48W10 nm, determined that a data acquisition rate 

of 50 ptslsec was the lowest rate that did not compromise signal characteristics while 

allowing sufficient data storage. Total background fluorescence including 

autofluorescence accounted for -4-8% of total fluorescence from loaded cells. While 
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loading conditions minimized dye compartmentation, pilot experiments in which cells 

were subject to 1 yM digitonin followed by 1% Triton X-100 revealed that 4 3 %  of the 

total fluorescence counts were contained within intracellular compartments such as 

mitochondria and SR. In several control experiments, after incubating for 10 min in an 

inhibition buffer containing 40 rnM 2,3 butanedione monoxine and 2 yM carbonyl 

cyanide p-(trifluoromethoxy)phenylhydrazone, pH 7.5 at 23 '~ ,  in situ R,, was obtained 

by the addition of CaC12 (final 4 mM) and ionomycin (final 2 yM, 0.03% DMSO). 

Several R- values were also obtained by treating the cell with inhibitor buffer plus 

C~~+-EGTA (pCa 10) and 2 pM ionomycin or 20 pM digitonin. Finally, the dynamic 

range of indo-1 in situ was slightly lower compared to the in vitro calibrations using the 

free acid form of the indicator (data not shown). Estimates of intracellular free ca2+ 

( [ ~ a ~ ' ] ~ )  were only made for comparative purposes. There are several reasons why the 

estimates of [ca2+li may be inappropritate. First, it was not possible owing to the small 

number of animals remaining at the end of the study to obtain a sufficient number of R- 

and R,, values in situ. Second, the interpretation of the results depend upon knowledge 

of the relative rather than absolute changes in [ca2+]i. Third, the possibility exists that 

protein-indo-1 binding decreases the affnity of the indicator for ca2+ (26), thus the 

binding reaction between ca2+ and indo-1 cannot be considered to be at equilibrium 

during the transient (34) and thus [ca2+li estimations would not be accurate. The in situ 

KD value is unknown and has been reported to vary from 0.25-1 pM depending upon the 

presence of protein, temperature and ionic conditions (3, 8,26). After data smoothing the 



transient signal was derivatized to obtain an estimate of the maximum rate of rise in R 

(+dR/dt). The time to one-half R decay was obtained by determining the time from Rp& 

to one-half of the difference between Rpre and Rpe* where Rpre is R just prior to the rapid 

R upstroke. 

Rapid Cooling Contractures. The protocol used follows Bers et al. (12). The indo-1 

loaded cells were superfused at -18-22 mVmin with a modified Tyrode solution 

containing (in mM): 140 NaCl, 6 KCl, 1.8 CaC12, 1 MgC12, 10 glucose, and 5 TES buffer 

(pH adjusted to 7.3 at 23'~). RCCs were initiated by rapidly switching from a warm 

(23'~) to cold (1 '~ )  Tyrode solution in less than 2 seconds with the use of minature 

solenoid valves (Lee Co.). In order to assess potential differences in the relative 

contribution of ~ a + l ~ a ~ +  exchange activity to relaxation, 10 mM caffeine was added to 

the cold and rewarming solutions in some experiments. 

The pre-RCC protocol involved 10 stimulated twitches followed by a 10 second 

rest interval. The influence of rest periods on RCC magnitude has been shown to be 

species specific (10). The rat myocardium displays a phenomenon of rest potentiation 

thus optimal time for reproducible loading of the SR with ca2+ prior to each RCC was 

determined to be 10 seconds. Data collected from the VED output and fluorescence 

emission were also monitored simultaneously during RCCs at a sampling rate of 50 

ptslsec. Rpeak was taken to be the maximum fluorescence ratio after smoothing and linear 

regression analysis of the transient data during cold exposure. The relaxation rate during 

rewarming was taken as the time from the peak of the rewarming spike to one-half of the 

difference between resting cell length just prior to the RCC and the peak of the 



rewarming spike. The R decay rate was determined by the time from Rpeak to one-half of 

the difference between Rrest prior to RCC and Rpeak. 

Citrate Synthase Assay. The right medial gastrocnemius and soleus muscles from T and 

C animals were isolated and immediately frozen in liquid N2. The muscles were 

subsequently weighed, thawed and homogenized in ice-cold buffer containing (in mM): 

20 MOPS (pH 7.2 @ 23'~), 5 EDTA, and 0.1% Triton X-100, then sonicated and re- 

frozen. On the day of the assay crude homogenates from T and C muscles were thawed 

in parallel, sonicated and spun at -13,000 rpm for 5 min. The supernatants were assayed 

for citrate synthase activity at 3 7 ' ~  as previously described (37). 

Statistical Analysis. An independent Student's t-test was used to determine the degree of 

significance between the T and C groups with significance set at P < 0.05. 

Materials. All reagents were of the highest purity obtained from Sigma Chemical Co. 

with exceptions as noted. 



RESULTS 

Training response. Throughout the duration of training no significant differences in total 

body weights were observed nor were any differences noted at time of sacrifice (338 12 

and 362 + 10 g, in T vs C respectively). In order to preserve cell viability, heart weights 

were not determined. Indicative of a training effect, this regimen produced marked 

increases in oxidative marker enzyme activity in both soleus and medial gastrocnemius 

whole muscle homogenates. Citrate synthase activities were 13% and 25% greater in the 

medial gastrocnemius and soleus muscles, respectively, from trained compared to control 

animals (Figure 2). Finally, while no differences were noted in average maximum 

myocyte width, cells isolated from T hearts were -6% longer compared to those cells 

isolated from the control hearts (Table 1). Similarly, T myocytes had a greater number of 

sarcomeres, p<0.05. 

Stimulated twitches. 

Contractile properties. Both T and C cells displayed a typical negative force- 

frequency response. During steady-state stimulation (0.5 Hz) maximal extent of cell 

shortening (I,& was 10% greater in T compared to C cells, p<0.05. T myocytes also 

demonstrated significantly faster rates of shortening and relengthening when compared to 

C myocytes (Table 2). Overall, however, time-to-peak shortening remained unaltered in 

these cells. 

ca2+-transients. The exercise training regime used in this study was sufficient to 

elicit alterations in the time course of the ca2+ transient recorded as the fluorescence 

emission ratio (R). As shown in Table 3, Rrest was slightly lower in the T group but this 



difference was not significant. The magnitude of the Rpea was significantly lower 

(-12%) in T compared to C cells, pc0.05. In addition, the average Ca2+ transients from T 

cells exhibited a significantly slower maximum rate of rise (+dR/dt) and essentially no 

change in the time-to-peak R. When R was integrated over the twitch interval no 

differences were observed in cells from either group. However, the area-to-Rpd was 

significantly less in T vs C myocytes, p<0.05. Training did not appear to enhance the rate 

of ca2' removal during relaxation as measured by the slower time to one-half R decay 

(Table 3) 

SR releaseable ca2+. Rapid cooling contractures (RCCs) were used to assess any 

changes that training may have had in the relative amount of SR releaseable ca2+. When 

RCCs were elicited, myocytes from both groups shortened by -30% of initial cell length 

(Table 4). In contrast, the amplitude of Rpeak was significantly lower by -15% in T 

compared to C myocytes. 

In order to assess the relative contribution of ~ a + / ~ a ~ +  exchange activity to 

relaxation, 10 m M  caffeine was added to the cold and rewarming solutions in some 

experiments. Similar results were observed in both & and Rpeak in the presence and 

absence of added caffeine. Due to the effects of caffeine on SR function, the time 

constants for relaxation (%ell,) and ratio decay ( z ~ ~ ~ ~ ~ )  during rapid rewarming were 

several-fold higher compared to the same protocol without added caffeine. The 

from T cells was 16% and 32% lower in the absence and presence of caffeine, 

respectively @<0.05). Under the modified Tyrode solution, zdKay from T cells was not 

i 



significantly different compared to C cells. However, in the presence of caffeine, zdKaY 

was 42% lower in T vs C cells, p<0.05. 



DISCUSSION 

Training response. The training regime outlined in this study did not produce any 

significant differences in body weights between the two groups, neither during the time 

course of training nor at the time of sacrifice. The magnitude of citrate synthase activity 

increases are consistent with other training studies using similar training intensities 

demonstrating enhanced contractility (5,39,41). The longer cell length measured from T 

myocytes is accounted for by an increase in sarcomere number. These dimensional 

changes are also similar to those observed in a previous study using a similar training 

protocol albeit at a slightly higher intensity (29). The accompanying cell volume 

increases are also consistent with the slight increase in heart weights of female rodents 

typically recorded in studies using similar regimens (22, 33, 39). In addition, the longer 

myocyte lengths may contribute to the observed increases in EDV by increasing the 

circumferential dimension of the left ventricle. Under conditions of identical heart rate 

and loading, EDV is increased by 16% in treadmill-trained rats (33). An increase in the 

chamber volume would be accompanied by less of an increase in myocardial wall stress 

and consequently a greater SV independent of any changes in contractility or optimization 

of the sarcomere length-tension relationship. 

Stimulated twitch characteristics. 

Contractile properties. While the isolated cardiomyocyte provides a more 

physiological model compared with biochemical analyses, all of the data collected were 

obtained from cells stimulated well below physiological frequencies, in an unloaded state 

and at lower temperatures. However, much information can still to be gained and 
F 



comparisons made with data collected under similar conditions from other laboratories. 

When stimulation frequency is changed the force generated by the heart may increase or 

decrease depending upon species and experimental conditions (10). The features of the 

force-frequency relationship has been attributed to a transient imbalance between ca2+ 

influx and efflux. Both T and C myocytes in this study demonstrated a negative force- 

frequency response typical for rat heart. 

In general, the contractile responses of the cardiomyocytes in this study are 

consistent with those published previously and supports the viability of our cell 

preparation (35, 36). During steady-state electrical stimulation at 0.5 Hz, T myocytes 

shortened significantly more than C cells. The peak rates of cell shortening (-Udt-) 

and relaxation (+dL/dt-) were also significantly faster in the T cells while the time-to- 

peak shortening remained the same. The greater extent of shortening and unaltered time 

course of shortening is consistent with similar observations obtained in isolated myocytes 

from rats trained using a regimen of slightly higher intensity (29). In contrast, we report 

greater rates of shortening and relengthening. While the reason for this discrepancy 

remains unclear, the training intensities used in the two studies were somewhat different. 

The observed training-induced increase in contractile activation as measured by &, does 

not distinguish between differences in contractile element ca2+ sensitivity or changes in 

the amount or time-course of ca2+ delivery. The similarity in the +Wdt over -Wdt  ratio 

between the two groups does help to rule out alterations arising from the passive 

components of shortening ( 19). 



A greater response by the contractile element must involve an increase in either 

the rate or the number of cross bridges being formed. Current in vitro evidence is not in 

favour of a greater rate of cross bridge cycling resulting from training. Alterations in the 

level of phosphorylated myosin light chain or relative amounts of V1 myosin isozyme do 

not occur as the result of treadmill training female rodents (4,22). Other ways to enhance 

contractile activation is to: 1) increase the rate of rise in free ca2+ and thus delivery to the 

myofilarnents, 2) prolong the duration of elevated free ca2+, or 3) increase T ~ c - c ~ ~ '  

sensitivity by one of several possible mechanisms. The recording of ca2+ transients 

attempts to assess any alteration in ca2+ delivery. 

~ 2 *  transients. Individual estimates of intracellular free ca2+ ([ca2+li) were not 

performed for several reasons. It was not possible owing to the small number of animals 

remaining at the end of the study to obtain a sufficient number of R ~ ,  and R,, values in 

situ. Secondly, the interpretation of the results depends upon knowledge of the relative 

rather than absolute changes in [ca2+li with the exception that AR is not linear with 

[ca2+li when [ca2+li >> KD. Thirdly, the possibility exists that indo-1 protein binding 

decreases the affinity of the indicator for ca2* (26), thus the binding reaction between 

ca2+ and indo-1 may not be at equilibrium during the transient (34). These factors may 

lead to erroneous estimations of [ca2+li. Under equilibrium conditions, the in sihr KD 

value is currently unknown, but estimates using diferent methodologies have reported 

values from 0.25-1.0 yM depending upon the presence of protein, temperature and ionic 
i 



data) and data from Figure 5, an estimation of [ca2+li was made simply for comparative 

purposes (Figures 6 and 7). 

The amplitude of the ca2+ transient is determined by the balance between the rate 

of cytosolic ca2+ entry and the rate it is removed by binding to various intracellular 

buffers, SR sequestration, or extrusion from the cell. The binding of ca2+ to TnC and 

other cytosolic buffers is essentially diffusion limited and occurs within a few 

milliseconds of the initial rise in cytosolic free ca2+ (31). Thus, if T ~ c - c ~ ~ +  affinity was 

increased as the result of chronic exercise, one might expect the amplitude of the ca2+ 

transient to decrease, however, this effect is likely to be very small and probably not 

observable due to the much larger pool of other ca2+ buffers. While Rmt is not 

significantly different between groups, Rpeak during an electrically stimulated twitch was 

12% lower in the T cells (Table 3, Figure 5). This peak amplitude attenuation has been 

observed previously in T cells loaded with membrane permeant form of fura-2 (29). A 

traininginduced increase in T ~ C - C ~ ~ '  sensitivity by any one of a number of mechanisms 

(i.e., increased pHi buffering, phosphorylation) would provide one explanation for 

enhanced contractile activation in light of the observed reduction in Rpeak. Other 

explanations for the reduced Rp* include; 1) greater indo-1 ca2+ buffering, 2) decreased 

SR release, and/or 3) dilution of ca2+ into a larger cell volume. These factors would not, 

however, account for greater contractile activation. While intracellular indo-1 

concentrations were not determined, it is possible that high levels of dye loading could 

alter the characteristics of the ca2+ transient in the T cells (6). The loading conditions 



used in the present experiments were identical for both groups. No differences were 

observed in the raw fluorescence values between groups. In another study, intracellular 

concentration of indo-1 was determined to be on average <50 pM using loading 

conditions of 10 pM indo-AM, 15 min, room temperature (9). Therefore the loading 

conditions used (5 pM, 30 min, room temperature) in our study are expected to result in a 

similar or lower intracellular indo- 1 concentration. Concentrations known to affect the 

transient amplitude and timecourse, have been demonstrated to be >I00 pM (6). The best 

indicator against either differential loading or overloading is the observation that the 

contractile properties are the same in both loaded and unloaded cells. 

In addition to the attenuated amplitude, the time course of the ca2+ transient was 

altered in the T cells. While this contrasts with previous data (29), the slower rate of rise 

(+dR/dt) suggest that the kinetics of ca2+ release andor buffering have been altered as 

the result of training in the present study. The faster time-t0-Rpeak shown in Table 3 

appears to be artifactual as this was not apparent in the averaged traces (Figure 5). 

Enhanced contractile activation may arise in light of a reduced peak [ca2+]i by 

maintaining the peak [ca2+li concentration for a longer time period or by slowing the rate 

of [ca2+li removal (16). When the fluorescence ratios were integrated no differences 

were found in the total area under the average transient, but the area-to-Rp& was 

significantly reduced in the T cells by 15%, pc0.05. This suggests that the enhanced 

contractility is not due to a greater ca2+ delivery. Changes in either the concentration or 

ca2+ binding affinity of any one or more of the intracellular ca2+ buffers may potentially 



explain these results. Further experiments are required to determine if any differences in 

total intracellular ca2+ buffering exists between cardiomyocytes isolated from trained and 

sedentary rats. 

Finally, during the relaxation phase of the twitch, T myocytes demonstrate 

significantly slower time to one-half of R decay. The reasons for this result are not 

known, particularly in light of a faster mechanical relaxation in T compared to C cells. 

An increase in the affinity of TnC for ca2+ would be expected to decrease the 'off rate 

constant of TnC for ca2+ and slow relaxation (16). Alternatively, the slower rate of R 

decay may be explained by a return to baseline from a lower peak [ca2+]i. The possibility 

also exists that T ~ c - c ~ ~ +  affinity is greater during cell shortening and decreases during 

relengthening. This last point would account for the greater mechanical relaxation 

observed. 

Rapid Cooling Contractures. Rapid cooling of cardiac muscle to clOc in less than a few 

seconds leads to the release of essentially all of the ca2+ in the SR. At the same time the 

cold temperatures drastically inhibit other ca2+ transport mechanisms (12). The 

magnitude of the ensuing contracture is thus believed to reflect the amount of ca2+ which 

was in the SR just prior to cooling. The relative change in transient magnitude from 

twitch-Rpeak to RCC-Rpeak is considerably less in magnitude compared to the same 

response in cell shortening (twitch-& to RCC-&). One would expect that indo-1 

will underestimate free ca2+ during cold exposure due a temperature-dependent increase 

in the Ko for ca2+ (12). 1 is also possible that the indo-1 may have become saturated 



with ca2+ although this is unlikely because the maximal RCC response is less than R, 

based on previous in vitro calibrations but done at 23'~.  

No between group differences were observed in L,- during an RCC ellicited 

under either modified Tyrode or modified Tyrode plus 10 mM caffeine conditions (Table 

4). However, the use of & as an index for SR ca2+ content under maximal SR loading 

is not valid. Factors limiting during an RCC may involve mechanical constraints of 

the low compliance myocyte (19), the amount of ca2+ released andlor T ~ c - c ~ ~ +  

sensitivity. With a thick filament of 1.4 pm and 64 sarcomeres, maximum cell shortening 

without any thick filament compression/buckling is predicted to be -25% of resting cell 

length while RCCs are -30%. Also, the influence of temperature reduction on cell 

compliance is not known. Further evidence that the passive components do not appear to 

be the limiting factor is the presence of the rewarming spike (see Figure 4) typically 

observed. Rewarming spikes reflect the sudden increase in T ~ c - c ~ ~ +  &nity associated 

with a rapid increase in temperature. The presence of a rewarming spike also rules out 

T ~ c - c ~ ~ +  saturation in limiting the extent of shortening. The predominant factor limiting 

& is more likely to be the substantial decrease in T ~ C - C ~ ~ '  sensitivity accompanying 

cold exposure (25). Large amounts of ca2+ would have to be released in order to measure 

a small change in &. A better indicator of SR releaseable ca2+ under maximal SR 

loading is RCC-Rw 

The average Rpe* during RCCs was significantly reduced in T compared to C 

cells under modified Tyrode and modified Tyrode plus 10 rnM caffeine conditions (Table 



4). The possible explanations to account for these results are essentially the same as for 

the reduced twitch Rp& and include: 1) less ca2+ in the SR available for release, 2) 

greater dilution of the released ca2+, andlor 3) increased intracellular ca2+ buffering 

either by indo-1 or other physiological buffers such as TnC. While greater indo-1 

buffering does not seem likely, for reasons mentioned above, further experiments are 

needed to assess the potential contribution by dilution andlor buffering. 

Caffeine is known to activate the SR ca2+ release channels preventing SR ca2+ 

re-uptake (32), thus ca2+ removal and relaxation will occur more slowly and is largely 

due to ~ a + l c a ~ +  exchange (1 1). In addition, caffeine has multiple effects within the cell, 

one of which is to enhance myofilament ca2+ sensitivity although both T and C groups 

are expected to be equally affected (42). Indo-1 fluorescence is also strongly quenched by 

caffeine, however, this occurs in a wavelength independent manner and thus should not 

affect the ratio. The absolute values for the time constants of relaxation (k l& and 

fluorescence decay (zdaY) under modified Tyrode conditions were slower than that 

previously reported in rabbit papillary muscle (11). The faster relaxation times in the 

latter study may reflect the - 7 ' ~  higher rewarming temperatures. Evidence for training- 

induced alterations in NaICa exchange activity is revealed by the subtantially greater 

reduction in qel, and 7decay from T cells under the caffeine treatment compared to T cells 

perfused without added caffeine. These data are consistent with in vitro data suggesting 
1 
I 
: enhanced ~ a + l ~ a ~ +  exchange activity with training (40). 



Ratio vs [ca2+li. The question arises whether or not the reduced Rpd recorded during 

the stimulated twitches and RCCs from T myocytes reflects a true reduction in [ ~ a ~ + ] ~ .  

To address this problem [ca2+li was estimated. A KD of 400 nM was chosen based upon 

previous determinations of indo-1 binding to ca2+ in the presence of protein (3, 26). 

Using the same KD (400 nM) for both T and C transients (Figure 6),  diastolic levels of 

[ca2+]i are reduced in T and the reduction in peak [ca2*li between the average T and C 

twitch becomes considerably greater than that between the Rpeaks. It seems unlikely that 

diastolic [ca2+li would be reduced as the result of training. When a KD of 755 nM was 

substitued in T, resting [ca2+li levels were identical and as a result peak [ca2+]i were also 

the same (Figure 7). This analysis suggested that the peak [ca2+li may not be reduced as 

indicated by the reduced Rpeak. Even with the differential KD values it appears that the 

[ca2+]i decay is slower in the average T transient (Figure 7). Extrapolation from these 

conditions to the normally much higher heart rates should not lead to a rate-dependent 

; rise in diastolic [ca2+li as the decay time constants are known to be condition-dependent 
;c 
k 
b 

(i.e., adrenergic stimulation leads to enhanced uptake of ca2+ by the SR). The change in 

R (RCC Rpeak - Rpeak) between T and C ratios was 0.14 for the average C transient and 

0.09 for the average T transient. If the peak [ca2+li transient remained the same, then this 

would suggest that the KD of indo-1 for ca2+ is higher in the T compared to cells. Futher 

experiments are needed to test this hypothesis. One method is to obtain an in vivo 



calibration curve for both trained and control myocytes with intermediate values between 

R ~ ,  and R,,. 

Functional implications. In summary, we provide evidence that both cardiomyocyte 

morphology and contractile function are influenced by treadmill training. Longer cell 

lengths may, at least in part, contribute to the greater EDVs observed after training in a 

length independent manner. Chronic treadmill training produces enhanced contractile 

activation in the presence of altered ca2+ dynamics. The data are suggestive that the 

sensitivity of the contractile element to ca2+ is increased by training. The SR ca2+ 

content as assessed by RCCs decreases with training. Finally, the greater rates of 

relaxation during twitches and RCCs and ca2+ transient decay during RCCs support 

biochemical data (40) for enhanced ~ a + / ~ a ~ +  exchange activity in a more physiological 

model, the cardiomyoctye. 
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TABLE 1 

Myocyte and sarcomere dimensions 

MYOCYTE SARCOMERE 

N Length Width sarcomere Length 
(Pm) (Ctm) number (Clm) 

P- 
value 

Values are mean A sem; C, sedentary control; T, treadrnill-trained; N, total number of 

cells from which measurements were taken during 12 (control) and 11 (trained) isolation 

days. Measurements were taken during quiescence with cells bathed in 1.8 mM cazt, 

23 '~;  NS, not significant (p>0.05). 



TABLE 2 

M yocyte contractile chacteristics 

- 

N LMX TPS -dUdtmax +dUdtmax -dUdt max 

("10 LO) (msec) (pmlsec) (pmlsec) +dudtmax 

C 71 14.1i0.5 1 9 8 i 5  1 6 2 i 6  127k5 1.30 * 0.03 

T 113 15.5k0.4 19324 19327 145 2 5  1.35 i 0.03 

T(%C) 110 97 119 114 104 

P value c0.05 NS ~0.005 c0.05 NS 

Values are mean + sem; N, is the total number of cells from which measurements were 

made over 12 (C) and 11 (T) isolation days; &, maximum extent of cell shortening 

expressed as percent resting cell length; TPS, time-to-peak shortening; -dUdt-, peak 

rate of shortening; W d t - ,  peak rate of relengthening. All measurements were taken 

during field stimulation at 0.5 Hz, 1.8 rnM ca2+, 23'~ .  NS, not significant (p>0.05). 



TABLE 3 

Calcium transients during stimulated twitches. 

R rest Rpeak +dWdt Time to Area to Time to 
Rpeak R~~~~ one-half 

R peak 

T (n=29) 0.81 kO.03 1 .I 3 0.04 3.9 0.2 174 +: 9 9.9 1.0 290 2 21 

T (%C) 91 88 76 87 85 125 

P value NS e0.05 ~ 0 . 0 5  4 . 0 5  4 . 0 5  <0.05 

Values are mean +- sem; R, fluorescence ratio 4051480 nm during quiescence (Rrest); 

Rpeak, peak R amplitude during a stimulated twitch; +dRldt, maximum rate of rise in R 

expressed in arbitrary units; time-to-Rpeak, the time from Rpre to Rpeak where Rpre is defined 

as R just prior to onset of the rapid upstroke; Area-to-Rpd, represents the integrated 

fluorescence ratio from Rpre to Rpeak determined by I G O R ~ ~  (Wavemetrics, Eugene OR) 

software; Time to one-half Rpeak, is the time to one-half of Rpe* minus Rpre. All 

measurements were taken during field stimulation at 0.5 Hz, 1.8 m M  ca2+, 23 '~ .  



TABLE 4 

Rapid cooling contractures 

C 

T 

P value 

C 

T 

P value 

Cell length 

Lmax 'belax 
(% chge) (sec) 

modified Tyrode solution 

Fluorescence Ratio 

Rpeak Tdecay 
(sec) 

Values are mean -r- sem; &, maximum extent of cell shortening during cold exposure 

modified Tyrode plus 10 mM caffeine 

expressed as % resting cell length; L,, is peak shortening during the onset of rewarming 

31 .O*O.9 (31) 27.2*4.3 (47) 

3l.3kO.6 (42) l8.5kl.2 (64) 

and encompasses the rewarming spike; z,,, is the time constant for relaxation in 

l.59kO.13 (9) 123.8~7.8 (1 9) 

l.36kO.07 (1 6) 71.427.1 (1 8) 

seconds; Rpeah, peak fluoresence ratio; zby is the time constant for fluorescence decay in 

seconds; Numbers in brackets represent the number of cells from which measurements 

were taken during the course of 12 (C) and 11 (T) isolation days. 
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Figure 1. Schematic of contractile and fluorescence monitoring apparatus. 
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Medial Gastrocnemius 

Figure 2. Mean citrate synthase activities in pmoles per minute per gram tissue from 

medial gastrocnemius and soleus whole muscle homogenages from sedentary- 

control (C) and treadmill-trained (T) rats. Data for each group represent 10 

experiments in which one muscle per experiment was used. *, T significantly 

greater compared to C, pc0.05. 
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Figure 3. Cell length and fluorescence ratio (R4051480nm) from a representative 

control cell. Cells were electrically stimulated at 0.5 Hz and continually bathed in 

1.8 mM ca2+ at 23'~. 
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Figure 4. Cell length and fluorescence ratio (R=405/480 nm) recordings during a 

rapid cooling contracture from a representative control cell. 
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Figure 5. Mean fluorescence ratios during a twitch from C (n=26 cells) and T (n=34 

cells) myocytes. Cells were electrically stimulated at 0.5 Hz and continually 
/ 

bathed in 1.8 mM ca2+ at 23 '~.  In order to superimpose transients from different 

cells the time scale was normalized starting from 0 seconds and increased by 20 

msec for each sampling data point. The fluorescence ratio at 0 seconds was taken 

as the value just prior to the large upstroke thus the ratio at 0 seconds for T and C 

cells is defined as Rpre to distinguish it from Rrat. 
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Figure 6. Average [ca2+li estimated during a twitch from C (n=26 cells) and T 

(n=34 cells) myocytes. The data from Figure 5 was used to estimate the average 

[ca2+li using the following values: KD = 400 nM, Rdn = 0.75, Rmm = 1.75, and 

Sf2/Sb2 = 1.40 and the equation: [ca2+li = KD x (R-Rmi&l(Rmm-R) x Sf2/Sb2 (24). 
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Figure 7. Average [ca2+]i estimated during a twitch from C (n=26 cells) and T 

(n=34 cells) myocytes. The data from Figure 5 was used to estimate the average 

[ca2+li using the following values: KD (control) = 400 nM, KD (trained) = 755 

2+ 
nM, R ~ ,  = 0.75, R,, = 1.75,. and Sf2/Sb2 = 1.40 and the equation: [Ca Ii = KD x 



CHAPTER 4 

CALMODULIN CONTENT IN SOLUBLE AND 

MEMBRANE FRACTIONS FROM ENDURANCE- 

TRAINED RAT HEARTS 



Abstract 

The possible role of calmodulin (CaM) in mediating exercise-induced 

enhancement of myocardial contractility was investigated. In two separate but similar 

training studies, female Sprague-Dawley rats were randomly divided into trained (T) and 

sedentary control (C) groups. Group T was treadmill-trained until they were capable of 

running 60 midday, 5 dayslwk at 28-29 m/min on an 8% grade. The effects of 

calmidazolium, a calmodulin inhibitor, on dihydropyridine @HP) binding to sarcolemma 

(SL) isolated from T and C was assessed. The calmidazolium inhibition of DHP binding 

was significantly greater in SL from T. There was, in general, little indication of a change 

in the relative amounts of myocardial protein between groups as determined by SDS 

PAGE. However, in T the level of a SL protein with an apparent M, of 186 kDa was 60% 

of C (pc0.05), while the level of a protein with a M, of 16 kDa was 170% of C (pc0.001). 

When CaM was quantified using an ELISA, no significant differences were noted. The 

total CaM content was 284 and 238 yglg heart weight for the T and C groups, 

respectively. These values are -6 times greater than those reported previously in 

mammalian cardiac tissue using different methodology. The differences observed in 

calmidazolium inhibition of DHP binding, densiometric analysis of SL proteins and a 

trend towards greater amounts of CaM suggests that CaM may be involved in exercise 

adaptation but its role requires further study. 



Introduction 

Myocardial contraction is initiated by small influx of ca2+ through voltage 

sensitive, Ltype ca2+ channels located on the sarcolemma (SL). This influx of ca2+ is 

believed to trigger the release of a greater amount of ca2+ from the sarcoplasmic 

reticulum (SR) via SR ca2+ release channels (6). The increase in cytosolic [ca2+] leads 

to cross bridge formation, tension development and subsequent contraction. The amount 

of tension developed is modulated, in large part, by gradations in ca2+ delivery to the 

myofilaments (33). Relaxation occurs when the cytosolic ca2+ concentration is lowered 

by SR ca2+ uptake and extrusion from the cell by the ~ a + l c a ~ +  exchanger. The 

importance of ca2+ as an intracellular modulator of myocardial contractility is 

demonstrated not only by the multiplicity of systems that have evolved for ca2+ transport 

but also by the fact that these systems are under complex regulatory control (7). In 

addition, evidence exists that chronic exercise may improve the intrinsic contractile 

performance of the heart, possibly by mechanisms that involve ca2+ transport (35). 

Calmodulin (CaM), a highly conserved ca2+ binding protein, appears to be 

involved in the regulation of ion channels. For example, ca2+-dependent ~ a +  channel 

activity in excised patches of Paramecium plasma membranes is restored by CaM in the 

absence of ATP (3 1). The lack of an ATP requirement suggests that CaM acted either by 

direct binding to the channel or an associated membrane component without CaM kinase. 

There is some evidence to suggest that SL ca2+ channels may also be modulated by CaM 



in a similar manner. In chick heart cell reaggregates, CaM antagonists inhibited the 

activation of naturally-occuming slow ca2+ action potentials, while the addition of CaM 

restored the action potentials (1). A class of ca2+ channel blockers, the dihydropyridines 

(DHP), bind to a site that is located on the a1 subunit of the SL ca2+ channel (24). High 

affinity binding of radiolabelled DHP is known to be strongly ca2+-dependent (13, 15, 

23). In addition, CaM antagonists were found to inhibit DHP binding (23). Collectively, 

these results suggest the presence of a ca2+ binding protein that regulates specific DHP 

binding and possibly SL ca2+ channel function. More recently, several studies have 

implicated a role for CaM in modulation of the cytosolic ca2+-transient in cardiac 

myocytes (9, 28). The CaM inhibitor, W7, decreased the amplitude of both the ca2+- 

transient and twitch in rat ventricular myocytes. Evidence was presented suggesting that 

this negative inotropy was due, at least in part, to a reduction in SR ca2+ content and 

myofilament ca2+ sensitivity (9). Clearly, results to date implicate multiple roles for 

CaM in the regulation of contractility which involves both ca2+ transport and 

myofilament ca2+ sensitivity. 

A potential CaM binding site has been identified in the recently cloned cardiac SL 

~ a + l ~ a ~ +  exchange protein (26). However, there are no reports of CaM directly affecting 

SL ~ a + / ~ a ~ +  exchange activity. In contrast, in the absence of ca2+, CaM inhibits the 

activity of the SL ca2+-~Tpase by direct association (39). SR ca2+-~Tpase activity is 

modulated indirectly by CaM through phosphorylation of an associated regulatory 



protein, phospholamban (14). The cardiac SR ca2+ release channel also appears to be 

highly regulated by CaM (12, 32) by both direct binding and indirectly via ca2+ CaM 

dependent kinases acting at a multitude of sites (20, 21). The potential thus exists for 

exercise-mediated adaptations involving either ca2+ transport directly or regulatory 

control mechansims. 

Published data about exercise-induced cardiac adaptations involving CaM are 

limited. There is only one report of cardiac CaM being quantified in partially purified 

membrane particles from trained and sedentary rats (29). While no differences were 

noted in the amount of CaM as determined by radioimmunoassay, the amounts cited were 

several orders of magnitude lower than those typically reported for heart (18). The 

possibility exists that a significant amount of CaM may have remained in the particulate 

fraction (16). CaM has also been implicated in training-induced enhancement of SR ca2+ 

uptake in microsomes from swim-trained rat hearts (22). 

CaM is found in virtually every tissue and species with reported amounts varying 

from approximately 40 mg/kg wet weight in skeletal and heart muscle to about 600 

mglkg wet weight in brain (18). While located primarily in the cytosol, a smaller amount 

of CaM remains tightly associated with membrane fractions even in the absence of ca2+ 

(18). The only published estimate of SL associated CaM in cardiac tissue is 7.5 nglmg 

SL protein which corresponds to approximately 27 nglg wet weight (4). 

Problems associated with CaM quantification involve difficulty in liberating 

I membrane bound CaM during heat treatment. It has been estimated that as much as 70% 

I of total CaM may remain associated with particulate fractions (16). Techniques to 



quantify CaM have involved subjecting partially purified, heat-treated tissue extracts to 

electrophoresis and quantifying the resulting protein bands using densitometry, or 

solubilizing portions of the stained gel and analyzing the solution using 

spectrophotometry. However, these methods suffer from a lack of sensitivity. Another 

method takes advantage of CaM's ability to stimulate phosphodiesterase (PDE) activity. 

The PDE assay can lead to underestimates of CaM content if CaM is not in a biologically 

active form or bound to other proteins and thus unavailable (3). A third and more recent 

method uses polyclonal antibodies in a radioimmunoassay (RIA). The RIA is generally 

thought to be more sensitive and less vulnerable to the problems mentioned above. In rat 

heart, values for CaM that are 3-fold greater than values obtained using the PDE assay 

t have been reported (3). 

g i The putative role for CaM in the physiological regulation of cytosolic ca2+ and 

h the potential for exercise adaptations in the amount of CaM provided the impetus for 

further investigation into exercise-induced alterations in the amount of CaM in rodent 

heart. The purpose of the present study was to 1) characterize further the role of CaM in 

DHP binding, 2) develop a method to reassess cardiac CaM content in the heart, and 3) 

determine if these amounts are altered as the result of chronic exercise. In the first 

training study, specific DHP binding to highly-purified SL was assessed in the presence 

and absence of a CaM antagonist, calmidazolium. In a second training study, CaM was 

quantified in various fractions collected during SL isolation. 



Material and methods 

Animal training 

In order to test this hypothesis, two separate but similar treadmill training 

regimens were conducted. The first study was conducted by G.D. and the second study 

by M.T. In both studies, female Sprague Dawley rats were randomly divided into 

treadmill-trained (T) and sedentary control (C) groups. Group T was trained 

progressively until after 10 weeks the animals were capable of running 60 midday, 5 

dayslwk at 28-29 d m i n  on an 8% grade. A period of 48-72 hours was allowed between 

the last running bout and animal sacrifice. 

Sarcolemmal (SL) isolation 

In both studies SL was isolated from the hearts of T and C in parallel as described 

previously (38) and outlined in Figure 2. All steps were carried out at 4 ' ~  and all 

solutions were made without any added CaC12. The hearts were removed and perfused 

retrogradely through the aorta with ice-cold homogenizing medium (HM) containing: 280 

mM sucrose and 10 mM 3-(N-morpholino) propanesulfonic acid (MOPS) buffer, pH 7.4. 

Hearts were trimmed of atria, connective tissue, blotted and weighed. For each SL 

isolation, 8-9 ventricles from each group were pooled in ice-cold HM, minced with 

scissors and homogenized with a Telunar Tissuemizer (Cincinnati, Ohio) at a setting of 

40 for two bursts of 3 sec each. The homogenate was then filtered through two layers of 

steel mesh and brought to a volume of 51.4 ml. One aliquot of 1 ml was set aside for 

biochemical analyses. A final volume of 56 ml was obtained by the addition of 5.6 ml of 

1 KC1 (100 mM), sodium pyrophosphate (25 mM) to the remaining homogenate. After a 
g 



10 min incubation the suspensions were centrifuged at 177,000 g (Ti-50.2 rotor) for 1 hr. 

After removing the supernatant (S 1) containing primarily myofilament protein, the pellet 

was homogenized in 20 ml of HM using a Wheaton glass homogenizer and motor 

controlled (Black & Decker drill press) Teflon pestle. The suspension was then spun at 

2,000 g (J21C rotor) for 10 min. The supernatants were removed carefully from the 

pellet (P2) and spun again for 1 hr at 177,000 g and the supernatant (S3) removed. The 

pellets were resuspended in 5 ml of 45% sucrose, layered on top with a discontinuous 

sucrose gradient and then spun at 122,000 g for 16 hr in a swinging bucket rotor (SW-28). 

Four membrane fractions labeled F1 through F4 were collected. All fractions were 

diluted with decreasing concentrations of NaCl until equilibrated with 140 rnM NaCl and 

10 mM MOPS, pH 7.4. The suspensions were then spun for 1.5 hr at 177,000 g after 

which the supernatants (S5F1-F4) were removed and the pellets (Fl-F4) resuspended in 

1-1.5 ml of 140 mM NaCl, 10 mM MOPS. A small aliquot was removed from each 

fraction for biochemical characterization (see below) and the remainder frozen in liquid 

N2. Samples from pellets (P2) and supernatants (Sl, S3, and S5F1-F4) were stored at 

-80•‹c. 

Sarcolemrnal characterization 

Protein was determined by the method of Bradford (2) using bovine serum 

albumin as the standard. The SL marker enzyme activity, K+-stimulated p- 

nitrophenylphosphatase ( K + - ~ N P P ~ ~ ~ ) ,  was assayed in the crude homogenate and all 

fractions derived from the sucrose gradient. The purification index is defined as the ratio 

of the specific activity of ~ + - ~ N P p a s e  in the SL fraction to that in the crude homogenate. 



Recovery is defined as the percent of total K + - ~ N P P ~ ~ ~  activity in the SL fraction 

compared with that in the crude homogenate. 

~ H ] P N Z O O - 1  10 binding 

[ 3 ~ ] ~ ~ 2 0 0 - 1  10 (PN) binding was measured in the highly-purified SL fraction 

(F2) harvested from the sucrose gradient. For the binding, unless indicated otherwise, 

tubes were prepared with PN (78 Ci/mmol, New England Nuclear) concentrations 

ranging from 0.15 to 0.50 nM, 2.5 rnM CaC12, 50 m M  MOPS (pH 7.4@37'~), 0.5% vlv 

absolute (95-loo%), 10-40 pg protein and deionized (Millipore) water to bring the tubes 

to a final volume of 5 rnl. In separate experiments, CaC12 was varied between, 0.002-5.0 

m M  and CaM was varied between 10 to 1000 nM. The concentrations of the CaM 

antagonists were varied between 0.05 to 2.0 @I for calmidazolium (R24571) and 5 to 

200 p M  for trifluoperazine (TFP). All assay tubes were incubated for 90 min at room 

temperature. 

Gel electrophoresis and densitometry 

All samples taken in the second study were subjected to sodium dodecyl sulfate- 

polyacrylamide gel electrophoresis (SDS-PAGE) and the stained protein bands quantified 

by densitornetry. Miniprotean II system and reagents obtained from ~io- ad@ were used 

for SDS-PAGE. Preparation of 4% stacking and 5-20% linear gradient separating gels 

followed the manufacturer's protocol. Samples were prepared by dilution in sample 

dilution buffer containing 40% (wlv) glycerol, 12% SDS, 25 mM Trislglycine (pH 8.8 
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@21•‹c), 0.4% 2-mercaptoethanol and 0.1% bromophenol blue. The diluted samples were 

then boiled for 5 min, cooled and 5 p l  (10-25 pg protein) was applied per lane. Known 

molecular weight standards including CaM (Sigma Chemical Co.) were also prepared and 

loaded onto each gel. After electrophoresis, the gels were stained, destained and then 

scanned using a Hoefer GS 300 densitometer (Hoefer Scientific). Transmittance at 585 

nm was recorded. 

Antibody production and ZgG purijkation 

Rabbit polyclonal antibodies were produced at the University of B.C. Animal 

Care Facility using standard immunization protocols. Three female New Zealand rabbits 

(Geobet Rabbits Ltd, Abbotsford, B.C.) were immunized with highly purified bovine 

brain CaM (Zoion Research) while another three were immunized with ovalbumin- 

conjugated CaM. Ovalbumin was conjugated to C a .  with a molar ratio of 3 CaM:1 

Ovalbumin using the carbodiimide method (10). All procedures were carried out under 

essentially ca2+ free conditions. Mter sacrifice and whole body bleeding of the 

immunized rabbits, IgG was purified from a pool of heat inactivated serum. Using a 

combination of caprylic acid precipitation followed by ammonium sulfate precipitation 

and final clean up on a DEAE Sephacel column. Specific IgG was then affinity-purified 

using a CaM-linked Sepharose (Pharmacia) column. In order to minimize the cross 

reaction with troponin C (TnC), the affinity purified antibody was back-absorbed on a 

TnC-Sepharose column prepared using TnC and CNBr-activated Sepharose 4B CL 

(Pharmacia). 
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ELISA 

A non-competitive enzyme-linked irnmunosorbent assay (ELISA) was developed 

using either the rabbit anti-bovine brain CaM or sheep anti-rat testes CaM as the primary 

antibody. All unknown samples tested for CaM were diluted in coating buffer containing 

0.1 M carbonate buffer, pH 9.5, plus 100 mM EGTA and boiled for 5 min then cooled on 

ice. Purified bovine brain CaM (6-800 nglml) and unknown sample protein (20-30,000 

nglrnl) were added to 96-well microtest plates using a serial dilution method. Several 

methods were tried in an attempt to solubilize membrane CaM including boiling and 

treatment of detergents such as 1% digitonin, 0.5% sodium-cholate with 0.2% Emulgen 

91 1, and 1 % Lubrol PX. In each case, significant amounts of CaM were still detected in 

the pellet after centrifugation at 10,000 g for 30 min. The centrifugation step was 

subsequently omitted. 

Various types of flat bottom 96-well plates were tested as were several methods 

for plate activation such as MeOH and glutaraldehyde fixation. Nunc Immuno I1 - high 

binding polystyrene plates without any pre-treatment were found to give the best results. 

After coating overnight at 4 ' ~ ,  unbound antigen was removed by inverting the plates and 

striking vigorously against a paper towel several times. Unbound sites were blocked by 

the addition of a blocking buffer containing phosphate buffered saline (PBS), pH 7.4, 

plus 0.3% (wlw) gelatin (Knox) and incubated with gentle agitation at 37'~ for 1 hr. 

Plates were then inverted and washed three times with wash buffer containing PBS plus 

500 mM NaCl and 0.05% Tween-20 detergent. Primary antibody diluted with PBS plus 

0.3% gelatin was added to each well and the plates were incubated at 37'~ for 2 hr with 

gentle agitation. The plates were then washed and the secondary antibody (diluted 1 in 



3000 with PBS plus 0.3% gelatin) was added followed by incubation at 3 7 ' ~  for another 

2 hr. Depending upon which primary antibody was used, either horse-radish peroxidase 

conjugated goat anti-rabbit F(ab')2 or rabbit anti-sheep F(ab'h (Tago, Inc.) was used as 

the secondary antibody. After washing off excess antibody, substrate solution containing 

2.2 mM OPD (0-phenylenediamine), 0.01 % hydrogen peroxidase in 0.1 M sodium citrate 

buffer, pH 5.0 was added. The reaction was quenched by the addition of 4 M H2SO4. 

Absorbance at 490 nm was read with the use of an ELISA plate reader (Biotech). Non- 

specific binding was subtracted out by not coating the first and last column of wells with 

antigen and subtracting these absorbance values from sample absorbance values of CaM 

standards and tissue samples. The validity of the assay was demonstrated by adding 

known amounts of CaM to pure epoxide hydrolase and using the assay to determine CaM 

content. 

Statistical analysis 

Results are expressed as means k SEM and were analyzed using the Student's t- 

test. Differences that had a p value of < 0.05 were considered to be statistically 

significant. 



Results 

As shown in Table 1, the effect of this training paradigm on the heart to body 

weight ratio (HWBW) was an increase of -4% and is similar to our other studies using 

this protocol. The training regimens used in the two studies did not reveal any significant 

differences between T and C groups with respect to total SL protein, SL marker enzyme 

( K + - ~ N P P ~ S ~ )  analysis, percent recovery or relative purification (Table 2). 

In the first study, it was determined that the specific binding of the radiolabelled 

dihydropyridine, [ 3 ~ ] ~ ~ 2 0 0 - 1 1 0  (PN), was inhibited by the CaM antagonist, 

calrnidazolium, in a dose-dependent manner. The presence of calmidazolium had little 

effect on the non-specific binding. Because of the potential ambiguity in the 

interpretation of this result, we tested the effect of exogenously added CaM to the PN 

binding. In general, the effect of CaM (over the range of 10-1000 nM) was to increase 

specific binding slightly. However, within this range there was a peak at 50 nM added 

CaM. At this concentration the specific binding of PN to SL was enhanced 

approximately two-fold and was associated with an increase in total and a decrease in 

non-specific binding (results not shown). The reason for the decreased non-specific 

binding is unclear. In the presence of 0.20 to 2.0 pM calmidazolium, maximal inhibition 

of PN binding (0.41 nM) was increased significantly in SL isolated from T compared to 

C hearts (Figure 1). 

In the second study, SL was subjected to electrophoresis on a 5-20% gradient 

polyacrylamide gel and quantified by densitometry. With the exception of the SL 

i r fraction, there was in general, little change in the relative amounts of myocardial protein 
f 

in any of the pellet or supernatant fractions obtained during the SL isolation procedure 



from either group. In the SL fraction a protein with a M, of ~ 1 8 6  kD was significantly 

less abundant (60% of C), while a protein with a M, of 216 kD was significantly more 

(170% of C) in the T samples, pc0.05 (Figure 3). 

A non-competitive ELISA to quantitate CaM was developed using either rabbit 

anti-CaM IgG or sheep anti-CaM IgG as the primary antibody. Several unsuccessful 

attempts were made to develop a western blot method. During development of the 

ELISA several important observations were noted. First, the rabbit antibodies were found 

to be non-precipitating. Second, the use of bovine serum albumin in the blocking buffer 

prevented antibody access to CaM. Third, 0.3% gelatin was used successfully in 

blocking the non-specific sites. Fourth, the rabbit antibodies recognized soluble and 

bound CaM with differing affinities thus prohibiting the development of a competitive 

ELISA. The antibody from rabbits immunized with purified bovine brain CaM reacted 

more strongly than antibody obtained from rabbits immunized with ovalbumin- 

conjugated CaM. Affinity purified rabbit antibody that was back-absorbed against TnC 

yielded values for total CaM which were several fold greater for both T and C groups 

than values obtained using the sheep antibody. However, when compared to the sheep 

antibodies, the rabbit antibodies demonstrated a comparable detection limit of 1-2 ng and 

less TnC cross reactivity to TnC, ie. 200-fold less sensitive compared to 20-fold for the 

sheep Ab. With both antibodies there was a trend towards an increased amount of CaM 

in each of the T fractions compared with C fractions sampled during different stages of 

the SL isolation (data not shown). 

Therefore, the levels of CaM presented in Table 3 were measured using the sheep 

antibody. Because CaM was initially quantified using the rabbit antibody there was 



insufficient samples for some fractions from the T group remaining in order to repeat the 

assay using the sheep antibody. Approximately 4.5 % of the homogenate protein was 

determined to be CaM (Table 3). The CaM level in the various fractions from the C 

group ranged from 0.84 +. 0.1 1 to 2.71 + 0.24 9%. When the S1-TnC fraction, which is 

known to contain substantial amounts of TnC, was excluded the total amount of CaM was 

284 and 238 pg/g heart wgt in T and C, respectively. Table 4 shows values obtained for 

total CaM in both rat heart and rat brain homogenate compared with that found in the 

literature. While a mean of approximately 560 pg/g heart wgt obtained from rat brain was 

similar to previous reports (3, 11, 16, 17,40), the CaM amount for rat heart was several- 

fold higher compared to literature values (3, 11, 16, 17,34). 



Discussion 

Training protocols similar to the one used in this study using treadmill-trained 

female rats have been well documented previously (8,25, 35-37). There was a small but 

significant increase of 4% in the HWBW ratio in T relative to C (Table 1). This is 

consistent with studies of similar regimens and thus our protocol did not produce a 

substantial amount of cardiac hypertrophy. These studies have also consistently induced 

a significant increase in skeletal muscle mitochondria1 oxidative marker activity of 20- 

35% and gives further indication of a training effect (25,35). Also typical is the fact that 

no differences between the T and C groups with respect to total protein, SL marker 

enzyme activity, percent recovery or SL purity were observed during the isolation of SL. 

The apparent inhibition of PN binding in the presence of calmidazolium, was 

dose-dependent and is in agreement with Luchowski et al(23). However, the inhibition 

of PN binding by calmidazolium may also be due to a non-specific effect. To address 

this, exogenous CaM at concentrations ranging from 10 to 1000 nM was added. The 

degree to which CaM potentiated specific PN binding was dose-specific. While CaM 

increased specific PN binding slightly at most CaM concentrations, 50 nM CaM 

significantly increased specific PN binding by more than 100%. These data suggest an 

involvement of CaM in DHP binding to the SL. Another observation was that between 

0.20 and 2.0 pM calmidazolium, specific PN binding (at 0.41 nM PN) to SL isolated 

from T hearts was inhibited to a significantly greater extent compared to the C group 

(Figure 1). This is reflected to an even greater extent when one compares absolute 

values. In the absence of calmidazolium, the absolute specific PN binding was about 

35% greater in T vs. C. Several possibilities exist to account for the exercise-induced 



increase in calmidazolium sensitivity. It is possible that more CaM is partitioned in the 

SL in the T heart and associated with the DHP receptor. As a corollary to this, perhaps 

less CaM is depleted from the SL of group T during the isolation procedure. 

Alternatively, there may simply be a change in the distribution of CaM within the SL 

such that more of the existing SL-bound CaM is associated with the DHP receptor either 

directly or via some associated component. Because of the possibility that training may 

increase the amount of SL-bound CaM it was decided to reassess CaM content in heart 

tissue from treadmill-trained and sedentary control rats. 

In study two, all samples taken during the SL isolation were subjected to gradient 

polyacrylamide gel electrophoresis and prominent protein bands were quantified by 

densitometry (Figure 3). There was no significant difference in the level of any major 

protein band between T and C samples with the exception of the SL fraction. In this 

fraction, the amount of protein from two distinct bands from T hearts were significantly 

different with respect to C. The amount of a protein with a M,of 186 kDa was decreased 

to approximately 60% of C, while a band with a M, of 16 kDa, was increased by 

approximately 170% in the SL fraction from T samples. Due to the limitations of SDS- 

PAGE, we are not able to identify these two protein bands unequivocally. However, the 

SL ca2+ channel a, subunit and CaM are known to be 170-195 and 16-18 kDa, 

respectively. Protease inhibitors were not used as previous experiments demonstrated 

they have not had any effect. In addition, our CaM standard migrated the same distance 

as the 16 kDa band. These data suggest that SL-bound CaM may be increased after 

training. However, the relative lack of sensitivity associated with denaturing gel 

electrophoresis and densitometry presents difficulty with such an interpretation. The 
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possibility also exists that the protein bands may contain proteolytic fragments from other 

proteins. 

A CaM tissue content of 300-600 pg/g wet weight has been reported for brain and 

amounts of 20-40 pg/g heart wet wt have been cited for cardiac muscle (1 1, 16, 34, 40). 

While a value of approximately 560 pg/g wet wt for rat brain obtained in this study is 

within the range previously reported, the values obtained for rat heart are several fold 

greater. Reasons for this discrepancy are unknown. It is possible that a greater 

proportion of cardiac CaM may be in a form unable to activate PDE. A previous study 

compared the amount of CaM in rat heart and brain obtained by RIA and the PDE assay. 

The CaM content was -300% and -40% greater using the RIA compared to the PDE 

assay in rat heart and rat brain, respectively (3). This suggests that the PDE assay 

underestimates CaM content to a greater extent in heart tissue compared to brain. 

Another possibility, although unlikely, is that CaM may have been overestimated in heart 

tissue due to the presence of another ca2' binding protein such as S 100. Recently, a new 

isoform, SlOOC, has been identified in heart tissue (27). The comparative values from 

both the PDE and CaM ELISA in brain suggest that S100, highly enriched in brain 

(1,000-10,000 fold), does not cross react with our Abs. Previous RIA experiments have 

revealed little if any crossreactivity with several Sl00 proteins using either mono- and 

polyclonal Abs raised against CaM (30). Although it is not known which fractions may 

contain SlOOC, nor how much is present, it is possible that the CaM antibodies used in 

the present study may have recognized a common epitope on S100C. By omitting the 

TnC containing fraction, S1-TnC, cross reactivity with TnC and thus TnC did not 

contribute to an overestimation of CaM, except in the crude homogenate determination. 



A range of approximately 17 to 27 pg/g heart wt for membrane-bound CaM in the 

SL fraction from both T and C groups is three orders of magnitude greater than 

previously determined using RIA (4). Reasons may involve variations in the isolation 

and purification of SL membranes and the treatment of SL membrane samples prior to 

RIA. While no information is given with respect to % recovery and relative purification 

of SL membranes in the previous study, differential loss of specific SL proteins is known 

to occur during SL isolation (5, 19). In addition, when tissue extracts are subjected to 

heat treatment and centrifugation, not all of the membrane-associated CaM may be 

released into the supernatant which is used in the quantitation of CaM. As much as 70% 

of particulate CaM was released after heat treatment with 1% Lubrol PX detergent in 

samples from various rat and bovine tissues (16). In the present study CaM was detected 

in particulate fractions even after boiling in the presence of Lubrol PX. Therefore, CaM 

was quantified using the whole suspension. 

In order to assess % recovery of CaM, CaM determinations were also made in the 

crude HG. In the C group, 4.5% of the protein, or 4155 jg/g heart wt was determined to 

be CaM. However, this sample contained approximately 12 times more TnC than CaM. 

When the value for HG content of CaM was corrected for the presence of TnC taking into 

account the 20-fold lower antibody sensitivity, a revised value of 1745 yg/g heart wt was 

obtained. Thus, approximately 14% of the CaM determined in all the fractions 

(excluding S1-TnC) was recovered from crude homogenate. Although it is unknown to 

what extent SlOOC may have contributed to the possible overestimation in this value, it 

appears that significant amounts of CaM may be lost or degraded during the SL isolation 

procedure. 



In conclusion, based upon the results from this study, it appears that previous 

reports of 20 to 40 pg/g heart wet wt. may have underestimated CaM content in heart. 

The true value may be closer to 240 pglg heart wet wt. When the latter value is expressed 

as a percent of total protein, 0.32% is obtained and is not inconsistent with the amount 

found in a variety of vertebrate tissues (18). No significant differences in the absolute 

amounts of CaM with training were found. Further investigations are needed to address 

the relative contribution of S lOOC to the CaM determination. The observations of greater 

inhibition of PN binding by calmidazolium, the trend towards increased amounts of CaM 

and the differences in electrophoretic and densiometric analysis of SL proteins are 

suggestive that the SL undergoes compositional changes in response to exercise training 

and this may include alterations in the amount of SL-bound CaM. 
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TABLE 1 

Comparison of heart and body weights in treadmill-trained and 
sedentary control rats (Study 2) 

< 

sample control trained 

HW (mg) 765a 1 1  822 k 13* 

Bw (9) 308 a 4 318k 5 

HWIBW (mglg) 2.49 k 0.03 2.60 + 0.04* 

Each value is a mean a S.E.M. of 36 (C) or 35 (T) rats; HW, heart weight in mg; BW, 

body weight in g; HWIBW, ratio of ventricular weight to body weight in mglg; *, mean 

value of T group is significantly different (p<0.05) from that of C group. 



TABLE 2 

Characterization of purified rat heart sarcolemma (Study 2) 

control trained units 
HG protein 73.40 5.50 73.97 4.30 mg/g heart wt 

SL protein 0.23 2 0.03 0.28 a 0.06 mglg heart wt 

SA (HG) 1.02 2 0.06 0.93 0.09 pmollmg proteinlhr 

SA (SL) 14.90 2 0.75 14.1 7 0.81 pmoVmg proteinlhr 

recovery 4.65 0.96 6.25 + 1.72 % 

purification index 14.45 & 0.35 15.62 a 1.90 

Each value is a mean +. S.E.M. of 4 separate isolations where 9 hearts were pooled Per 

isolation; HG protein is the total protein in the crude homogenate; SL protein is expressed 

as the total protein in the SL fraction; SA (HG) is the specific activity of f -pwpase in 

the crude homogenate; SA (SL) is the specific activity of ~+-pI@Pase in the SL fraction; 

Recovery is defined as the percentage of the total K + - ~ N P P ~ ~ ~  activity ( ~ m o l e s h )  in the 

SL fraction compared to the crude homogenate; Purification index is the SA(SL) 1 

SA(HG) ratio. 



TABLE 3 

Absolute and relative CaM levels in fractions collected during 
the SL isolation procedure (study 2). 

Fraction 

HMG 

S1 -TnC 

P2 

S3 

F2 

F3 

F4 

S5F4 

Abs. [CaM] 
(PS/~ heart wt) 

Control Trained 

Rel. [CaM] 
(% of total CaM) 

Control Trained 

Each value represents the mean (2S.E.M.) of n CaM ELISA determinations. Each CaM 

ELISA determination was performed on samples from 1 of 4 separate isolations where 9 

hearts were pooled per isolation. *, mean value of T group is significantly different 

(pe0.05) from that of C group. HMG, crude homogenate, S1-TnC, is the TnC containing 

fraction of the first supernatant, P refers to pellet and S to supernatant, and F refers to 

fraction as outlined in Figure 2. F2 represents the purified SL fraction. 



TABLE 4 

Total CaM: comparison with previously published values. 

previously present study 2* 
tissue reported (P& heart wt) 

(pg/g heart wt) 

brain 300-600 21,30 560 

* CaM values obtained in the present study represent the sum of the mean CaM 

values for each fraction from the 4 determinations. The CaM content of the S 1- 

TnC fraction was excluded due to the presence of TnC. The CaM content for 

rat brain was determined for 4 separate preparations of crude homogenate. CaM 

content previously reported were determined using more indirect methods 

involving gel densitometry and ca2+-c~M activation of phosphodiesterase 

activity. 



7.60 7.30 7.00 6.70 6.40 6.10 5.80 5.50 

Calmidazolium (-log M) 

Figure 1. Relative (%) inhibition of PN200-110 specific binding as a function 

of calmidazolium concentration (-log[M]) in highly-purified sarcolernrna 

isolated from T and C groups in study 1. Data collection and analysis by 

G.D. The PN200-110 concentration was 0.41 nM. Calrnidazolium 

concentrations were varied between 0.05 to 2.0 pM. Extravesicular 

buffer concentration was 50 mM and the incubation time was 90 min at 

23 '~.  Bars represent A S.E.M. 



HOMOGENIZATION 

y SPlN #2 - 
Supernatant 

/ 

SUCROSE GRADIENTS 

SPlN #4 

FRACTION GRADIENTS 

RESUSPENDPELLETS SUPERNATANTS 

F2 (SL) 

F4 

Figure 2. Schematic of the sarcolemrnal (SL) isolation procedure. Samples 
subject to CaM determination are identified in the boxes. 



Apparent Molecular Weight (kDa) 

Figure 3. Histogram of the relative densities of sarcolemmal (SL) protein 

bands in kDa separated during 5-20% gradient polyacrylamide gel 

electrophoresis and quantified by densitometry in study 2. The asterisk 

represents a significant difference between the mean values and are 

expressed as a percentage of the control value. 



CHAPTER 5 

DIHYDROPYRIDINE AND RYANODINE BINDING IN 

VENTRICLES FROM RAT, TROUT, DOGFISH AND HAGFISH 



ABSTRACT 

In the adult mammalian heart, the majority of ca2+ required for contraction is released 

from the sarcoplasmic reticulum (SR) via the ca2'-release channel or ryanodine receptor (RyR). 

Such release is initially dependent upon a relatively small influx of ca2+ entering the cell across 

the sarcolemma (SL) by means of the Ltype ca2+ channel or the dihydropyridine receptor 

(DIIPR). In lower vertebrates, there is indirect evidence suggesting that ca2+ influx across the 

SL may be sufficient to support contraction, in the absence of ca2+ release from the SR. This 

apparent difference in myocardial excitation-contraction (E-C) coupling was investigated further 

by determining DHPR and RyR densities in ventricular homogenate preparations from rat, trout, 

dogfish and hagfish. DHPR B,, values (means & s.e.m.) were highest in rat (0.3OM.02 

pmol/mg) and dogfish (0.27a.03 pmol/mg), lower in trout (0.16&.01 pmol/mg), and slightly 

above the level of detection in hagfish (0.03a.01 pmol/mg). The DHPR dissociation constants 

(&), 40-70 pM in these species were similar. RyR binding revealed both high- and low- affinity 

sites in all species. RyR B,, for the high affinity site was greatest in the rat (0.68 pmol/mg), 

lower in trout (0.19 pmol/mg), dogfish (0.07 pmol/mg) and lowest in hagfish (0.01 pmol/mg). 

The RyR Kdl values for the high-affinity sites were comparable in all preparations (range 12-87 

nM). The quantitative expression of RyRs in these species is consistent with the relative amount 

of SR present as indicated by electron microscopy and the relative insensitivity to ryanodine. 

Taking into consideration myocyte morphology of teleost and elasmobranch species, the data are 

consistent with a greater reliance on ca2+ influx across the SL during E-C coupling in lower 

vertebrates, although a functional role for ca2+ release from the SR in the more active species 

awaits further investigation. 



INTRODUCTION 

Fishes have developed cardiovascular systems which must function under very different 

physiological conditions. Environmental factors, such as varying temperature, place unique 

demands on myocardial Excitation-Contraction (E-C) coupling mechanisms. In mammals, 

myocardial contraction is initiated with an influx of ca2+ through the sarcolemmal (SL) Ltype 

ca2+ channels, otherwise known as dihydropyridine receptors (DHPRs). This influx of ca2+ is 

believed to trigger the release of a greater amount of ca2+ from the sarcoplasrnic reticulum (SR) 

(13) via the SR ca2+-release channels or ryanodine receptors (RyRs) (31). Although the 

magnitude of ca2+ influx through SL ca2+ channels varies between species (2), estimates that 

take into account the total amount of ca2+ required for twitch generation, including intracellular 

ca2+ buffering, suggest that it varies from 10 to 40% of this total (48). Studies using ryanodine, 

an agent known to block the SR ca2+-release channel, provide evidence that ca2+ released from 

the SR is the major source of ca2+ for contraction in adult mammalian hearts (40). 

In lower vertebrates, a role for SR ca2+ release in myocardial tension generation is 

generally dismissed for several reasons. In several fish species, electron microscopy reveals a 

relative paucity of SR relative to the amount found in mammals, as well as a lack of 

organizational complexity (35). In addition, ryanodine does not reduce contractile force in 

ventricular strips from a number of fishes at physiological temperatures (10-15'~) and 

stimulation frequencies above 0.2 Hz (10). 
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Experiments probing the mechanisms of E-C coupling in the hearts of lower vertebrates 

are also complicated by the varying temperatures to which poikilotherms are subject. 

Myofibrillar ca2+ sensitivity in both endo- and ectotherms is reduced at lower temperatures (8, 

20). However, amphibian (Raw pipiens) and rainbow trout hearts demonstrate a greater ca2+- 

sensitivity at lower temperatures than mammals suggesting that poikilotherms have developed 

some degree of thermal adaptation. To complicate matters, the total amount of ca2+ required by 

the contractile element, taking into account the degree of intracellular ca2+ buffering, has yet to 

be determined in fish. In the assessment of ca2+ buffering, the temperature- and pH-dependence 

of the Kd values of the various intracellular ca2+ binding sites would also have to be determined. 

Despite the lack of information regarding temperature-dependencies of ca2+ binding, 

there are a number of observations suggesting that the hearts of lower vertebrates place a greater 

reliance on SL ca2+ influx to support tension generation than do the hearts of higher vertebrates 

(42). As with mammalian preparations, isometric force increases as extracellular ca2+ 

concentration ([ca2+],) is raised in agnathan, elasmobranch and teleost ventricular strips (10). 

While the characteristics of the cardiac action potential may vary considerably among 

poikilotherms, the action potential is generally longer lasting and has a more pronounced plateau 

phase than that of the mammalian ventricle (44). In the frog and trout heart, a longer action 

potential duration is correlated with greater time-to-peak tension. In addition, both amphibian (2) 

and teleost (sea raven and cod) ventricles (10) are relatively insensitive to ryanodine at 

concentrations known to block SR ca2+ release in mammals (40). Shark (Squalus Acanthias) 

b ventricular myocyte contractions and I,-, both demonstrate a bell-shaped dependence on voltage 
L 

j 
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which are completely supressed by nifedipine (5 pM) (30). The smaller myocyte diameters 

observed in amphibians, teleosts and elasmobranchs would also serve to reduce diffusional 

distances and substantially increase the SL surface area relative to cell volume (35). In addition 

to the absence of T-tubules and relatively sparse SR (5,35), the DHPR density has been reported 

to be significantly higher in trout hearts than in mammalian preparations (41). However, owing 

to variability among species with respect to the degree of SR development, environmental 

parameters and experimental conditions used, a physiological role for the SR cannot, as yet, be 

ruled out. Therefore, in this study, we have attempted to characterize the key components of E-C 

coupling by determining the relative densities of DHPRs and RyRs in species phylogenetically 

distinct from mammals. 



MATERIALS AND METHODS 

Animal care. Female Wistar rats (290-324 g) were obtained from the University of British 

Columbia and kept in a temperature- and light- controlled vivarium (23'~, 12/12 hr lightldark 

cycle). Rainbow trout [Oncorhynchus mykiss (Walbaum)] weighing 600-800 g were obtained 

from West Creek Trout Farm, Aldergrove, British Columbia, and maintained locally at 

approximately 1 2 ' ~  for a minimum of 1 week outside during the summer months. Pacific 

hagfish [Eptatretus stoutii (Lockington)] and spiny dogfish [Squalus acanthias(Linnaeus)] were 

obtained and held in outdoor tanks (approximately 8 ' ~ )  during the summer at the Barnfield 

Marine Station, Barnfield, British Columbia. Dogfish and hagfish binding experiments were 

carried out in a laboratory at this marine research station. Rat and trout experiments were 

conducted at Simon Fraser University. 

Ventricular homogenute preparation. Animals were killed by standard protocols including 

lethal injection of sodium pentabarbitol (rat), a sharp blow to the head (trout), pithing (dogfish) 

or decapitation (hagfish). The hearts were rapidly excised and placed into a beaker of ice-cold 

homogenization medium (HM) containing 250 mM sucrose, 20 rnM MOPS, pH 7.4 at 37'~.  

After rinsing, the ventricle(s) were isolated, blotted, weighed, and further rinsed in ice-cold HM. 

After mincing 0.5-1.7 g of tissue in approximately 5 rnl HM, the tissue was homogenized using a 

Tekmar Tissumizer (five times 3 s on setting 40) and filtered through two layers of wire (nos. 30 

and 40 stainless steel) mesh. The homogenate was then brought to a final volume of 15-20 ml 

per gram wet mass. Protein was determined using the Bradford method with bovine serum 

albumin as the standard. 
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Sarcolemma isolation. In two additional studies, SL was isolated from rat and trout hearts using 

techniques described previously (42, 45). Isolating trout SL involves several important 

modifications to existing purification steps employed for the rat. Owing to the relative fragility 

of the trout heart, reductions in both the duration and speed of homogenization as well as 

omission of the deoxyribonuclease incubation were required to enhance the recovery of SL. 

Briefly, pooled trout ventricles (at least 5.3 g) were minced with scissors in approximately 10 rnl 

of ice-cold HM containing 280 mM sucrose and 20 mM N-tris (hydroxymethy1)methyl-2- 

arninoethanesulphonic acid (TES), pH 7.8 at 21 '~.  Homogenization and filtration through two 

layers of stainless-steel mesh (nos. 30 and 40) were followed by the addition of 1.0 M KC1 and 

250 mM sodium pyrophosphate to solubilize contractile proteins. Subsequent steps involved 

differential centrifugation and discontinuous sucrose gradient fractionation. The resultant pellets 

containing various membrane fractions were resuspended in 140 mM NaCl and 10 mM TES, pH 

7.8 at 21•‹c, and frozen in liquid N2. Protein was determined from a small sample taken prior to 

freezing. The sarcolemmal marker enzyme, K+-stimulated pNPPase, was measured as described 

previously (42,45). 

[ 3 H ] ~ ~ ~  binding assay. All binding experiments were performed using [ 3 ~ ] ( + ) ~ ~ 2 0 0 - 1  10 

(PN), as the stereospecific DHP ligand and the same ventricular homogenate preparations used 

for the ['~lryanodine binding experiments (see below). All PN binding experiments were 

performed by B. Hamman. Specific binding was determined by varying the amount of PN (0.025 

to 1.6 nM) added to tubes containing 150-160 pg of protein (diluted in 25 mM MOPS, pH 7.4 at 

23'~), and 2.5 mM CaC12 in a final volume of 5 rnl. Non-specific binding was determined in 

separate tubes containing the same solution as that for specific binding plus 1 pM nifedipine. 
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After incubation at room temperature in the dark for 90 minutes, the separation of free from 

bound ligands was achieved by rapid filtration of a 2.25 ml sample using Whatman GFIC glass- 

fibre filters. Each filter was washed three times with 4.5 ml of ice-cold 25 mM MOPS buffer. 

The filters were then dried in liquid scintillation vials, after which 5 ml of Beckman Ready 

Protein liquid scintillant was added followed by 2 hours of orbital shaking at 200 revlmin to 

solubilize the protein. Vials were then counted (Beckman LS 7000) using standard liquid 

scintillation procedures. 

[3H]Ryanodine binding assay. To determine specific ryanodine binding varying amounts (0 to 

495 nM) of unlabelled ryanodine (Calbiochem) plus 5 nM [3~]ryanodine were added to tubes 

containing 150 mM KC1,20 rnM MOPS (pH 7.4 at 23'~), and 100 pM CaC12 in a final volume 

of 2 ml. Non-specific binding was measured by adding a 100-fold excess of unlabelled 

ryanodine to separate tubes. After the addition of 500 pg of ventricular homogenate protein, 

tubes were incubated at room temperature for 2 hours to allow the binding to reach a maximum. 

Duplicates were taken for each of the 12 points. Separation of bound and free ligand was 

achieved by rapid filtration using Whatman GFIC filters, followed by rinsing twice with 4 ml of 

ice-cold buffer (containing 150 mM KCl, 20 rnM MOPS, 100 pM CaC12) and once with 4 ml of 

ice-cold 10% ethanol. After drying filters overnight in scintillation vials, 5 ml Beckman Ready 

Protein liquid scintillant was added followed by 2 hours of orbital shaking at 200 revlmin to 

solubilize the protein. Vials were then counted using standard liquid scintillation procedures. 

Data and statistical analyses. DHPR binding data were analyzed by iterative non-linear 

regression and Scatchard analysis using LIGAND (Munson and Rodbart, NIH) to determine the 

maximum receptor density (B-) and the dissociation constant (Kd) for each preparation. RyR 
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binding data were analyzed using an iterative non-linear regression method using GRAFIT 

(Erithacus Software Ltd, UK). The goodness-of-fit of the predicted value from several different 

2 equations to the data sets were determined by x analysis. Between group comparisons were 

made by performing the Bonferonni (Dunn) t-test, with the significance level set at p <0.05. 

Materials. All reagents used were of the highest purity and purchased from Sigma unless 

specified otherwise. Radioisotopes were purchased from New England Nuclear @u Pont, St. 

Laurent, Quebec, Canada). 



RESULTS 

The wet mass of the ventricles used in preparing homogenates of the four species and the 

protein yields are given in Table 1. The protein content in both dogfish and hagfish was 

considerably lower than typically observed in either mammals or teleosts. Specific binding of 

DHP at different concentrations of PN200-110 to ventricular homogenate is shown in Figure 1. 

At 0.10 nM [3H](+)PN200-110, the specific binding accounted for more than 70% of the total 

binding for all species. Over the more than two orders of magnitude of [3H](+)PN200-110 

concentrations used in this study (0.025-1.6 nM), the data fit a single class of high affinity 

binding sites as exemplified by linear Scatchard plots and low values of X2 in the appropriate 

regression equation. Scatchard analyses of the fitted data are shown in Figure 2 and yielded B,, 

and Kd values listed in Table 2. Both the B,, and Kd values for the trout and dogfish were 

3 comparable to those for mammals. The calculated densities of receptors (sites per pm cell 

volume) are given in Table 4. In all species, except the hagfish, the DHPR density was within 

the range (0.08-0.3 pmollmg) observed in mammals. The derived B,, for the DHPR in hagfish 

was 0.03 pmoll mg and was about an order of magnitude lower than that observed in the other 

species. Because the hagfish values were so low, barely above the limit of detection, one cannot 

be confident of the derived B,, and Kd. 

Homogenates were used in this study because this preparation represents the entire pool 

of channels without the loss that occurs with membrane isolation. An example of the problems 

that can arise from membrane isolation is shown in Figure 3. This demonstrates the differential 

loss of DHPRs relative to marker enzyme activity in rat sarcolernmal fractions compared with 
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those of trout. In rat, the increase in specific DHP binding over the levels found in homogenates 

is markedly lower compared with the increase in SL marker enzyme activity. In contrast, the 

trout demonstrates comparable purification of both DHPRs and SL marker enzyme activity. 

Figure 4 shows specific [3H]ryanodine binding to the same preparations used for the 

DHPR binding assays. When the RyR data from all lower vertebrate species were linearized in a 

Scatchard plot, they generated neither straight nor concave lines. Consistent with this result is 

the fact that neither a one- nor a two- site ligand binding equation fit the data well. Because the 

RyR specific binding as a function of ryanodine concentration (over the range 0-75 nM) 

consistently demonstrated sigmoidicity, a two-site Adair equation was also used to fit the data. 

This resulted in clearly the best fit both by eye and in the X2 analysis. In order to observe the 

high-affinity site better, data are shown for concentrations ranging from 0 to 75 nM ryanodine 

(Figure 4). With the full range of ryanodine concentrations used, the presence of at least two 

separate independent binding sites were observed (Figure 5). At 30 nM total ryanodine, the 

specific binding accounted for more than 70% of total binding for all species. After fitting the 

data to one of several different equations, the two-site Adair equation gave the best results for the 

high-affinity and the one-site equation gave the best results for the low &nity sites. The B,, 

and Kd values obtained are listed in Table 3. The number of high4finity sites is significantly 

reduced in the trout, dogfish and hagfish compared to rat. However, the Kd values remained 

3 comparable to values for mammalian preparations. The calculated densities (sites per pm cell 

volume) are given in Table 4. The rat which relies most heavily on ca2+ release from the SR had 

by far the greatest density of RyRs. In contrast, the hagfish which is the most primitive species 
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studied, had the lowest density of RyRs. Table 4 shows the ratios of RyR/DHPR densities in the 

various species. 



DISCUSSION 

DHPR and RyR densities were determined in ventricular preparations from 

phylogenetically distinct species to characterize further the key components in E-C coupling in 

lower vertebrates. 

Protein content. The protein content of ventricular homogenates is significantly lower for 

dogfish and hagfish than rat and trout. A value of approximately 100 mg g wet mass-' is 

typically observed in mammals (25). Reference values for ventricular protein content in 

elasmobranch or hagfish species is not available. This difference may reflect the fact that the 

myocardium of dogfish, Squalus acanthias, contains a high percentage, approximately 80'31, of 

spongy trabeculae and the hagfish systemic heart is composed exclusively of spongiosa (14). 

Previous studies indicated that spongy trabeculae from frog (39), teleost (36), elasmobranchs 

(36, 46) and hagfish (26) ventricles have more extracellular space (ECS) than the compact 

myocardium of mammals (17). 

DHPR binding. In mammalian hearts, the a1 subunit of the SL ca2+ channel contains both the 

DHP binding domain and ca2+ conductance capabilities when expressed in oocytes (29). The a1 

subunit from trout has a similar M, of 185 and Kd for DHP binding to those of mammals (Tuana, 

BS, BJ Murphy, J Wigle, C Pratt, and GF Tibbits in preparation). The Kd values reported in 

Table 2 for both rat and trout are in agreement with these data. The Kd value in the dogfish 

preparation is comparable with the values for the rat and trout, suggesting that at least the DHP 

binding domain may be the same in this species. In contrast, the trout cardiac a 2  subunit appears 

1 to be quite different in both size and nucleotide sequence from the mammalian form (ibid.). 
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The densities of DHPRs were calculated for three of the four species and recorded in Table 

4. Values not measured were taken from the literature or estimated, as noted. The calculated 

densities rely on three assumptions. The first assumption is that all DHPRs are from myocyte 

sarcolemrna. Because myocyte protein represents 250% of homogenate protein the maximum 

purification of DHPR is 200% (3). The finding that DHP binding in isolated myocytes from 

rabbit heart is -1 80% of that in whole-muscle homogenates suggests that the number of DHPRs 

in non-myocyte tissue is minimal (3). The second assumption is that the relative contribution of 

ECS measured in the trout is the same for dogfish. Quantitative analysis using stereological 

measurements has indicated that the amount of total tissue occupied by ECS in rat heart is 

approximately 28% including T-tubules (17). The only quantitative information available on the 

extent of the ECS in fish is a figure of approximately 32%. This value was obtained by isotopic 

measurements of ECS in the in situ perfused trout heart (15) and was used to calculate DHPR 

density for both trout and dogfish. The third assumption is that all of the intracellular volume is 

made up of myocytes. While there are many cell types in the heart, the much larger myocytes 

account for approximately 75-90% of the cell volume (1). The calculated DHPR densities, in 

sites per pm3 cell volume (Table 4), were 29 for rat, 18 for trout, 13 for dogfish and 2 for 

hagfish. The value for rat is high for mammalian cardiac muscle, but this is almost completely 

due to the observed difference in B,, rather than the assumptions made (3). A possible 

explanation may be that, for reasons unknown, fewer receptors were damaged or degraded during 

the present experiments on rat. DHPR densities for the trout and dogfish, while somewhat lower 

than the density for the rat, still remain well within the mammalian range (3, 25). Using 

previously published data from DHP binding in homogenized rat cardiomyocytes, a density of 
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approximately 12 sites per pm3 is calculated (3) which is comparable to the densities calculated 

in this study for rat, trout and dogfish. The densities of DHPRs in the hagfish were almost an 

order of magnitude lower than that observed for the other species in this study. However, 

previous experiments on ventricular strips from the Atlantic hagfish still show a sensitivity to 

[ca2+], (34). 

In a previous report (42), the B,, of purified SL preparations from the trout was 

determined to be 3.06 pmol/mg SL protein. This value is an order of magnitude higher than 

values reported for mammalian SL of similar purity (9, 25). It was concluded from these 

observations that DHPR density is greatly increased in the trout compared with the mammalian 

heart (42). This conclusion turns out to be erroneous, as shown by the present data using 

ventricular homogenates (Table 2). This discrepancy may be explained by a differential DHPR 

purification during the SL isolation in the two species. Examination of Figure 3 shows that 

during SL purification, the percentage increase of DHP binding and of SL marker enzyme (K+- 

stimulated pNPPase) are not proportional in the rat, suggesting that DHPRs are being lost during 

purification, presumably to denser fractions. Similar results have also been reported in canine 

heart (9) and more recently, in cardiomyopathic hamsters (25). This apparent loss of DHPRs 

from the SL may be due to the tight coupling between the junctional SR RyR and the DHPR in 

the mammalian T-tubule (18). Since DHPRs are known to be clustered in the T-tubules in 

mammals (47), a differential loss of T-tubule DHPRs over DHPRs not associated with RyRs 

would lead to an underestimation of mammalian B,, values. In contrast, the DHPR loss is not 

as apparent in the trout (Figure 3). DHPR binding increases approximately 12-fold during trout 

SL purification, which is comparable to the approximately 15-fold increase in SL marker activity 
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(42). The lack of T-tubules and the relatively sparse SR found in the trout suggest that the RyRs 

and DHPRs may be more loosely coupled, which may explain these results. 

While DHPR densities in trout and dogfish are comparable to those of mammals, it is not 

known whether the total amount of ca2+ entering the cell in each of these species is also of the 

same magnitude. Using a whole-cell patch-clamp technique, an Ltype ca2+ current (k,) density 

of >3 CA/cm2 (in 1.8 rnM CaC12 at 23 '~)  has been obtained in frog ventricular myocytes (27). 

This falls somewhat below the lower end of the 10-30 CA/cm2 range of ka densities typically 

observed in mammalian species under similar recording conditions (27). However, Ica density 

does not take into account the extent of ca2+-dependent channel inactivation. Lower 

densities are known to inactivate more slowly; thus the [ca2+li could potentially be the same or 

even greater. In another study, [ca2+li-transients detected with aequorin recorded from 

salamander ventricular strips were prolonged relative to [~a~+]~-transients from mammalian 

myocardium (19). If one assumes that the intracellular ca2+-buffering capacity is similar to that 

in mammals and that DHPRs represent functional Ltype ca2+ channels (16), then ca2+ entry of 

similar magnitude could provide a greater rise in [ca2+li for the trout and dogfish myocytes 

simply because of the smaller myocyte diameters. In addition, the mammalian Ic, amplitude is 

extremely temperature-dependent with a Q10 of approximately 3 (7). Without some sort of 

evolutionary selection with regard to the temperature-dependence of ca2+ channel hnction, the 

contractility of the hearts of these lower species may be profoundly impaired. The temperature 

dependence of ka amplitude in lower vertebrates is not known. Clearly, precise measurements 
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of ca2+ current density integrated over time and the effects of temperature on both the 

electrophysiological and ca2+-buffering processes are required to determine the extent of SL 

ca2+ entry. 

Finally, the potential contribution of mitochondrial ca2+ has been ruled out in mammals by 

a variety of pharmacological and kinetic arguments (13). However, these experiments have not 

yet been done in lower vertebrates where ca2+ cycling may be considerably slower. 

RyR Binding. The presence of both high- and low-affinity ryanodine binding sites in all of the 

species in this study is consistent with current knowledge of the mammalian cardiac RyR. 

Conventional analysis, however, did not yield good results with respect to curve-fitting of the 

fish data. We were, therefore, forced to try several different approaches. The best results were 

obtained (lowest X2 and best fit by eye) when the high-affinity data were fitted with the two-site 

Adair equation. When microscopic dissociation constants are not equal, the Adair equation will 

describe the cooperative ligand binding that was observed in the different fish species. It also 

became apparent (see Fig. 5B-D) that in the poikiolotherm preparations, particularly the trout, 

this cooperativity was positive. A recently proposed sequential model of ryanodine binding in 

both mammalian skeletal and cardiac SR demonstrates negative cooperativity among the four 

putative binding sites (33). While further investigation involving kinetic and equilibrium 

measurements is needed, these preliminary results suggest that ryanodine binding in the lower 

vertebrates may reflect a functionally distinct cardiac RyR isoform. 

To date there has been only one RyR isoform (RyR2) identified in cardiac tissue (28). The 

mammalian cardiac RyR is a polypeptide with a calculated M, of approximately 560 as 

determined by cloning and sequencing of full-length cDNA (31). Electron microscopy and 
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biochemical studies have demonstrated that RyR in vitro exists as a homotetramer (28). Single- 

channel recordings of isolated RyRs incorporated into lipid bilayers demonstrate an open 

subconductance state in the presence of nanomolar concentrations of ryanodine, while 

micromolar concentrations close the channel completely (38). A negative cooperativity between 

the subunits is also demonstrated in this study by the presence of high- and low-affinity 

ryanodine binding. In each of the species examined, the Kdl values for the high-affinity site were 

within the range found in mammals under similar conditions and temperature (28). The 

comparable ryanodine binding affinities observed in this study suggest that the ryanodine binding 

domains of the SR ca2+-release channel is similar to that found in mammalian myocardium. 

However, the presence of positive cooperativity within the high-affinity binding suggests that 

there may be some subtle differences in the fish RyR. While further investigation is required to 

elucidate the precise mechanisms underlying this positive cooperativity, the physiological 

implications may involve some sort of functional adaptation in the RyR, allowing the SR to 

participate in E-C coupling to a greater extent under certain conditions. 

Maximum f ~ l r ~ a n o d i n e  binding to the high affinity site was greatest in rat and decreased 

considerably in the order trout > dogfish > hagfish (Figure 4). Overall, the maximum binding 

and calculated densities (Table 4) correlate with the phylogenetic development of SR in these 

species (35). The SR accounts for approximately 3.5 % of myocyte volume in rat (32), and 

considerably less, c0.3 %, in amphibians (5). While limited information is available for fish, 

electron microscopic observations show that the SR tends to be better developed in teleosts than 

in either amphibians or agnathans, and is least developed in elasmobranchs (21,46). A possible 

explanation as to why the elasmobranch has less total SR but more ryanodine binding than the 
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hagfish may be related to the relative abundance of peripheral couplings or junctional SR, with 

which the RyR is known to be associated. More quantitative information is needed to resolve 

this issue. It is also not known whether there are differences between spongy and compact 

myocardium with respect to content of RyR or complexity of SR. 

The calculated RyR receptor densities shown in Table 4 were 65 for rat, 21 for trout, 3 for 

dogfish, and <1 for hagfish. The value of 65 sites/pm3 for rat is comparable to a previous report 

of 0.83 pmoVmg myocyte protein which corresponds to approximately 53 receptors/pm3 after 

correcting for 0.6 mg myocyte protein per mg homogenate and 127 mg homogenate protein per 

3 cm (3). The lower number obtained from the myocyte study may be a reflection of greater 

receptor degradation due to the higher incubation temperatures used. The lower RyR densities 

for trout, dogfish and hagfish clearly reflect the reduced volume of SR hence the contribution of 

SR ca2+ in these species, as indicated by light and electron microscopy (35). 

The presence of high-affinity RyRs at room temperature (Figure 4) in trout, dogfish and 

hagfish, although in smaller numbers than in rat, suggests that functional RyRs may exist in the 

SR of these species. There is an abundance of evidence correlating the relative amount of SR 

with both the extent of [3~]ryanodine binding and the ability of ryanodine to suppress tension 

development in mammals and amphibians (2,47). Ryanodine is known to depress twitch tension 

by varying degrees depending upon species, tissue and development (2, 47). The frog heart is 

relatively insensitive to ryanodine and has considerably less total SR than mammalian heart (2). 

In the rat heart, a profound change in E-C coupling occurs during ontogeny (47). Active tension 

generation in ventricular strips from the neonate is suppressed by the dihydropyridine nifedipine 

while being relatively insensitive to ryanodine. Conversely, the ability of ryanodine to suppress 
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tension is greatly increased in the adult, while dihydropyridine-sensitivity is diminished. The 

amount of SR is known to increase during ontogeny and is associated with a concomitant 

increase in f~lr-yanodine binding (47). 

In assessing the apparent effects of ryanodine, knowledge of the experimental conditions, 

especially incubation time and temperature, is of critical importance. Ryanodine binding is 

extremely slow and is both [ca2+]- and temperature-dependent with a Qlo of 4 (6). Therefore, 

experiments using ryanodine at concentrations known to block SR ca2+ release in mammals may 

not show an effect at the lower temperatures used in the fish preparations. In addition, cooling 

from 23 to 5-10'~ increases the open probability of sheep RyRs reconstituted into lipid bilayers 

from 0.1 to 0.7 (38). Rapid cooling to below 5 ' ~  in isolated mammalian myocytes induces a 

rapid cooling contracture (RCC) which is caused, apparently, both by the opening of the SR ca2+ 

release channel in response to the cold and by the inability of ca2+ removal systems to operate at 

the lower temperatures. In the Amphibia, only very small RCCs can be elicited partly because of 

the sparseness of SR and also because other ca2+ transport mechanisms, such as the ~ a + / ~ a ~ +  

exchanger, continue to function at lower temperatures (4). If the SR ca2+-release channel 

maintains a mammalian temperature-dependence, the SR may be rendered non-functional at the 

lower temperatures experienced by some species. 

Owing to the relative paucity of SR and the general lack of ryanodine-sensitivity in lower 

vertebrates, the role of SR ca2+ release in contractile activation has usually been dismissed. 

However, under certain conditions, it is possible to induce SR ca2* release in several 

poikilotherms (10-12). Post-rest potentiation (F'RP), a phenomenon ascribed to greater SR ca2+ 
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release after a prolonged rest interval, while nonphysiological and temperature-dependent, has 

been demonstrated in ventricular strips from skate at 1 0 ' ~  and trout at 1 5 ' ~  (10, 12). In 

addition, ryanodine at concentrations known to block SR ca2+ release in mammals abolished the 

potentiated force in the trout. The inability of ryanodine to suppress 'force under more 

physiologically relevant conditions may have been due to the lower temperatures used. In a more 

recent study, contractility was substantially reduced by ryanodine in atrial strips from skipjack 

tuna at 2 5 ' ~  (24). Further evidence of a role for SR in regulating contractility in trout 

myocardium comes from observations on the influence of temperature on both ryanodine- 

sensitivity and force-frequency relationships in trout heart (22). In contrast to mammals and the 

frog, which show a decrease in force when temperatures are raised (37), ventricular strips from 

trout are able to maintain twitch force (0.2 Hz) at temperatures between 15 and 2 5 ' ~  (22). This 

may be because there was a greater contribution of SR ca2+ release at the higher temperature. 

This is supported by the finding that the ability of ryanodine to suppress both the twitch force and 

PRP was significantly greater at 2 5 ' ~  than at 15 '~.  In both cases, the reduction in force induced 

by ryanodine was due to a lower maximum rate of force generation while time-to-peak force was 

not altered. In agreement with a greater contribution of ca2+ release from the SR is the 

observation that the concentration of ryanodine required to reduce contractile force by half (KS)  

is raised substantially at lower temperatures. The Ks at 2 5 ' ~  agrees with the Kd values 

obtained in all the species compared in this study at the same temperature. The current evidence 

thus suggests that the RyR has not undergone any evolutionary selection for improved function at 



lower temperatures. Therefore, it seems possible that at higher temperatures, in some fish 
C 

species, SR ca2+ release may contribute to the regulation of contractility. 

RyRDHPR Ratios. The RyRJDHPR ratios given in Table 4 reflect the relative density of 

receptors per pm3 cell volume as assessed by binding of radiolabelled ligand. Optimal binding 

conditions, in terms of [ca2+], time and temperature, were determined for both assays. The 2 hr 

incubation time at room temperature for RyR represents a trade-off between maximum specific 

binding due to the slow binding kinetics of ryanodine and receptor degradation (6).  With these 

limitations in mind, the lower trout and dogfish ratios reflect primarily a reduction in numbers of 

RyRs. The rat RyR:DHPR ratio shows twice as many RyRs as DHPRs and reflects the large 

contribution of SR ca2+ release to E-C coupling in this species. However, this ratio is lower than 

the 4 to 7 typically observed for this species. A high PN B,, of 3.0 pmollmg contributed to the 

lower RyR:DHPR ratio. The range in heart rate from 300-600 beatslmin requires an extremely 

rapid cycling of ca2+. In contrast, the heart rates of lower vertebrates are considerably slower; 

thus, the need for rapid cycling of ca2+ is greatly reduced. A RyR:DHPR ratio of <1 may reflect 

an alteration in E-C coupling to one of reduced reliance on SR ca2+ release and a greater reliance 

on ca2+ entry across the SL in these species. 

Implications For E-C Coupling. In mammalian cardiac muscle, a small amount of ca2+ enters 

the cell triggering the release of a much larger amount of ca2+ from the SR. While the relative 

roles of each ca2+ source may vary between mammalian species, the SR remains the largest 

contributor to contractile activation. A greater involvement of SR in ca2+ cycling would serve to 

increase the speed of contraction and relaxation. The hagfish is a relatively sedentary species, in 
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which, heart rates rarely exceed 35 beatslmin, output pressures are low and myocardial tension 
t 

development is slow (14, 23). Thus there is no apparent need to develop a rapid ca2+ cycling 

system involving the SR. The long cardiac action potentials, often approximately 1 second in 

duration, support the idea of an almost exclusive reliance on SL ca2+ influx (23). However, 

because DHP binding was negligible in this species, SL ca2+ influx may occur by another 

mechanism, such as Naf/ca2+ exchange. In contrast, both the dogfish (Squalus acanthias) and 

rainbow trout (Oncorhynchus mykiss) are more active and capable of generating much greater 

cardiac outputs and heart rates. As a consequence, there is a need to develop more rapid ca2+ 

cycling, at least under certain conditions, in these species. Biochemical studies performed on 

compact and spongy myocardium support the idea that the development of a compact 

myocardium is a morphological adaptation related to the activity level of the fish species (36). 

Finally, the reduced SR content in the lower vertebrates studied would necessitate a 

fundamentally different relative contribution to ca2+ removal during relaxation. While little is 

known about the SL c a 2 + - ~ V a s e  in lower vertebrates, the SL Na+/ca2+ exchanger is known to 

be relatively active even at the lower physiological temperatures of both trout and amphibians (4, 

43). 

In conclusion, the results of this comparative study of DHPR and RyR binding in 

ventricular homogenates from mammalian, teleost, elasmobranch and agnathan species are 

consistent with current evidence indicating that heart contraction in lower vertebrates is largely 

dependent upon trans-sarcolemmal ca2+ entry although ca2+ release from the SR may also make 

a contribution, depending upon species and environmental factors such as temperature. 
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TABLE 1 

VENTRICULAR CHARACTERISTICS IN THE DIFFERENT SPECIES. 

Rat Trout Doefish Haefish 

VENTRICULAR 
MASS (g) 0.80 (0.02) 0.48 (0.03) 1.70 (0.17) 0.46 (0.04) 

PROTEIN 107.7 (2.5) 1 16.8 (9.9) 49.6 (3.3)* 66.3 (6.3)* 
CONTENT (mglg) 

Values are means (S.E.M.). VENTRICULAR MASS, wet mass of trimmed ventricle in grams. 

PROTEIN CONTENT, milligrams of protein per gram wet mass of ventricle. N, number of 

assays performed with one assay on each ventricle for rat, trout and dogfish, and 2-6 ventricles 

pooled for each assay for the hagfish. Multiple comparisons were made using the Bonfenoni 

(Dunn) t-test. * Values for dogfish and hagfish are significantly (P < 0.05) different from values 

for both rat and trout. 



TABLE 2 

COMPARISON OF DHP BINDING IN DIFFERENT SPECIES. 

Rat Trout Dogfish ~ a ~ f i s h ~  

Values are means (S.E.M.). B,, is the maximum density of dihydropyridine binding sites 

determined by Scatchard analysis; & is the dissociation constant determined by Scatchard 

analysis; N is the number of assays performed (with one assay on each ventricle for rat, trout and 

dogfish, and 2-6 ventricles pooled for each assay for hagfish). Multiple comparisons were made 

using the Bonferroni (Dunn) t-test. * Values significantly different from those of the rat 

(Pc0.05). a Analysis performed on composite data. All PN binding experiments were performed 

by B.H.. 



TABLE 3 

COMPARISON OF RYANODINE BINDING IN DIFFERENT SPECIES. 

Rat Trout Dogfish Hagfish 

HIGH AFFINITY SITE: 

B- (pmol/mg) 0.68 0.19 0.073 0.01 1 

(0.53-0.87) (0.09-0.23) (0.04-0.23) (0.00-0.05) 

Kdl 33 87 67 12 

Kd2 (nM) 2 57 240 155 

LOW AFFINITY SITE: 

Bmx (pmol/mg) 0.92 1.61 0.42 0.12 

Kd (nM) 43 779 130 474 

Values for the high-affinity site were obtained through non-linear regression analysis using the 

two-site Adair equation provided in the computer program GFUWT (Erithacus Software Ltd, 

UK) and for the mean binding data obtained over the range 0-75 nM ryanodine. The range for 

the high affinity B,, values are indicated below in brackets. Values for the low-affinity site 

were obtained using the same method, a one-site ligand binding equation and binding data for 

100-500 nM ryanodine. All analyses were performed on the composite data for each species. N 

is the number of assays performed (with one assay on each ventricle for rat, trout and dogfish and 

2-6 ventricles pooled for each assay for hagfish. 



TABLE 4 

CALCULATIONS OF DHPR AND RYR DENSITIES. 

Rat Trout Dogfish Hagfish 

Protein contentC 
(mg/cm3) 

DHPR densie  
(sites/pm3 cell vol.) 

RyR densityh 
3 (siteslpm cell vol.) 

RyR : DHPR 

DHPR, dihydropyridine receptor; RyR, ryanodine receptor. 
a Mean DHPR B,, values taken from Table 2. 

Mean RyR high-affinity site B, values taken from Table 3. 
C 3 Homogenate protein in mg per gram wet weight x muscle density (1.06 glcm ). 

Percentage of total tissue occupied by extracellular space (ECS). 
e Taken from Frank and Langer (1974). 
f Taken from Farrell and Milligan using trout heart (1986). 

DHPR density = DHPR B,, x protein content x ECS correction x 6.02 x 10 23 

h RyR density = RyR (high-affinity) B,, x protein content x ECS correction x 6.02 x 



Rat I 

Figure 1. Specific [)H](+)PNzoo-1 10 binding as a function of total PN200-110 concentration 

to ventricular homogenates in rat (filled circles, n=10), trout (filled squares, n=6) 

dogfish (open circles, n=6) and hagfish (open squares, n=5). Data are represented as 

mean 2 S.E.M.. PN binding was determined as outlined in MATERIALS AND 

METHODS. 
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Figure 2. Scatchard analysis of specific ( + ) ~ ~ 2 0 0 -  1 10 (PN) binding in each species. 

Specific binding for rat (filled circles, n=10), trout (filled squares, n=6), dogfish (open 

circles, n=6) and hagfish (open squares, i=5) are shown as a function of free ligand 

concentration. Bound PN is specific PN binding in pmoles per mg protein. BoundIFree 

is specific PN binding in pmoUmg divided by free PN in pmoUmg. 
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Figure 3. Specific [ 3 ~ ] ( + ) ~ ~ 2 0 0 - 1  10 (PN) binding and sarcolemmal marker enzyme activity 

( K + ~ N P P ~ ~ ~ )  in SL from rat and trout heart. Maximum PN binding and K + ~ N P P ~ S ~  

activity are normalized to the respective homogenate values. PN binding was determined 

as outlined in MATERIALS AND METHODS. 
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Figure 4. Specific [3~]~yanodine binding as a function of total ryanodine concentration to 

ventricular homogenates from rat, trout, dogfish and hagfish hearts. Only the high- 

affinity sites (0-75 nM) are shown for simplicity. Each data set represent the mean values 

with error bars * S.E.M. of separate rat (filled circles, n=10), trout (filled squares, n=6), 

dogfkh (open circles, n=6) and hagfish (open squares, n=6) binding assays, with each 

experiment consisting of individual (rat, trout, dogfish) or pooled (hagfish) ventricles. 

Ryanodine binding was determined as outlined in MATERZALS AND METHODS. 
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Figure 5. Specific [3~]ryanodine binding in ventricular homogenates from the four species 

as a function of total ryanodine concentration (0-500 nM). The two curves represent best 

fits for the high- (0-75 nM) and low- (100-500 nM) affinity sites. Values for the high 

affinity site were fitted using the two-site Adair equation while those for the low affinity 

site were fitted using the one-site ligand binding equation, both from GFL4F'lT (Erithacus 

Software Ltd, UK). Panel A: rat (filled circles, n=10 individual ventricles); panel B: trout 

(filled squares, n=6 individual ventricles); panel C: dogfish (open circles, n=6 individual 

ventricles) and panel D: hagfish (n=6 assays with 2-6 hearts pooled per assay). Values 

are means -I- S.E.M. 
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CONCLUSIONS 

EXERCISE ADAPTATIONS 

The first paper (Chapter 2) assessed the effects of treadmill-training under five 

slightly different workrates on DHPR and RyR densities in ventricular homogenates 

using the same female rat model. In general, there was no change in either DHPR or RyR 

density over the range of workrates which have previously and subsequently been shown 

to enhance cardiac contractile function. However, an adaptation in receptor density is not 

the only mechanism by which ion transport can be altered. Channels may undergo 

differential isoform expression, altered modulation by numerous substances including 

associated/regulatory subunits and second messengers. Another finding was an apparent 

intensity threshold of -30 mlmin, 8% grade which did stimulate greater expression of 

these receptors. Under the training regimen, T2M, DHPR density remained unaltered 

while RyR density increased by 24%. The RyR density changes are somewhat suspect 

because the increase was reflected by an apparent reduction in the mean control value, the 

reasons for which are unknown. At the highest workrate, T1H resulted in a -50% 

increase in DHPR. Unfortunately RyR densities were not assessed in this study. The less 

than physiological conditions of in vitro ligand binding assays precludes the 

determination of absolute receptor number, nor is information available with respect to 

receptor function or regulation. With the assumption that DHPR and RyR binding sites 

reflect the density of functional ca2+ channels, the lack of any change in DHPR and RyR 

over workrates known to enhance contractile performance does not support the 

hypothesis that endurance training of sufficient intensity increases the expression of both 



SL ca2+ channels and SR ca2+ release channels. The increases in DHPR and possibly 

RyR expression at the higher workrates may simply be a hypertrophic response in order to 

maintain myocardial contractility. 

The second paper (Chapter 3) assessed the contractile properties and ca2+ 

transients in sedentary-control and treadmill-trained rats. Cardiomyocytes from animals 

trained at the apparent threshold workrate (30 drnin, 8% grade) demonstrated enhanced 

contractile activation (maximal degree of shortening and rates of 

shorteninglrelengthening) in the presence of a reduced cytosolic ca2+ transient. The 

maximum amount of SR releaseable ca2+ was not increased by training, as assessed by 

rapid cooling contractures. Collectively, these data do not support the hypothesis that 

peak [ca2+li is increased with each beat due to an adaptation in SR ca2+ release. The 

lack of any significant change in DHPR and RyR expression observed at this workrate 

(TZM) and the reduced peak ca2+ transient strongly suggest the ca2+ sensitivity of the 

contractile element is enhanced with training. The underlying mechanisms are currently 

unknown. The major limitation in this study is a possible variation in the KD of indo-1 

for ca2+ due to protein binding which was not assessed. 

The third paper (Chapter 4) addressed whether or not CaM levels were enhanced 

as the result of endurance training. Calrnidazolium inhibition of DHP binding (at 0.41 

nM PN) was significantly greater in purified SL from the T animals. Electrophoresis and 

densitiometric analysis revealed a training-induced 70% increase in the amount of a S G  

protein band of -16 kDa, the same molecular weight as CaM. When CaM was quantified 

using an ELISA technique, there were no significant differences in the amount of CaM in 



any fraction taken during the SL purification procedure. Collectively, the data are 

inconclusive and therefore do not support the hypothesis that CaM is increased as a 

consequence of training. Limitations of this study include the relative lack of sensitivity 

of SDS-PAGE and densitomentry, small sample size and possible antibody cross- 

reactivity in the CaM ELISA. 

Further experiments should include an in vivo determination indo-1 KD in both 

trained and control myocytes. This will reveal whether or not the reduced Rpeak is due to 

an actual reduction in [ca2+li or not. Additional experiments are also needed to examine 

the role of the contractile element in exercise-mediated adaptations, perhaps focusing on 

length-dependent changes in ca2+ sensitivity, pH regulation and other cytosolic factors 

that may impact ca2+ sensitivity. 

LOWER VERTEBRATES 

The fourth paper (Chapter 5) assessed the relative densities of DHPR and RyRs in 

ventricular homogenates of several phylogenetically distinct species namely, the rat, trout, 

dogfish, and hagfish. In contrast with results from purified SL, DHPR densities in 

ventricular homogenates from trout were slightly lower than the rat and not higher as 

originally believed. DHPR densities (receptors per unit cell volume) in the dogfish were 

comparable to the rat, and in the hagfish preparation barely above the level of detection. 

The reason for the low hagfish density remains unknown but may reflect different ca2+ 

channel regulation, a low ca2+ requirement or possibly ca2+ influx via another 

mechanism such as ~ a + / ~ a ~ +  exchange. RyR densities in the same homogenates were 



dramatically reduced in lower vertebrates compared to mammals. RyR density correlated 

with both the relative amount and complexity of SR among the lower vertebrate species 

as determined by electron microscopy. These results support our hypotheses. While the 

DHPR densities in trout and dogfish were within the range for mammals, the substantially 

lower RyR densities of all three lower vertebrates suggests that either SL ca2+ influx is 

increased through channel modulation, or there is a reduced requirement for total ca2+ 

increase because of differences in intracellular buffering, or there is a reduced contractile 

requirement for ca2+ because of increased myofilament ca2+ sensitivity. The latter has 

been demonstrated in both trout and amphibian hearts. A major limitation with these in 

vitro experiments is that receptor density does not give any indication of channel function 

or regulation. Therefore, further experimentation is needed focusing on quantitative 

measurements of SL ca2+ influx in addition to quantitative analysis of cytosolic ca2+ 

buffering. Characterization of T ~ c - c ~ ~ +  binding would also help to determine the ca2+ 

requirements and ca2+ sensitivity of the myofilaments, although the greater ca2+ 

sensitivity for a given physiological temperature in fish does not appear to be due to any 

differences in either TnC or T ~ c - c ~ ~ +  binding (1). By clarifying the role of SR ca2+ 

release in the more active teleost species, a greater understanding of E-C coupling may be 

achieved. Finally, the temperature dependence of these processes would further add to 

current knowledge of E-C coupling in these species and may help to explain changes in 

E-C coupling mechanisms accompanying temperature compensation. 
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