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. -- ABSTRACT 
-p 

'1n response to exercise training one generally observes an increase in stroke - "< 

4 - volume - .  under resting conditions as well as ifi'both submaximal and maximal work. 
r 

 he-purpose of this study was to investigate one possible 'ntrinsic mechanism by - -- 
which stroke volume can be increased with endurance training; increaied myocardial C1 

'contractility as-a consequence of increased density of calciuakchannels in the plasma 

Female Sprague-Dawlby rats were divided randomly into a sedentary-c-ontrol 
- 

and an exercisekained group and- the latter was treadmill trained for a minimum of 
pp - - - - - - - - -- - - 

- -- pp -- -- - - - -- -- - -- -- - -- 
- - -- pp - - - - - - --- 

-- 
- - p-- - - -- - --- 

.% - 
10 weeh. Upon excision of the-hearts, sarcolemma was isolated using diffkrential and 

sucrose gradient ultracentrifugation. Protein and sarcolemmal enzyme analyses were -' - 

performed and no statistically significant difference (p > 0.05) between t m  groups was 

found. Pi 

To enumerate calcium channel density, a tritiated dihydropyridine 

. 

calcium 
- 

3. 
* Q antagonist, [ S ~ ] ~ ~ 2 0 0 - 1  10 (PN), was employed. The specific binding of PN was found L- 

to be maximized in the presence of 2.5 mM CaCf,, 50 nM calmodulin, anpextravesicular - -- 
tonicity of 20-30 mOsm L-' and an incubation time of a t  least 60 minutes. Calcium 

& 

addition w a 6 h o w n  to increase both ligand binding ~4 receptor site density. * f ' ~  "i J 

Calrnodulin antagonists profoundly inhibited PN specific binding to highly-purified 

sarcolernma. Specific binding of PN to fractions derived from sucrose gradient 

stimulated p-nitrophcnylphosphatase ( K + ~ N P P ~ S ~ ) .  The Vnctic 'on' and 'off' rate 

- - - 

There was an  approximately 50% increase (p < 

i n  trained as in comparison with untrained in both 

0.05) %p;PN binding site density 

the crude homogenate 'and the 
- - 



to 5.71 sites per urn2 sarcolernma as a result of the training program. - 
- - 3 

b The observed inc-rease in the" density of  sarcolemmaE . calcium channels with - 

- % s ~ e r c i s e  training, may allow for a greater influx of calcium current during the 
& 

t .- - 
myocardial ,action potential. This provides a possible mechanism for the concomitant 

increase in myocardial contractility. 
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With endurance exercise training one normally observes an increase in - 

maximum cardiac output, a decrease in submaximal hear tTate  for  a given wbrkload 
- 

and hence an  increase in both submaximum and maximum stroke volume. Even though 
! 

- thtx&se-r wt i-off-~f- f kt- Wter is &~-&etm~e&+litera+ttretherekef ittkinsfgfr+-- 
- - 

to the mechanisms by which this change takes place. Alterations in  stroke volume have 

been attributkd to extrinsic-(eg. increased venous return) and/or intrinsic myocardial 
- - - - - - - - - - - - - - - - - - - - - - - 

- 
- -A- - p- * : - =---- 

changesP(eg.-ever many quesfions about the effects ofpendurance 

- 
' c x c r c k  training on stroke volume stilt remain unresolved. This can be partially 

explained by the, different  training paradigms, species and  the experimental . 
parameters that have been proposed and used as indices of contractility. Of particular 

. importance, is the d e v e l o p ~ n t  of techniques to investigate the mechanisms of 

- - 
p- 

contracf if l tychanges w i t h e x e Z 5 e - t r a i n i n g . T t P i s ~ h e  purpose of this study to 

investigate one possible mechanism by which contractility an&-hence stroke volume 

can be increased with e n d t t m t r a i n i n g ,  using isolated and purified sarcolemma (SL). 





7 - 
3 

animal not only is it difficult to obtain a representative measure of end-diastolic 
- - - - - -- - -- --- - -- - 

myocardial fiber length but other mechanisms may be superimposed to obtain an - 
increased stroke volume. 

The Frank-Starling law of the heart is in agreement with the relationship that 

has been shown in both skeIetal and cardiac muscle fibers in which the tension 

generating capacity of the fiber is enhanced as sarcomere length is increased, - until the 

optimum achieved (Gordon et aL, 1966). This length-tension relationship in 
\ 
I 

- - - -- 

b fliZ myocaf i f i i&irreprr~~tnt~s~  potenEKl ~ c o n t r o T ~ c h a n i s m  by which - t E  ieVeFFff - A 

- 

preload \(venous return) can influence the tension the muscle generates (Katz, 1977). 
r F 

loading it is necessary for the myocardium ta be operating on the ascending limb of 
- - 

- ,  - - .  
the sarcomere length-tension curve. - 

Although the length-tension relationship probably plays a major role in beat-to- 

beat adjustments of the work of the heart, changes in developed tension arising from 

changing muscle fiber length appear not to be critical to most long-term circulatory 

changes. For example, it has bean $hewn, from X-ray studies, that during exercise 

EDV of the heart was relatively constant (Kjelberg et al., 1949). 
- 

The importance of the central blood volume for the stroke volume was 

demonstrated .ig. 1939 by Asmussen & Christensen. They noted that the cardiac output 

\ was approximately 30.% higher when the - legs - were,"blood-free" pared with the 

eiperimcnts with blood pooling in the legs. The high cardiac due to a high 

stroke volume, for the heart , rate was actually lower than in exercise with reduced 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ---- 

1 

central blood volume and low cardiac output. 

Any pooling of blood during exercise is minimized by the skeletal-muscle pump 

which. forces blood from the veins toward the heart because of the intermittent venous - - 

coolpression produced by the contracting muscles and because of the unidir&ional 
% d 

orientation of the venous valves. The respiratory pump also greatly enhances venous 



to the lumen of the blood vessels locate4 within the thoracic c n v q .  This reduction in 
-- 

\ 

central venous pressure during inspiration increases the pressure gradient between 
c+s= s 

extrathoracic and intrathoracic veins (Berne & Levy, 1981). Both of the& mechanisms 

tend to ,enhance venous return, thereby affecting EDV and potentially increasing 
- 

stroke volume. 
i 

P 

Variations in afterload exert a characteristic effect on the work performance 

of a muscle. Afterload may, be defined as a- load that is not apparent to the muscle -- 

when i t  is in a resting state but which is.encountered by the muscle -when it begins to 

pressure; less blood is ejected and stroke volume will be reduced. This is not 

characteristic of endurance exercise where total peripheral resistance .(TPR) is - < 

.decreased due to vasodilation in the vascular bed (Wolthiusfet al., 1977). although the 

.elevation in cardiac output (CO) causes the mean arterial blood pressure (CO x TPR)  
Ir 

to rise (Astrand et af., 1965). ,Exercise involving isometric or static contractions has 

been shown to substantially increase systemic pressure, thus placing a larger afterload 

on the left  ventricle (Wolthius el  af., 1977). 
3 

Homeomctric Regulation 
- - 

Any change in the strength of contraction during a single heartbeat that docs 

inotropic state) will augment cardiac perfor,mance (a positive inotropic effect) while a 

effect). 



,being-due to gradations in the amount of calcium delivered to the contractile proteins 

for binding to troponin (Solaro et al., 1974).The source of this cdcium for activation 

is, however, controversial. 

Scvcral mechanisms have been investigated as being responsible for the rise in 
e 

A-  

intracellular calcium for contraction. These(inc1ude: (1) extracellular calcium transport 

through either ionic channels in the S L  pr (2) through an ion-exchange mechanism or 
CI - 

(3)_rclease of-_calcilum from the sarcoplasmic reticulum (SR). - - - - - 

Cardiac muscle contraction has an absolute extracellular calcium (ca2+) 
\ 

requirement (Ringer, 1883; Niedergerke, 1963). The strength of cardiac contraction is 
- - - - - - -- -- - - - - - - - - 7--- - - -- - v-- 

- - - - - - -- -- - - 
- - - - -  - 

- 
- - - - - - - 

proportional to the external ca2+ concentration up to about 12 mM in most 

mammaliXii 

findings, as 

is probably 

species (Begs et al., 1981) and 3 mM in rat (Tibbits et ol:, 1981a). These 

well as others (Katz, 1977; Randall, 1962-; Reuter, 1979) indicate that there 

little doubt that transsarcolemmal ca2+ influx plays a critical role in . 

excitation-contraction (E-C) coupling. 

Sarcolemmal Calcium Binding 
- .  

-- i 

When extr,acellular calcium is removed force has been noted to decline 

exponentially with a t of 45 to 50 seconds. The redevelopment of force, upon return 
112 

of ,calcium is a t  least 3 to 5 times faster ( ~ h i j i ~ s o n  & Langer, 1979). The rate of 

- - 
redevelopment upon replacement of calcium i s  virtually' the same as the rate o& 

-- - - - - - - - - -- - - -- -- -- -- - - 

vascular - exchange for the preparation. This suggests that calcium important for . 

contractile control is boun'd at  a cellular site which is in rapid equlibrium with 
- 1 -  

uscula~ c a W  \The most likely site is-  tke- 4% -This i ~ s u p p w t e x b y t h e -  

ultrastructural demonstration that almost 40% of the cellular surface is within 0.2 um 

of a'capillary surface (Frank & Langer, 1974). -- 



which other di- and hi-valcnt cations compete with calcium for binding sites (Bero d . 
_C 

- Langer, 1979; Langer et al., 1974; Philipson & Langy, 1979). These investigators found 

. a high correlation between the ability of certain cations to displace calcium from thi  - 
# 

! 
' SL and their ability to depress contractile function. T h e  divalent cation sequence to 

displace-calcium from intact cultured celIs and their ability to uncouple excitation 

# 

from contraction in neonatal ventricle, relative to lanthanum (~a '+ )  was: cadmium 
i 

(Cd2+) > manganese (~a'+$ >- magnesium ( ~ g ? + )  (Langer el ~ 1 . ;  i974). Cadmium (0.97 - 

A) is the ion with its crystal radius the closest to that of calcium (cag+) (0.99 A), ~ n l +  - - 
(0.80 A) is intermediate and ~ g ~ +  (0.66 A) is the furthest removed (Langer, 1984). This 

- - - - ---  - - --- - - - - - - -- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - --- -- - - - - - - - - - - -- - - - - - - - - - - - - -- - - - -- 

indicates that the size of the non-hydrated ion relative to calcium plays a significant 
.. 

role in determination of its ability to compete with calcium for SL sites (Bers & 

Langer, 1979; Langer 'et al., 1984). These observations suggest that these calcium 

binding sites play an important role in controlling the amount of calcium that is made 
fi 

I 

available to the myofilaments. 

Of great importance are recent experiments which demonstrate the critical role 

that plasma membrane composition and structure play in t h e  regulation oT' membrane 
- 

and cell function. Philipson et al. (1!%0) have shown that the SL calcium binding 

critical for contraction is to phospholipid (PL) 'moieties and of these the PL that are 

anionic at  physiological pH, phosphatidylserine (PS) and phosphatid y l inosh l  (PI), are 

most important. The degree of interaction of ca2+  with the PL has been suggested to 

b e - g ~ ~ ~ ~ e d _  4~ the~ans_m_embram ~e lcx_t r ic f ie lhmd C a ? x a n b c l e a s e d r o r n  the 

T, foUowingmembranede~olarizatim (LJullman & Peters, 19772 Phospbaticiylscrinc 

has also been implicated as being the major contributor of the negative surface charge - - 

also required for sarcoplasrnic reticulum (SR) protein phosphorylation by exogenous 

ca2+-activated PL-dependent protein kinase (protein kinase C) (Iwasa & Hosey, 1984). 



This evidence implies that PL may play a role in controlling ca2+ movement during 
- -- - -- 

the excitation-contraction sequence in cardiac muscle. 

-Whilst i t  is widely agreed that E-C coupling in heart muscle requires an inward 

movement of calcium across the SL (Nayler & Dresel, 1984), controversy exists as to 

whether sufficient calcium enters on a beat-to-beat basis to account for the activation 
. . c- 

of contraction. Bers & L a n s r  (1979) claim that the amount of calcium bound to the 

SL is, by itself, enough to-)support the interaction of the myofilaments. Others, 
5 

- 
- L  -- however, claim Lhat _the magpitude of calcium entering the _myocardium is insufficient 

(McDonald, 1982; New & +~rau twe in ,  1972; Reuter, 1979), providing only enough 
/ 

calcium for -30% activation .of the myofilaments (Solare & Shiner, 1976). However, 
- -- - - -- -- -- -- - -- - --- - -- -- - ---- -- 
- - - - -- - - - ---- - - - -- -- ----- -- - - - - - - -- - -- 

recent advancesA single cell voltage and patch clamp studies (Isenberg, 1977; Lee & 
- 

Tsein, l982), radiotracer flux measurements (Lewartowski et ~ l . ,  l982), and selective - - 

microelectrodes (Bers, 1983) have increased estimations in the ca2+ influx (to -10-183 

- - umol/kg wet tissue) jn the range required for half-maximum activation of the 

myofilaments ( I  5-42 umol/kg wet wt) (Fabiato, 1983; Solaro et al., 1974). 

Calcium Channel 

One possible route of calcium entry across the SL is best described as a channel 
I 

or pore through whgh calcium ions flow and give rise to a current '(~ee1er & Reuter, 
-- 

d 1970). Certain inotropic interventions augment this so-called in rd current believed 

to be laigely attributable to calcium. Among these are the catecholamines (New & 
- --- - - - - -- 

\ 

-- Trautwtin, 1972; Reuter, 1967). 
a 

Proposals that cyclic AMP-dependent protein phosphorylation might mediate 19- 
t 

- adrcnergh-modulation n f i a d m i u a n n e m r e  - r r r a d e - a s - e a ~ l ~ s A W X  CTs&-- 
1 

1973a). following the initial evidence for the involvement of CAMP (Tsien, 1973b). 

Voltage clamp (Reuter, 1974; Reutcr, 1979; Reuter & Sceolz, 1977; Sperelakis & 



- - ~ c ~ n e i d e r ,  19761 and patch clamp experiments have evolved to study the properties of  

individual channels (Brum et al., 1984; Cachelin et al., 1983; Reutcr, 1983; Rcutcr'et al., 

1982; Reuter et al., 1983) and whole cell recordings, designed to analyze properties of 

- the entire pool of functional calcium' channels (Bean et al., 1984). Increased calcium - 

current is the result of catecholamines exerting their effect by (a) slightly increasing 

the mean open times of calcium channels, (b) reducing the time intervals between 

bursts of channel openings, (c) increasing burst length and (d) reducing failurcs of  

calcium channels to open upon depolarization (Reuter -et al., 1986; Tsicn -et -aJ.,-1-We).-- - - - 

In isolated cardiac SL vesicles, stimulation of increased calcium uptake through 

AM?-dependent protein kinase, and was paralleled by the phosphoryfation of a 

membrane-bound qcidic proteolipid which has been termed calciductin (Rinaldi et al., 

1981). Philipson (1983) states that this finding, however, is insuf f icient evidence ,for 

assignment of a r d e  to this protein in the regulation of the voltage-sensitive calcium 

channel. This was suggested because the putative in vitro calcium channel described by 

Rinaldi et al. (1981; 1982) requires a source of energy and requires an outwardly 

directed sodium Bradient. These properties a r e  inconsistent with known attributes-of 
a 

the cardiac calcium channel. This acidic proteolipid, which has a molecular weight of 
r 

23,000 (Rinaldi et al., 1981) resembles tkt acidic proteolipid phospholamban (22,000 

daltons (Hicks et al, 1979)), which modulates the ca2+-transporting 'ATPase of heart 

SR. Hence, calciductin may represent phospholamban as a consequence of SL 
- - 

3 

- ccmtaminathn by 5%- T- - L-- - 

?r 

1 ~ a + / ~ a ' +  Exchanger 

Another transsarcolemmal ~ a ' +  transport mechanism is the ~ a + / ~ a ' +  
- 

exchanger. To what extent the influx of ca2+ on the ex.changer contributes to the 



enhancement of sarcoplasmk ca2+ required for myofiliril activation is not known. The 
- - - - - - -- - - - 

~ a + / ~ a ' +  exchange system has been suggested to be a high-capacity pumping system 

deaigned tp eject calcium, presumably only when the calcium conchra t ion  in the 

sarcoplasm has increased substantialiy (ie. kt  peak activation) (Carafoli, 1984). Under 
Z 

these conditions, the relatively low ca2+ affinity o f  the exchanger (Bers et al., 1980; 

~ e e v e s  & S d o ,  1979) is probably not a limiting factor, but its high velocity (Caroni 

& Carafoli, 1981) is particularly useful. - 

-- - -- -A ---PA - --P-p- 

C 
P- 

- - - - - - The ~&a~+--~xcha_nger  is able to transport at least three ~ a +  for -every-~a~+-  
b 

ion and is, therefore, electrogenic in nature (Philipson & ~ i s h i ~ o t o ,  1980; Pitts, 1979). 
a 

Thus, the magnitude and possibly the directiofi of the exchanger can be affected by 
- - - P- - -P -- 

- ------ 
--- - - - - -- - - -- - pP -Pp- 

-- --P - - P- - P -- -- p-p--- - -- 

the membrane potential (Philipson & Nishimoto; 1980) and perhaps by thg intracellelar 

s6dium concentration. There is theoretical evidence to suggest that under depolarizing 
- - - 

conditions, the exchanger contributes to calcium influx and therefore tension 

development and under repolarizing conditions it contributes to calcium efflux 

(Mullins, 1979). Raising the intracellular sodium concentration in squid axons, or 

lowering the extracellular sodium concentration has been clearly shown to promote 
-, 

inward calcium transport (Baker et d., 1967; 1969). Since it  is well established that 
8 . 

intracellular sodium concentration strongly affects contractility, i t  has been suggested ' - 
- 

that this is due to the exchanger. Evidence - suggests that inhibition of the exchanger 

may have a negative inotropic effect (Carafoli, 1985) and stimulation of the exchanger 
t l "  

may augment contractility (FHifipson, 1984). 

It has been - demonstrated that a phosphorylatioh-dephosphorylatio~~ step 
- - -- - - -P- ---P - --PpL-- -- - -- 

catalyzed by a ~ a ' +  plus calmodih-dependent k i n a s  activates the exchanger, 

whereas a ' dephosphorylation reaction catalyzed by either exogenously added 

- - - * * - & p m t - - a 8 - * - t a 8 C * a 7 L  

(Caroni & Carafbli, 1983). The concerted operation o e h e  kinase and phosphatase is 

thought to be made possible by their different affinities for ca3+ an_d calmodulin 



(CaM) , and thus by the levels of ~ a ' +  and CaM in the sarcoplasm (Caroni & Carafoli, 
/ 

-- - - - - - - - - - - - - - - -- - -- 

B 

Sarcoplasmic Reticulum Calcium Transport 

.r I - - 
It has been clearly demonstrated ihat 'the current carried by calcium through 

t 

the calcium channelQs important in the E-C coupling process (Katz, 1977; Randall. 

- - - - - - - --- - - f 969;8eutw-f 979)yah)rau-g=~rnagn1tudeof c a l c i ~ r q . ~ n ~ u x  15 not wi tsel f e no ug h 
- - a - --. - - - . 

to account for the large increase in intracellular calcium concentrations (Fozzard & 
a. 

Beel~r ,  1975; Solaro & Shine, 1976). I t  may, however, be sufficient to trigger a graded 

Two theories as to the mechanism responsible for SR calcium release in the 

\ 
myocardium have been pruposed. The first, which can' be looked on as dcpolarization- 

induced, has gained support as a mechanism for SR,calciurn release i n  skcletai musclc 
\ 

(Ebashi, 1976; Endo, 1977). The second, "calcium-induced calcium release" is lcssi likcly 
- - - --- 

to be of signifhanee in skeletal muscle but may play an important role in  the 

myocardium, in which variations in this calcium release are of major physiolo&al -- - 

- 
importance. 

Bianchi & Bolton (1966) first proposed that calcium itself. might trigger a 
5 

release of calcium 'from the SR. Since then, evidence has accumulatcd that a small 

initial rise in intracellular calcium may indeed be the stimulus for release. Endo et a!. 

b 

(1968) demonstrated that an increase in the intracellular free calcium concentration 

was able to induce a larger release of calcium from the SR. 
#- ' 

Skinned cardiac myocytes which contain SR exhibit the phcnomcnen of 

cakium-induced - --- - - calcium - release - - - (CICR) - - {Fabiato - - - & -- Fabiato, -- - 1978a; - - Fabia to, 198 1 - ; - 

Fabiato, 1983; Fabiato, 1985a). Fabiato (1982) indicated that this ClCR from the SR is 

not an all-or-none process but rather is graded. Since E-C coupling in cardiac muscle i s  
- 



dependent upon an inf1u;of calcium it is possible that this CICR phenomenon plays a 

role in mqbilizing calcium for interaction with the myofilaments. - '$ - -3 

The threshold for triggering SR calcium release in the heart occurs around pCa . * 
- - 

6.8 (Fabiato, 1982). The magnitude of the== ca2+ release was presumably thpdght to 
\ 

be regulated by (1) the rate of caZ+ influx, (2) the level of preload of the SR with 
1. 

calcium and (3) the level of t6e free calcium concentration that is used as a trigger 

and not necessarily the total amount of influx (Fabiato, 1983). Howevpr,. evidence as 

-- ' *-angcr(l%0)in-d~~at~t ha t the S R s a l r e a d y Y a Z r a  t ed with calciumcvedea t - -- --  - - A - A- A A - - - - - *- - - -- 

low intracellular calcium concefitrations. Therefore, any modulation in S R  calcium 

.release is probably due to changes in the level or the rate of change of the trigger 
- + p-ppp- - -- 

-- - -- -- - - - pp-ppp -- - - 

- calcium concentration (Fabiato, 1985a). Experiments with skinned fibers indicate that 
* 

the maximum.amount of calcium released by the SR is sufficient to generate only one- -. - 
half the tension produced experimentally by decreasing the m f  the superfusate to 

- - 

5 or less (Chapman, 1983; ~ a b i a t o  & Fabiato, 1978; Fabiato, 1983). 

The nature of calcium release by the- SR, in the intact muscle, still remains 
\ 

poorly understood, While there is general agreement that calcium release from the SR 

is a passive, downhill process, little is known of the nature of the "channel" that 

mediates the permeability change that allows g lc ium to flow out of the SR (Chacko et 

al., 1977). 

A slow calcium efflux from calcium-loaded SR vesicles was s 

increased by elevation of cxtracellular calcium (Katz et al., 1977) and i 

that elevation of extracellular calcium could promote a slow CICR when ATP levels * - - - - 

- 

outside the vesicles were high and ADP concentrations were low (Katz et al., 1980). 

This is in accordance with earlier studies conducted -by Fabiato & Fabiato (1978) 

-- 
-- which - suggested - that CICR from the S R x ~ u l d  u~~ar_t_Qf~&sam~pat~ay~as-that-- 

- 

1 
Y _ for calcium accumulation, or that the dependence on the rate of change of p e  

cajcium concentration could be explained partly by a competition between the calcium 



- - - - -  - pump -- and the - calcium-binQi_ng - - -- - - - molecule - - gating the calcium -- release channel for a time- 

dependent increase of ee , balcium concentration that results from tbe 
7 - 

transsarcolemmal calcium influx (Fabiato, 1983). In 1985, Fabiato (1g85a) suggtstcd 
- 

that the mechanism of C I C R ~  from the SR is independent of that of calcium 

accumulation and occurs via a channel with time- and calcium dependent activation i 
0 

and inactiva-tion. Calcium _ A  release was found to occur when the channel was already ' 

activated by calcium and not yet inactivated by time and the further increase of free 
- - - - - - - - - - _ _ _ _ _  _____-- -- t A .  - 

calcium concentration at the outer surface ~f _the SR (Eabiato,.l98'5a). . _ _ _ __ -. - --- 111 

P 

-- 
The-calcium pump is a -90,000 to 100,000 dalton protein that isknbedded in  

2 moles of calcium for each mole of ATP; hydrolysis of the latter forms a high energy 
' 

phosphorylated intermediate with this protein in,which the ca t iw  is bound to a high 
"\ 

'affinity calcium binding site (Tada et al., 1978). During the calcium uptake reaction, 

the dhosphorylated calcium bump ATPasc protein is converted to a low energy 
4 

phosphoprotein by a reaction that "raises" the bound calcium to the higher energy fevcl 
- 

- of the high calcium concentration within these membranes. This pFocess allows calcium. 
- 

+ - -  

to be sequestered in the calcium pool within the SR as outlined .by Tada er aL (EU8). 
- - 

' Cystolic calcium concentration has a dual effect on the rate of calcium 

transport by the SR. Simplest is its role as substrate far  the forward reaction of thc 
4 

calcium pump which allows increasing calcium concentration in the micromolar ra P" 
to accelerate directly the rate of calcium uptake by the SR. More recently, a second, 

, . 
1 1 

indirect, effect of calcium has been observed that is mediated by phospholamban. It is , - 

--now clear that this regulatory protein can also be phbsphorylated by a calcium (CaM)- 

dependent protein kinase (Katz & xemtulla, 1978); and that, like cyclic AMP- 
' 

the calcium-dependent phosphorylation stirnulatgs the rate of calcium uptakc 

(Kirchberger & Antonatz, 1982; Tada & Katz, 1982). It has recently been demonstrated 



I 

This pha6phorylation is  associated with a two-fold stimulation of calcium uptake by 

the SR (Movsesian et al., 1c84) similar to that seen fOllowing phdsphorylatipn of 
"4 

phospholamban by a CaM-dependent protein kinase or by a CAMP-dependent protein 
, 

kinase. Thus, these protein kinases appear to stimulate SR calcium uptake in 

additive fashion and phosphorylate a t  different  sites. 

P ercise-Induced ~ d a p t a t i o n  of -Cardiac Function 

response to endurance exercise. training, although the' effects of training on myocardial 
L 

and extramyocardizl function are  known. 
y-. 

* - 
Oxygen consumption, a function of cardiac output (CO) and  arteriovenovs 

oxygen difference ((A-V)o,), achieved a t  maximal exercise & uniformly increased 
, 

(Ekblom et al., 1968; Rowell, 1974; Saltin et al., 1968). Changes in  CO are  generally 

proportional to changes in oxygen conhmpt ion  (Scheuer & Tipton, 1977).-Therefore 
f- 

the submaximal CO for  a given work output is usually the same in  the trained and - 

untrained state (Saltin et al., 1968), but the maximal CO is increased by physical 

training. Several reports state that the CO a t  submaximal work and  a t  a given oxygen 

3 

uptake is either decreased by training but maximal CO is increased 

(Bevegard er 01.. 1963; ~ 0 ~ x 9 7 4 ;  Saltin et al., 1968). Approximately 50 (Rowell, 

Careful studies concerned with the longitbdinal effect  of qraining indicate that 

the (A-V)O, differences a t  maximal exercise conditions increase with training (Ekblom 
i. 

1 

er al., 1968; Saltin el al., 1968). It is unclear why tralning enhances (A-V)o, difference. , 

Possible mechanisms responsible for  the widening of an  (A-V)o, difference via 



t ra in ing  - -  involve and implicate muscle blood T o w  1 number of caPill~riesL. the fiber type 
--- - .  ~~ ~ ~ - - - -  ~~ -- ------~---A 

a A 

of the  muscles recruited, a1 rqtions in the concentration and  activity of aerobic 
-- -- - - - - -- - - - - -- -- - -- -- - E 

enzymes in cells, plus changes in the number and function of mitochondria. Since 
li , 

f iber  types d i f fe r  in  aerobic capacity, their degree of vascularity, and their pattern of - 
I 

recruitment during exercise (Gollnick et al., 1974) training may have more of an effect 

on local and  cellular events than can be detected by regional measurements or by the 
J C 

determination of single (A-V)o; values. 
- - --- - - - % 

It i s  well documente8 that  the heart rate is lower in trained compared tv 

sedentary subjects fo r  a given CO (AStrand, et al., 1964;-Ekblom, 1969;-Rowell, 1974) , 

3. 

- - - 9 - - - -- - 

and maximum CO can e increased with training without a concomitant incrcasc i n  
- - -  - 

c - 

maximum heart rate ( ;$ arnard, 1975; Ekblorn e l f  al., 1968; Saltin et ol., 1968). T& 
1 - 

i 

clearly illustrates that ,  both submaximurn and ixaximum stroke volumc, can bc 
- 

enhanced with exercise training. The mechanism for this .ldaptation', however, reinains 
- 

controversial. Since stroke volume can be affected by extramyacardial and myocardial 

factors, the effect of exercise training on these variables will be examined. 
- - - - - - - - - - - -- - - --- - - - - -- - - -- -- ---- 

C 

d 

3 

Extramyocardiul Adaptations 
- 1 

Heart rate 

For a given submaximal CO heart rate is lower in trained compared to - 
. - - 

sedentary subjects (Astrand, el al., 1964; Ekblom, 1969: Rowell, 1974). The cffcct o f  

exercise training -on maximal heart _rate is uariable. SQmc-havr&crrVrn-&at AL- 

mlr im.l cate- 1975; ~ % ! & E k b b k ~ ~ h l n m & ~ ; n ' -  

a!., 1968) while others have found it unchanged (Blomqvist &Salt in ,  1983). 1. ft has bem suggested that training causcs an inmcascd ccrstrugcrric a1 

;holiaergic drive combined with a sympathoinhibitory mechanism (Scheucr & Tipton, 
- 

1977). There a re  no significant changes in myocardial tissue concentrations or in $he 



plasma levels of epinebhrine or norepinephrine a t  rest (Christensen et al., 1979; 
- - - - - - - - - - - -- -- -- - -- - -- - - - -- - - - - - - - -- - 

- --- -- 

Cou~ineaii et al., 1977; Peronnet et al., 1981). Plasma concentrations are lower a t  any 
d 

absolute submaximal work load after training but there are no differcncesLLwken 
f 

comparisons are made on the basis of relative-work intensity. The lower post-training . 

plasma levels at any given absolute work load are consistent with the relative 

bradycardia. This, in turn, could be r~ l a t ed  to the increased amounts of ACh found in 

the decreased sensitivity atrial tissue following -se training (Badeer, 1975) and to 
u 

-- - -- - - -- -- 

of cardiac tissue to catecholamines (Smith & El-Hage, 1978). 

of the S-A (sinoatriaf) node to exogenous B-adrenergic 

However, the s~osit&ity 

agonists appears to' be 

- - - -  - -  - -- -- 
- 

__CI unchanged (Williams et at., 1981). 

Nonneural mechanisms may contribute the relative bradycardia after 

training. Several studies have demonstrated a the intrinsic rate of the 
- 

atrial pacemaker $r sinoatrial node (Bad-eer, 1975; Sigvardsson et al., 

- 

1977; Smith & El- 

Hage, 1978). If the_'intrinsic rate of 

then the heart rate wouM be lower 

the pacemaker is decreased with exercise training, 

of the autonomic independently of 
-- - 

the influences 

nervous system. - 

- - 
Coronary vasculature 

-- 

Another potentialIy important effect of physical training on cardiac function is 

an  increase in myocardial vascularity to meet the increased oxygen demands of the 
- 

myocardium (Penpargkul & Scheuer, 1970). There is experimental evidence for a 
- - - - - -- -- - -- - - - - - - - - - - - - 

training-induced - - - -- increase in  the -- size of the coronary vascular bed (Hudlicka, 1982; 

Muntz er alz 1981; Penpargkul & Scheuer, 1970; Scheuer & Tipton, 1977; Wyatt et QZ., 

coronary capillaries is suggested by studies based on light- and electron microscopy 

and autoradiographic techniques (Leon d Bloor, 1968; Ljungqvist & Unge, 1977) as 



i 

well as -- by data  - - on - the -- -A rate - - of - incorporation - - - -- - - of - -- - - ' ~ - t h ~ m i d i n e  -- in - -- myocardial capillaries 

in  young rats exercised by swimming (Ljunggvist & Ungt, 1977). 
-- -- -- - - - - - A  

* - 
Increases in coronary blood flow has also been observed in ,  ically traincd 

rats (Penpargkul & Scheuer, 197Q Scheuer ef al., 1974). This grcatcriflow reserve in 

hearts of conditioned rats is consistent with the evidence showing incieased 

" 

Longitudinal studies (Stone, . - 1977; 1980) have demonstrated that changes i n  - - 

y - coronary flow- patterns occur very early a f te r  the onset of a training program, which -- -- 

suggests significant regulatory adaptations. The extent to which the increase in 

v_ascularity exceeds the increase in muscle mass in the normal heart remains to be 
- - - -  - --  - - - - - - - - - - - - -- -- - - - -- - -- 

- - -- 

determined.' Training has been implicated to increase the ratio of vascular space to 

myocardial mass in  rats trained by swimming or byJ running (Denenberg, 1972; 

Stevenson et al., 1964; Tepperman & Pearlman, 1961). Schiable & Scheuer (1981). - 

however, reported increases in coronary. flow proportional to the degree of training- 

induced increase i n  heart weight. 

Peripheral Vasculature 

Preload 

An increasg in EDV has been proposed as being responsible for the augmented 

stroke volume. Wolfe & C u d n g h a m  (1982) used non-invasive techniques such as 
- 

f l l n c t b ~ ~  A- cnntractility-&ncttdirectly,measurtd_ th c increase -i n s tr o k c 
- f' 

volume found was deduced to be a consequence of an increase in ventricular preload. 

change in contractility (ejection fraction) but found an augmentadion 
> 

six month training program during submaximal and maximal cxercisc. 

in  EDV after a 

Therefore, they 



central blood volu'me was d s o  found to be increased after training. Therefore, it was 

concluded that this was the mechanism for the increased EDV. 

There is evidence to suggest an increased preload during exercise after training. 

Changes in physical activity and maximal rrxygen uptake are paralleled by small' b6t 

statistically significant changes in total blood volume (Saltin et al., 1968), usually 

without major changes in hemoglobin conceBtration or hematocrit, Several studies as 
- - - - - - - -- p-pp - - - - - 

outlined by Blomqvist & SaWn (1983) have been conducted involving the reinfusion of - 

b l o ~ d  and indicate a difference detween sedentary and well-trained subjects%ith 

respect to the cardiovascular response to an acute blood volume increase (increased 
- - - - - - L  pp - - - - - - -- - 

stroke volume and CO). 

- 

Afterload 

The increase in stroke volume seen in traifled subjects has not been associated 
- -- - -  - - - - -  - - - -- - -- 

with a fall i n  blood pressure, even though has been noted (Clausen et nl., - 
4-- 

1976). This is probably because several authors have found little difference i~ mean 

blood pressures before and after training (Hartley et al., 1969; Terjung et al., 1973): 

Some studies (Ekblom et al., 1968; Saltin et al., 1968) are difficult to interpret because 

blood pressure measurements were reported for absolute heart rates or specific oxygen - - 

consumption rather than for designated work loads. 

The - - increase - -  in-the - size - of - the -p capillary - -- bed of skeletal muscle is a striking 
-p-ppp 

feature - - - p- of ---P----- the training response, -- but by - far  the largest portion of the resistance to 

systemic blood flow is exerted at  the arteriolar level. The primary mechanisms 
- 

responsible for the reductinn in systemic resistance are pomly def ineLThey arel ikely - 

- 

to affect the arterioles and to be regulatory rather than anatomical (Blomqvist & 

Saltin, 1983). 



' tissue exceeds the demand only when a small fraction of ) the  total muscle mass is * 
-- 

a 

active. Local vascular conductance is most likely limiting oxygen dtlivcry rrlthouah 
r, 

blood flow may be quite high (Blornqvist & Saltin, 1983). It has been shown that 

training causes an important $ease in maximal vascular conductance of working 
t 

skeletal muscle (Clausen, 1976; 1977; Davis & Sargeant, 1975; Gltser, 1973; Saltin et d., 

1 Cardiac Hypertrophy . 

Cardiac hypertrophy represents a response of the heart to chronically increased 
I 

hemodynamic demands. U p  to a point, the jqcreased mass of cardiac muscle may be 

beneficial to both the myocardium and the circulation (Katz, 1977). The distribution 

of the increased demand for  mechanical work among a large number of contractile: 

elements reduces the energy .expenditure of each, as well as \providing for greater 

strength of cardiac pumping. T h i s - c o n d i t i o ~  has been referred to as physiological 

hypertrophy (Katz, 1977) and has been observed with physical training. However, 

"pathological hypertrophy" is the consequence,of a sustained hemodynamic overloading 
5- 

of the heart  r&ulting in depressed myocardial function (stroke vo1um.e) (Katz, 1977). 

It may be due  to systemic or pulmonary hypertension, valvular heart discasc and/or 

1 cnntractility may be in i n t  hea tha t i sdercd  hypertrophied by a varicty 

of experimental and physiological interventions (Braunwald & Ross, 1979; Spann el al., 

Both swimming and running programs have been shown to produce a t  least a 

moderate degree of hypertrophy if defined as an increase in the heart-weight/body- 
1 



- weight ratio (Fuller & Nutter. 1981; Nutter el al., 1981; Scheucr 8. Tipton, 1977; 
- 

- - -- - - -- - - -- - - - - - --- - 
-- - -- - - - -- A- - -- -- - 

- - - --- - 

Schiable' & Scheuer, 1981) or other indices (Crew & ~ l d i n ~ e r ,  1967; Hcpp et al., 1974). 

This is ineonsistcnt with other investigators (Baldwin et 4L, 1975; Tibbits et al, 1978; 

198 1 a], who in endurance trained rats (running), did not evidence -hypertrophy 

af though cardiac function was enhanced. The discrepancies may possibly be explained 

by various factors. The extent of the hypertrophy is probably directly related to the 

intensity and duration of the training program and inversely related to age (Muntz et 

-- - - -- --- - - -- - . 

a[., 1983). The mode of exercise (eg. running vs swimming), the indm used .for - - 

assessing hypertrophy and the sex of the experimental species may also+ significant 

determinants of the degree of cardiac hypertrophy, but the findings from several 
- - -- - - - - - -- -- - -- - - - - -- - - - - -  - 

- - - -  -- 
- - - -  

- -- -- - -- -- - - -- - - -- - - 

studies conflict (Muntz et at., 1981). The majority of the experimental studies have 

been performed in rodents, mainly rats. The rodent heart appears to'be less responsive 

to exercise training than other mammalian hearts. Significant changes in cardiac mass 

after endurance training have been reported in the dog (Wyatt et al., 1974) and the cat 

(Wyatt er af., 1978) but not in humans [Morganroth el, a]., 1975; Peronnet et al., 19811, 
-- 

although EDV was increased i,n the latter studies. 

Myocardial Contractility 

* 
An increase in myocardial contractility has been investigated as another 

possible intrinsic adaptation to exercise. hbny  e~perimental  parknetefs_hay_ettbbecn 
- - - 

proposed' and used as "Idices of contractility. However, mdrccs such as V . . 
- max 

(maximum rate of cross-bridge turnover), dP/dt (or dT/dt) (change in leff' ventricular 

ptaswe a  ash^ with w x  ?e +he), ~ ~ t t  & Wei dm=mrkg;  bF)ewfbt (&augerin - 

aortic blood f low with respect ta time) and peak left ventricular tension all have a . - 
length dtppdencc. Therefore, these indices a r t  not valid measurements of 



contractility? H o w c r ,  those studies which afford the most control over f ibcr i&th 
- - -  - -  - 

- - - - - - - - -- - - - 
I;- 

-A- --- - - 

(isolated hearts or strips oS cardiac tissue) are the most rcmovtb from in viw 
- -- 

situations. - 
-- 

Crews & Aldinger (1976) measured tension in isolated muscle str ipvfrom 

. tr,ained and untrained rats and found that the muscles f r o q  the trained hearts had n 

, greater active tension than the untrained. l h i s  greater active tension was suggested to: 

be indicative of greater contractility. Bcrsohn & Schcucr (1916) observed that traincd 

hearts had a greater ejection f r s t c t i ~ i  greater f i k r  shortening and incrcesed 4 P/dt for - - 

I 
a given filling pressure. These changes, too, were indicative of greater myocardial 

mechanism of a greater initial fiber length may-aot account for the greater stroke 
- .  

*, 

volume in sub=rgaximal exercise. Other investigators using isolated cardiac tissue from 

trained hearts have also observkd an enhanced 

Mofe, 1978; Penpargkul & Scheuer, 1970; Schiable 

1981a) whi l i  others have found no change (Grim 

contractile state (Hepp el al., 1974; 

& Scheuer, 1979; Tibbits et a/., 1978; 

et ol., 1963; Williams & potter, 1976) 

or even a decrease (Nutter & Fuller, 1977). These differing findings may be due to 

myriad animal, training and cxpcrimentat models (Scheuer & ' ~ i ~ t o n .  1977). 
3 

There is some disagreement about the nature of the mechanism responsible for 
4 

the increase in myocardial contractility. Therc must either be a change in the number 

of cross-bridges formed (Po) or in the rate of 'turnover of the cross-bridges (vmU) or d .  

both to account for a change in contractility. Two distinct approaches have k e n  taken. 



, . 
At the coetractile level, some investigators have attributed the enhanced 

." - - 
cardiac function, at least in part, to an increase in actomyosin A P e activity (Bhan w 

+ &  Schcuer, 1972; 1975). Such alterations have been confirmed using rats subjected to 

an intensive swimming program (Bhan & ~cheuer ,  1972; Wilkerson & Evoriuk, 1971), 

but they have not been - observed on ra taTibbi t s  et al., 198la) and 
7 

. - A -  u 

dogs ( ~ o i e i l  et al., 1977) -despite marked increases in contractile function. The 

elevation in c a 2 + - ~ r p a s e  and M ~ ~ + - A T P ~ S ~  activity of actomyosin was found to be 

-- 
It was shown that the heavy meromyos,in from hearts of conditioned rats had 

the same types of ATPase changes as those found in myosin (Bhan & Scheuer, 1975). i t  

was suggested that there is a conformational change in the myosin molecule at or near," 

its active site. Thus, increased cardiac contractile protein enzymatic activity 
'1 --- ---- _Cactomyosinmycsin -amLheavj~mefonqoshATZa -ift#e 

intrinsic contractile state of the myocardium, appears to be a function of 'swimming 

cxercise rather than a generalized exercise6training response (Flaim et at., 1979; 

Wilkcrson et al., 1971). 

J 

. Excitation-Contraction Cohpling Alterations . -- 

deTvtTyofcalcium to the contractile element. Both mitochondria and SR are capable 

- of regulating intracellular calcium levels, which in turn, may influence contractile 
- - - --- - - - - - - -- - 

function. Calcium associated with the SR (Fabiato & Fabiato, 1975; 1978a; l%b) and 

mitochondria (Lchninger, 1974) have been implicated in E-C coupling. 



- - 
on the effects of excrcisc training on myocardial rnitochondrir function in both dogs 

(Sordahl er al., . 1977) - and rats ( ~ e n ~ a r g k u l  et bl.. 1978) show no improvement 

function. Neither the ATP synthesis capability nor the calcium transport properties 

isolatcd mitochondria appear to be enhanced by training. 

-- - -- - 4 % ~ f r ~ t &  t t C - ~ . - ~ 1 - 9 7 ~ ~ 1 ~ ~ - c - y i ~ - - w h i e h s t f f ~ ~ ~  tmii&ng--- 
A - .  _- a '-- -- a -- A 

increases calcium uptake by the SR. The increased rate, of cardiac relaxation 

somctimts observed in trained rats may be explained by the increased rate of calcium 
- -- 

- n n  s=p5 r=t- ~ K ~ ~ - ~ - a ~ ~ ~ E ~ - 7 ~ n C ~ e e B  scin = actOmy6s i6 A-TPaSdFSor ~5Sh-ri=t=r~--m7r 
.t - 

howcvcr, found nb difference in calciurq binding or uptake by .the SR from trained 

- and control dogs yet ca2+ release from the SR was found t. be affected. Since thc 

tcchnigues used by the former investigators does nor allow for the  determination of - 
initial calcium tra?sport rater and includes oxalate, the significance of thcir.results i s  

- - - - - - - - - 

qucstfonible. A l t h o u i i C h S t F a u t h o r s p u s e d a  more sE~GtPZtechniq~ ,dua l - -~ -  
.d L 

wavelength spectrophotometer. s calcium scnri&e dye (murexide), with a relatively 
- - - - - 

low ~3'+ affinity, was used and the free calcium concentration was substantially 
- 

h ighcr t hsn observed under ph>siological conditions. * 

Treadmill taercise training of rats has k e n  suggested by Tibbits et 41. (1981a) 

to enhance cardiac performance by increasing availability of calcium to the 

cantrrctile clement. They obsclvtd a prolonged plateau phase o r  the action potential in 
- - --- - - - -- -- - - - - - - - - - - 

S 
the trained group. consistent with among other things an enhanced inward calcium 

current. Augmtnttd trsnsssrcoleramsl f l u x  has - been shown to increase the contractile 
t 

ststc of the myocardium (Sew & Trautwtin, 1972) either by triggering a greater 
- - - "-- - - - - - - - -- -- - 

rclcasc of d c i u m  from the SR (Fabiato & Fabiaro, 1975) or perhaps, direct 



Tibbits.et al. (1981.a) provided further evidence for an increased - availability of 
-- - - - - - - -- - - - - - -- -- -- - - -- - -- ----- - C 

- . calcium for the contractile clemeqts. They found a significant difference in the 
* 

A 

relative number of calcium binding sites between trained and control rats. The trained 

rats exhibited a 63% increase in the predicted number of binding sites over the 

contrdl. They proposed that this increase in binding sites, which was suggested to be 
C - 

indicative of an increase in calcium channels, would increase the magnitude of 

calcium influx and thus make more calcium available for the contractile element. 

substantial alterations in the lipid composition of the plasma membrane. Specific SL 

content of totai PL and PS in the trained group was increased 23 and SO%, 
- 

is a major binding moiety of SL calcium (Philipson et al., 1980), has been shown to be 

involved in protein k i n a s e ' ~  activation (Iwasa & Hosey, 1984) and increases the fixed 

negative charge of the SL (Philipson et al., 1980). 
3 

Due to the impdttant role calcium channels apparently play in .E-C coupling 
- - *  - 

a n d  may play in the regulation of myocardial contractility farther investigation is 
I . - 

necessary. Since, calcium antagonists have frequently been used as probes to gain 

information about calcium channels this section will follow with a discussion on these 

compounds. - 

Calcium' Antagonists 
- 

Introduction 

f 

One of the major advances in cardiac electrophysiology has been the discovery 

that the i n w a r y  
- - - - - - - -- 

rizing current has two comsontnts: the fast sodium current - - 

which is blocked by tetrodotoxin and local anesthetics and the slow inward current 

mediated essentially by caa+ ions and blocked selectively by Mn2+ and CO'+ ions. 

- 



L - . .  -. 
Abouf 10 years ago, it  was found that the selective inhibition of the slow channel in  
- - - - - - - - - - - - - - -- - -- -- -- - -- -- -- 

either normal tissue or in those solely dependent on the slow channel - for 

depolarization can be achieved by a l a r g e  number of chemically hctcrogcntous 
- 

compounds (Fleckenstein, 1970). Thus, they have come to be known as calcium 

antagonists or calcium influx blockers. 

The term calcium antagonists is generic for a structurally diverse group of 

agents which are thought to act specifically by inhibiting calcium-mcdiatcd E-C 

- 
/ 

major groups of these drugs have been identified: phcnylalkylamines (vcrapamil and 
- 

the rnethoxy derivative, D600), benzothiazepines (diltiazem) and dih ybropyridines 
~ - -- ~ ~ - - - -  

- ~ 

~ 

~ ~ ~ ~- - -  - 

- . (DHP) which exhibit varying degrees of and specificity (Fleckenstein, 1970.; . 

Nayler, 1980; Triggle & Swamy, 1983; Opie, 1984). 

As shown in a variety of isolated muscle preparations, mernber~ of the 
* 

dihydropyridines (DHP) are typically the most potent inhibitors of .E-C coupling and 
-- 

cause an antagonism which is markedly voltage dependent (Triggle & Swamy, 1.980; 

Ehlert et al.$ 1982; Opie, 1984). The rank order of potency, based on the affinity of the 
'P 

['HIDHP for cardiac SL (Lee et al., 1984), of the more studied DHP is: PN200-110 (PN) 

> > nitrendipine (NTP) > nicardipine > nifedipine (NF) > Bay K8644. 

Dihydropyridines 

Effect on Excitation-Contraction Coupling 

Dihydropyridines have been demonstrated to exert potent negative inotropic 

effects (with the exception of Bay K8644 and related com~ounds; Schramm et al., 

1983) in  myocardial preparatioes Ghlert  et al.. 1982; Lee et al., 1984; *&rsh el al., 1983;-- 

Morgan et al., 1983; Ricardo et al., 1983). Both the force and the' rate of force 

development are significantly reduced. This negative inotropic effect has bccn 



clement shortening. 

The absence of inhibitory effects of these agents uppn calcium responses in 

skinned cardiac muscle argues for a SL site of action (Morad et al., 1982), although 

, certain intraccllular sites are possible. Morad et al. (1983) provided further evidence to . - 
substantiate DHP binding to SL. They used rapid photochemical inactivation of DHP 

to show that the DHP block the pathway of calcium transport which directly activates 

- - -  - the myofilaments. Voltage clamp techniques indicate that the blocked transport system - 

was the calcium channel on the surface membrane in the frog heart. Furthermore, - 

- - - - -  - - - -  

these findings are in 'accordance with Sarmiento et al. (1983) and Glossmann et al. 
- - - - - - - - - - - -- - - - - - -- - - - - - - - - 

- - - - -  - - -  - - 
- - -  - 

- -  - -  
- - - - - - - - - - -- --- - 

(1982) who found copurifi ation of the DHP binding site with the SL. f 
It has been suggested (Morgan et al., 1983) f i a t  the .effect of a DHP is 

decrease the sensitivity of the ,myofilaments to calcium. Such an action of the calcium . 
channel blocking agents could also account for the abbreviation of the cohtraction 

(Morgan et al., 1983). 
. - 

If a smaller fraction of the calcium released were reaching the contractile 

apparatus, it would have to be because some intracelhdar calcium "sinks" were - - 

important "sink" likely 
b 

- - 
competing more effectively for the released calcium. The most 

- 
to alter its rate of calcium sequestration is the SR and indeed 

interventions knovn to influence the rate of calcium pumping 

rate of decline of intracellul& calcium concentration (Blinks 

i t  has been shown that 

by the SR do alter the 

et al., 1982; Morgan & 

blocking agents, even when peak calcium and peak tension are markedly altered. For 

ttris m m n  thcy do not b&me thzt an i n c r a w  in the eff-ectivmess-with which a - - - 

- calcium %inkw competes with troponin C can. readily explain the altered relation 

between calcium and tension. - 



Williams & - Jones (1983). in canine hearts, found the highest' density of NTP 
- -- - --- - -- 

- i - -- -- 

binding s ips  '% be a subfraction of SR vcdicles. SL+vedcles h a d  an intermcdbtc 

density of %inding sites and the mitobhondria had tho least. The results of their study 

suggest that NTP binds specifically to macromoleculel which may be iocalircd i n  

I ' 
membranes other than the SL. It  is possible that NTP binds to intpcellular membrane 

\ 

proteins which;egulate calcium mediated phenomena. The small molecular weight and 
d - - 

l i p o p h i l i c i ~  o f  DHP would probably permit access df these compoundi to the 

s 
intracellula~ space in vivo /Kokubun & Reuter,-1984)). Thus, NTP may-in fact bind - - -  

C 

predominantly to calcium channel molecules but that these channels may be 

distributed among several types of membranes including the SL and the terminal 
- - -  1 ,, _ - - - -  -- - - - - - - - - 

- - - -- - - - - - - - - - - - - - - - - - - -- 7-- - 

\ - 
cisternae of the SR. In the study by Williams & Jones (1983) the microsomal or SR 

enriched fractions exhibited low specifics activities of all SL markers analyzed . 
indicating that NTP binding detected in these fractions cannot be attributed to the 

presence of Contaminating SL. Others have, however,'kound that DHP binding 

copuiifies with canine (~a rmien to~4 t  al., 1983) and bovine ( ~ l o s i m a n n  et ol., 1982) SL. 

These discrepancies may possibly be attributed to differences in experimental 

techniques employed. - - - 

If in fact it  is true that DWP binding sites are localized in membranes other 

than the SL then the possibility of DHP entering the cell should be reviewed. 

Nitrendipine and N F  have been obServed to enter into the muscle cells (Pang & 

- - 
Sperelakis, 1983; 1984) and so have the option qf a) exerting a second effect on some 

intracellular organelle, eg., to depress release of calcium from SR during E-C couplink 
- - - - - - - - - - - - - - - 

or b) exerting their effect on the slow channels from' the inner s u r f a c m  

membrane. The order of uptake is NTP >> N F  which coincides with their lipid 

ability to inhibit the inward calcium current (Pang & Sperelakis, 1983). 



If DHP depress the tension produced by contractions of cardiac muscle more 
- - - - - - - - 

than what could be accounted for  by. the depression of maximum rate  of rise. of the 

slow action potential and slow inward current then perhaps the drug enters the cell 
f 

and depresses release of calcium from the SR. Although this has been found not to be 

the case for N F  (Sperelakis, 1984) i t  may still be the case for  NTP. 
9 

a Studies on CaM and on the regulation of the slow inward current by 

- - -- - - - -- - 

pKo~phorylaTon ani-bephb~hor~ationreacti56schave~ed to a reappra isa l  of the 

mechanism and s'ite of action of DHP. It has 'been suggested that they might act by 

inhibiting the phosphorylation responsible for  the activation of  the slow cha'iinel 
* .  

- - - -  - + - - - - - - -- - - - - --- - - - 
-- 

(Henry, 1983). Such a n A  effect might result f rom an interference with (membrane- 
1 

bound) CaM involved in the activation of a channel phosphakirrase. This would * 

3 

parallel with the finding of Bkaily & Sperelakis (1986) who observed that CxM was 

required for full  activation of the calcium channel. DHP may also act by influencing 

the synthesis or degradation of cyclic AMP. 

Henry and Brum et 01. (1983) reported inhibition of ca;diac cyclic AMP 

phosphodiesterase activity upon intracellular application of DHP. This, however, is 

difficult  to interpret since decreased breakdown of cyclic AMP may be expected to 
'. I 

exert stimulatory rather -than inhibitory effects on the heart, thus attenuating their 

+ own calcium entry blocking activities. This would be consistent with Cachelin et al. 

(1983) who found that 8-bromocyclic AMP increased the probability of channel 

opening. 



Characterization of the,calcium channel has been aided greatly by information 

about the binding of the calcium antagonists. The simplest model of a ligand-receptor - L 

- '  interaction assumes a homogeneous univalent 3pecies of ligand v d  a single non- 

interacting population of bindilg sites (receptors). This situation is described by the  - 
general scheme: 

1 ( 

[LR] / [L][R] = K a = - I / K d  

where [R] is the concentration of free receptor sites, [L) is the concentration of 
* 

unbound ligand, and [LR] is the concentration of Iigand-receptor complex. Thc 

equilibrium and kinetic rate constants for association and dissociat io~ arc KI and k ,  
a 

and Kd and k-l, respectively. The ratio of the reaction tatc  constants' givcs thc 
I 

dissociation constant (or the affinity of the ligand for the receptor): 

The t w ~ ~ m o s t u s e f u l  mnhods of analyzing equilibrium saturation binding data 

are  the Scatchard (Scatchard, 1949) and Hill plot (Dahlquist, 1978). Both arc 

the concentration of unbound radio ligand. The Scatchard plot is more common! y used 

than the Hill plot because it provides an estimate of the density of binding sitcs 



without requiring the use of saturating concentrations of ligand. A Hill plot, on the 

For a hor&logoos population of non-interacting binding site;, the equilibrium 

equation can be rearranged to give the fraction, (Y), of macromolecule sites occupied 

by the ligand: 

- - 
- 

- -- - -  -- -- - -  --Y -=$XLPEJ+! _C[R] _+JDHPn3LJ) - --- -- 

Combination of this relationship with the equilibrium constant gives 

1 

This gives a plot of 

Y/L = K(l  - Y). 

he fraction of macromolecular receptor sites bound divided by 

Prce  ligand concentration versus the fraction bound with a straight line of a slope 

binding sites is known, the fraction bound may be replaced by the concentration of 
- 

I .. bound sites, [DHPSR], to give the equation below: - L 

where DHP is tbc concentration of potential binding sites. In this variation, a plot of -_ 
bound ligand concentration divided by " free-ligand concentration versus the 

binding sites may be extrapolated from data in which complete saturation of the 

~ ~ e a ~ o k c u l a r  Birtdieg 3 i - t ~ ~  is n M  e b e r v e d  f Dah@uist, 1978). T h e  binding df inity 

of the ligand to the receptor site can be obtained by determining the reciprocal 

(absolute value) of the slope (or the dissociation constant). 



a more - -- useful -- means - - of plotting the data (Dahlquist, 1978). The  dope  of the plot pivcr 

"H' the Hill coefficient. A linear Scatchard plot implies a Hill coefficient of unity and 
- 

a Hill coefficient of one is always associated with a linear Scatchard plot. This would - 

be the case for  a single noninteracting site w h c ~ e  the haif-saturating ligand 

concentration is simply the apparent dissociation constant for the lignnd- . 

macromolecular complex. 

u- Mention should be given to the limitations to the use of Scatchard plots. Tn the . 

case of multiple classes of binding sites or positive or negative cooperativity the plot 

wil l  he nonlinear and the must be extrapolated to  d e t e r m b  t he -d i soc i t loa  --- -= 

constants. A curvilinear Scatchard plot concave upwards reflects a lower binding 

aff ini ty  a t  higher ligand concentrations and can be interpreted as neiative - 
cooperativity or multiple classes of binding sites (site heterogeneity). A curvilin,enr 

Scatchard plot which is concave downwards reflects a lower binding aff ini ty  at lower 

' ligand cpncentrations. This implies positive cooperative site-site interactions. In such -- - 

cases of more than one binding affinity,  the 'Hill plot' is a more useful means of 
9 

plotting the data  (Weiland & Molinoff, 1981). - 

Sarcolemmal Binding 

, Binding Characteristics 

T9#) ~ n I M o d ~ p l n e - ~ B ~ m p - e - r t - ~ ~ r ,  1%4) Rave been o'bmw&trhMolno. high 
-J, 

aff ini ty  (Kd= 0.1 - 2 nM) and binding capacities (BmU= 0.1 - I pmoles/mg protein) to 
- - 

specific binding sites in cardiac membranes. I t  .was also found that binding is 

reversible, saturable and with Hill coefficients close to unity (Bcllernann el a/., 1981; 

\ 



consistent with interaction a t  a single set of sites, 

The ability of DHP to bind to cardiac and smooth muscle is very similarrbut 

thcrc is a .major quantitative discrepancy between binding and pharmacological 

behavior in the heart (Janis & Scrabine, 1983; Janis & Triggle, 1983; Lee & Tsien, 

1983; Sarmiento et al., 1983). Lee & Tsien (1983) found a 100-fold difference between 
s- 

-- 
- -- NTP binding -- -- and its pharmacological effect - --- on -- isolated heart cells. Consistent with 

-- 
this finding, ~armien to  et a1.,(1983) found that the dissociation constant ( K ~ )  that was 

obtained from scatchard analysis for NTP binding was three orders of magnitude . 

- - W &&e 4C+o @he eertfee8lien tequired for %%of' tke raaximd dfkt)-&a+= ---- 

had been reported for this drug. 

In addition to the high affinity binding site a low affinity site has also been 
- 

' reported in some experiments (Bellemann-et al., 1981; Glossrnann e w l . ,  1984; Marsh et 

a/., 1983). However, this is not in accordance with several previous studies (Cokvin et 

Tremble, 1982; Yamarnura et al., 1982). The discrepancy can be attributed to the fact 

that t htse ia t ter authors performed binding studies in homogenates or membrane 

preparations which may have produced conformational changes in the state of the 

rncmbraae protein. The former authors used intact, functioning cuItured heart cell 

preparations that obviates limitations inherent in homogenate binding studies and 

permits direct comparison of binding properties and contractile function under 

-- 

quantification suchasG%i-specific binding of the DHP. 
- - 

J t  may be that 3 reasonablt-1:l correlation exists 'between binding a t  the low 
- - - - -- 

affinity site and negative inotropic action (Janis e l . ~ [ . ,  1985). I t  also may be that this 
e 

tow a f f in i t y  site is responsible for the calcium antagonistic effects on the heart. Thus, 



the discrepancy between binding and the pharmacological effect may possibly be 

BiTFIGi-and high affinity DHP binding sites were found in intact sartorius . 

- 

muscle (Schwartz et al,, 1985). However, there were some 30-50 times more high 

affinity binding sites than voltage-dependent calcium channels. This suggests that 

either the DHP binding sites are not necessarily related to fqnctional calcium 
- 

channels, or that the binding sites represent .a large reserve of dormant calcium 
pL 

- chann-ets- (Schmrzr=T0Wart,~~85).TheeXtent~ t bwKch  this f i n d i n c a n  be r el o t ed- 
- -- 

to cardiac muscle is questionable since not only is the Kd of binding approximately 
.,.-A 

a*. 

ten-fold higher in skeletal muscle but the transsarcolemmal calcium &ir&&t is - 
- - - A - - A - ----- 

- - - 

extremely small in comparison to cardiac muscle (Schwartz et al., 1985). Thus, these 

binding sites may be unrelated to DHP sites associated with functional calcium - - 
channels in cardiac muscle. 

In cardiac cells it has been shown that estimates of DHP receptor density using 
- 

radiolabelled ligands (Sarmiento et at., 1984), parallel electrophysiotogical estimates of 
7 
- - - -A -- - -- -- P C -  --A -- - 

- 

functional calcium channels (Bean et al., 1983; ~ e e  and Tsien, 1983). Sanguinetti and 

Kass (1984) found DHP binding to be -1000 times stronger to inactivated channels 

than to resting channels, which could explain the above mentioned discrepancy. These 

different functional states are not expected to be observed in in vitro binding studies. 

Other explanations for this discrepancy may include the loss of biochemical control, 
/ 

hence, phosphorylation-dephosphorylation (Janis & Triggle, 198'4) in  in vitro 
- 

preparations although DHP binding to isolated whole rat myocytes is also of extremely 
- -  - -  - --- -- --A - i- 

high affinity (DePover et d., 1983). Also, there may be an insufficient amount of time 
- -- -- -- -7 - 

I 

for the DHP to bind to the inactivated channels in the normal heart (Bean, 1984). 

The question now is how do DHP partition into the m e m b r e  to their receptor 

site. It is not known whether these ligands orient stlectivcly. Certainly, the orientation 

of these ligands, their position in the bilayer, and the homogeneity of this orientation 



(Rhodes et al., 1985). This fact may well be related to the obse,rvation (Triggle & 

Swamy, 1983) that for very subtle changes in the 3-or 5 substitutions of various DHP, 

profound differences in rates of binding and activity are observed. 

Two models have been proposed (Rhodes et al., 1985) for drug binding to DHP 

receptors in cardiac SL membrane. 

1) In the "aqueous approachw, the drug reaches the receptor by diffusion 

through the bulk aqueous phase. 
0 

- 

2) In the "niembrane approachw, the drug partitions into the membrane bilayer 

and then diffuses laterally to a specific receptor site. 
- - - -  -- -- - - - -- - - - --- - - - - 

The calculated diffusion rates for  the membrane approach are -3 drders of 

magnitude greater that those for the aqueous approach. The -membrane approach 

diffusion-limited rate depends weakly on the sizes of the binding site, the nature of 
d- 

the drug, and the vesicle, but depends strongly on ligand asymmetry (Rhodes et al., 

Although the measured binding rates for several DHP were all slower than the 

calculated diffusion-limited rates fo r  either model, other experimental data, such as 

very high partition coefficients and specific positions of these drugs in the membrane 

- -  bilayer, suggest that the membrane approach is the more likely e m n  though the drug 

still has to get to the membrane through the aqueous phase. The discrepancy in the 

measured binding rates and the calculated diffusion limited rates could be due to the 
- 

1984) under physiological conditions. 
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Dihydropyridine Receptor Characteristics 

Different techniques have been used to estimate the molecular weight of the 

DHP receptor in various tissues. Reports range from 100,000 to -300,000 daltons 

(Borsotto et al., 1984; Curtis & Catterall, 1984; Ferry et al., 1983; Glossmann et al., 1984; 

Norman et al., 1983; Rengasamy et al., 1985; Rhodes et al., 1985; Towart & Schramm, 

1984). Radiolabelled drugs have been used in an attempt to biochemically identify and 

purify the voltage-sensitive calcium channel. The DHP receptor has been purified 

from skeletal (Borsotto et al., 1984; Curtis & Catterall, 1984) and cardiac muscle 

(Rengasamy et al., 1985). It appears to be a noncovalently linked multisubunit protein 

in both skeletal (subunits: 130-150, 53 and 32-33 kDa) (Borsotto et al., 1984; Curtis & 

Catterall, 1984) and cardiac (subunits: 60, 54 and 34 kDa) (Rengasamy et al., 1985) 

muscle. Reconstitution of this protein (derived from skeletal muscle transverse-tubules) 

into lipid vesicles is associated with reconstitution of voltage-sensitive calcium channel 

activity (Curtis & Catterall, 1986), however only a small percentage of these channels 

are functional (Curtis & Catterall, 1986). The apparent low percentage of purified 

receptors that reconstitute functional channels may result from damage during 

isolation and reconstitution or may reflect normal physiological and regulatory 

processes, which would be consistent with Schwartz et al. (1985). 

The DHP binding site has been characterized to be a glycoprotein 

macromolecule (Curtis & Catterall, 1984; Ferry & Glossmann, 1983; Towart & 

Schramm, 1984) which is consistent with its sensitivity to trypsin (Glossmann et al., 

1982). The participation of PL in retaining the integrity of the calcium channel is 

revealed by DHP binding sensitivity to phospholipase A and C treatment (Glossmann 

et al., 1982). The former enzyme hydrolyses the fatty acid from the 2-position of 

phosphoglycerides whereas the latter cleaves the bond between phosphoric acid and 

glycerol. Calcium antagonist binding has been shown to be insensitive to 



associated with the binding site. 

Colvin et al. (1984;1985) in canine and Tibbits et al. (1981) in rat SL have 

shown that the lipid/protein ratio is -3.0 and 0.75 umol of lipid/mg of protein, 

respectively. This ratio suggests that a typical area of membrane would contain large 

areas of lipid with proteins inserted a t  widely separated intervals. Most of the SL 

protein present is N ~ + / K +  ATPase and relatively little represents the speoific DHP 

- -- - -- -- --- -- 
receptor; the concentration of-Naf/KfATFasendingsites for example is -400 times A - 

- 
that of DHP binding sites in-SL (Colvin et al., 1984). This indicates that only 1/35,000 

of the total membrane area is receptor (Colvin et al., 1984). The density of calcium 
- - - 

- - -  - - - - -  
- - - - - -- - - - -- - - - - - - - -- - - - - - - - - -- -- 

- - - p----p 

channels in cardiac membranes has been estimated at 1,000 - 10,000 channels per cell, 

or approximately 0.5 - 5 channels per (Bean et al., 1983; Reuter, 1983). 

Binding Modulators 

Calinodulin Antagonists 

Calmodulin is a calcium-binding protein which exhibits an amino acid sequence 

resembling that of other calcium receptors namely troponin-C (Cheung, 1980). 
I 

Calmodulin possesses four calcium binding sites with affinities in the micromolar 

range (Henry, 1983). In eukaryotes, CaM appears to serve as the major intracellular - 

receptor for calcium ions ( ~ h e u n g ,  1980). Binding of calcium ions to CaM produces 

stable conformers capable of interacting with and-activating a number of intracellular 

enzymes, including cyclic nucleotide phosphodiesterase, Ca(n)-ATPase, myosin light 

chain kinase, NAD kinase and guanylate kinase (Cheung, 1980). 
/ 

A g u p  of agents which are known to b i d  t o  CaM and inhibit CaM and CaM- 

dependent processes were found to have an effect on NTP binding at low 

concentrations (Janis et al., 1984). Therefore, the potency of these agents for inhibition 



- - - of - - - ~ ~ d i n d i h g  - - - - - - - - - - is - - - - very - - - - similar - - - - - - to - - that - - - for - - - - inhibition - - - - - - - - of - CaM. The K; tol 
- - - -- -- -- - - -- - - -- 7- 

-Ld---L -- A-L 

calmidazolium (R24571) and trifluoperazine ,(TFP) have been found to bc 2-3 nM 

x (Johnson & Wittenauer, 1983) and 5 uM .(Vincenzi, f 981). respectively, and at  a 

concentration of 1 u M ,  calmidazolium produced 83% inhibition of NTP binding 

whereas TFP producea&mly 28% inhibition of binding (Janis et al., 1984). These results 
- 

suggest that a hydr'ophobic surface similar to that on CaM and cad binding proteins 

(Epstein et al., 1982) may be associated with the DHP binding site (4anis et al., 1984). 

' Recent studies using brain membranes (Gould et al., 1983), indicate that i he  binding . A 

site for these CaM antagonists may be t h e  allosteric ,site at  which non-DHP calcium 

- - - 

clknnel antagonists bind. 
- - - - - - - - - - - - - - - - - - - -- -- - - - 

- -- - 

Drugs such as TFP bind to CaM in a calcium dependent fashion (Lcvin & 
- 

. Weiss, 1979). Drug binding is assumed to prevent CaM from binding to the effector, 

thereby reducing the effectiveness of CaM in the system being tested. Usually this is 

the only mechanism assumed to apply for CaM binding drugs. 
+ / 

There is evidence for calcium-induced hydrophobicity on the surface of CaM 

(LaPorte et al., 1980). A simple interpretation (LaPorte et al., 1980). is that hydrophobic . . 

ich appear. only when calcium binds may bind to drugs or to the €ah4 - 

a 

receptor or both. That is some CaM binding drugs may not prevent the binding ,of 

calcium to CaM ( c a ~ ( c f + ) ~  but actually accompany the complex to the receptor. 

Drug binding to c~M(c.*+)~ might alter its affinity for and/or effectiveness i n  

modulating the effector. 

continually by one or more calcium ion, which by electrostatic repulsion, guards the. 

channel against permeation by other ions. On the other hand, repulsion between 



calcium (Hegs & Tsien. 1984). 

Elevation of extracellular calcium concentration tends to reverse or antagonize 

the effects of all of the calcium'antagonistic drugs (Triggle & Swamy, 1983; 1984b). 

This action could include competition between calcium and drug for  binding to the 

outer mouth of the channel and increased electrochemical driving force for calcium 

influx through the fraction of slow channels not blocked by the drug (Sperelaki~,~ 
-- P &- P -- 

198b). In allL<ase%, the increase in electrochemical driving force for an inward calcium 

current with elevated extracellular calcium concentrations would be a factor. 

presumably is binding to the mouth of the channel, inorganic calcium antagonists 

could act either by displacing calcium from this binding site, which is the putative 

mechanism of action of A4n2+, co2+ and ~ a ' +  ions in blockhg the slow inward - 
current, or by permeating the membrane, in the case of ~n'+ or co2+, and displacing 

f rom -- - aninf&abligatoryk1983).ainhibitian-ofNTP 

3+ h4n2+, ca2+) is consistent binding by various di- and tri-valent cations\02+, La , 

with the idea that the binding sites for NTP are associated with the calcium channels 

(Ehlert et al., 1982; Fosset et al., 1983; Marangos et al., 1982). 
1 

The most apparent mechanism of the DHP is a blockade of the membrane 

calcium channels to inhibit the calcium influx necessary for E-C coupling. Kohlhart & 

Fleckenstein (1977) found that the effect of 1.4 x lod M nifedipirte on E-C coupling 

< -  - - *- 
In guinc~i~~papillary~musclts~c~uld6tr~~~li-by-dou61i~theexternal calcium 

concentration from 2 to 4 m U  However, McBride et at. (1984) found that the negative . 

inotropic effect of M MTP is not completely reversible by increasing the calcium 
- - - - -- - - - - - - 

concentration, suggesting that a t  high concentrations of NTP, almost all of the SL 

ca1ciu.m channels can be blocked. ' 



The inorganic calcium antagonists .appear to function as general calcium 
\- - - - -- - - -  - - ---- -- -- 

- -- - -- -- - - - 

antagonists (Triggle & Swamy, 1980; ~pe rzak i s ,  1983), a property presumably arising 

from a rather non-selective ability to block calcium binding sites. S ~ C C  8 cation 

- coordination site is a likely feature of all-calcium channel;. regardless 'of voltage- 

sensitivity (Triggle, 1981) and since the organic calcium channel antabnists  lack the 

general inhibitory action of the inorganic cation, it is likely that the inorganic and 

organic'antagonists function differently. -. - 

1982; Gould et al., 1982). Binding is significantly reduced or abolished in a fulljl 
I 

reversible fashionby treatment with chelating agents (Ehlert et al., 1982; Gould et al.. 

. - 

barium ( ~ a ' + )  = nickel ( ~ i " )  > ~ a ' +  = samarium (smS+) (Ehlert et al., 1982; Gould et 
P 

al., 1982). The relationship of this site to the-cation permeating \machinery of the  

channel remains to be established, but one possibility is that the DHP antagonists 

- function by enhancing the binding of a cation, presumably calcium, to the channel g 
t and thus effectively blocking permeation (Sperelakis, 1983a). More plausibly, bowcvcr, - - 

the site of cation interaction may be involved in the control of channel activation and - 

inactivation (Sperelakis, 1983a). Although the role of this divalent cation site is not 

clear, its apparently high affinity (Kd < 1 uM) for calcium and the observation that 

CaM antagonists inhibit NTP binding suggests the presence of a calcium binding 

protein regulating calcium channel function, or the interaction of 'calcium with the  
- - - - - - - - -- -- - -- -- -- - - -- - - - - - --- 

channel pore site (Hess & Tsien, 1984). 
- -  -- 

Sodium and calcium channels seem to be distinct but some authors, namely 

Langer (1974) suggest that 75% of sodium {Nal cn_tcri~! the cell durimdc-wJarizatim - 

enterflthrough the so calftd caIcium channel. Since the DHP site appears to be 

associated with thc calcium channel (Morad el al., 198% Curtis & Catterall, 1986) 



al. (1983) in skeletal muscle, Marangos et al: (1982) in' rat brain and Ehlert et a1.41982) 

in rat heart found , ~ a +  to exhibit no influence on NTP binding. The latter finding is 
ICL 

- 

inconsistent .- - wSth Schwartz & Velley (1985) who in guinea pig left ventricle found Na 
-- - 

to increase the IC,, of NTP binding and increase the number of binding sites. From 

this finding Schwartz & Velley (1985) postulated that variations in the sodium flow or 
e 

concentration in the calcium channel could be a regulating factor, w i than  increase 'in 

sodium concentration decreasing t h e  affinity of the protein for  calcium. - - 
- 

While h t h  Marangos el a2. (1982) and Ehlert et al. (1982) carried out their 

experiments - -- in the presence - -  - of a low-concentration of Na ,Smar t z -& &llw (19851-- -- - 
- - - -- -- - 

> 

- 

used physiological concentrations. With respect to cardiac muscle, Ehlert et al. (1982) 

considered only the maximal specific binding of NTP whereas Schwartz & Velley 

(1985) performed inhibition curves for NTP binding and equilibrium saturation 
-- 

, curves. These methodological differences may account for the discrepancies found. 

Divalent cations are able to bind to calcium channels as judged by these ions to 
-- - --- 

facilitate DYP binding. Therefore,. these 
r 

reaction scheme with the cafcium channel 

ions may undergo the following sequential 

(Ch) as suggested by GEossmann et al. (1983): 

k - 1 k -2 
outside cell membrane inside cell 

* 

(cg. ~ i ' +  or ~ a ' + )  and a cation for which the energy ,barrier to unbind is intermediate 

sometimes pass through the channel (eg. or become adsorbed onto the membrane 



(Glossmann et al., 1983). 

~ l o s s m a n n  & Ferry (1983) postulated that there was more than one binding site 

for  divalent cations within rhe calcium channcl. This they claimed finds an  intcres!ing 
. 

parallel in the ( ~ a ~ + - ~ ~ ' + ) - d e p e n d e n t  ATPase which is p3est'nt in7 the SR as  well as 

the plasma membrane. 

Verapamil incompletely inhibits (+)PN binding in rat  myocardial cells (Let at 
- - -- - -- - - - -- - - - 

- - -- -- - 
- - - - - - -- 

-- 

al., 1984) and completely inh,ibits (NTP) binding in rat (Ehlert et al., 1982) nnd b b b i t  
/- 

(Janis et al., 1984) ,SL. The nature of this inhibition is classically referred to ' as 

negative heterotropic cooperativity (Ehlert ei al., 1982). Ehlert et al. (1982) imply, that 

,in the case of NTP binding, verapamil and NTP form a. ternary complex with the 

receptor (calcium channel). Since a verapamil-induced alteiation in the kinetics of & 

, NTP binding is seen, - such an  interaction presumably takes place. 
- 

A plausible explanation for the negative cooperative effects of vergam'il  is- . 

that vtrapamil inhibits NTP binding by h inder i l ;~  the isomerization stzp (decreasing 

k,) (Ehlert e t  al,, 1982):. 

D + R <----> DR 
1 .  - 

1 

D s R* <----> DR* 

where D =I drug, R = low aff ini ty and R* = h i g h a f f i n i ~  receptor.1f the isomerization 

step is slow with respect to  the bimolccular association of NTP with its receptor, then 

- Ehlcrt et a/.  -(1982) assume that the following predictions can bc made. In the absence 
C 



* 
- - - -- of verapamil, the association of NTP with its receptor should be c h a r a c t e r i z e d b y a -  

fas't molecular association component followed by a slower isomerization or  association 
-- 

of NTP with its receptor. In the presence of verapamil, the *sl d component of 
' 7 

association should be reduced such that the approach to equilibrium is faster. 
, . 

Mor.eover, a .  fast component of dissociation should be readily apparent 'when 

dissociation is ,mediated in the presence of verapamil since verapamil converts some of . 
the high aff ini ty  complex (DR*) into . the low aff ini ty  state (DR). I t  is generally 

thought that voltage-sensitive channels, such as sodium and calcium channels, go 

through a- transition of functional states. Thus, i t  is possible that  the different  states 

of the NTP binding sites postulated above (R and R*) might correspond - - to the t 

- -- - - - - - - - - - - - - - - - - - - - - - - - -  - 
- 

- - -  - 
-- - - - 

- - 

4 
I 

different functional states of the calcium channel (Ehlert et ql., 1982). 

D-cis diltiazem has been shown to enhance (-)NTP binding in xabbit ventricular 

cells (Janis el al., 1984), guinea pig heart (Glossmann & Ferry, 1983) and (+)PN binding 

in rat myocardial cells (Lee et al., 1984), thus exhibi ing positive heterotropic 
-1 

cooperativity. In the latter two studies, the enhancement in binding was attributed to a 

, decrease in  the Kd value without a significant alteration in Bm_. The enliancement of - 
binding b y  d-cis diltiazem may, however, also be due to an  increase in  B : ~  witkout a 

'-B 

change in the Kd as suggested by Ferry & Glossmann (1982) and  Go11 et al. (1983). The 

increase in B m 4  may be explained by a mechanism which recruits channels f rom an 

intracellular location a n d  incorporates them into the SL or unmasking' of pre-existing 

channels. - 

(Glossmann el al.,' 1984). It is tempting to speculate that these -states of the drug- 

-tor sites irr irr vim experiments ,with membrane fragments a re  matogous (3x1 t not 
Zi 

necessarily identical) to the different states through which the channel can cycle in 

the intact cell (open, closed, imctivated). 

.i 



indicated that non-DHP calcium channel antagonists act  a t  a common allostcric sitc in 
- 

i 

brain membranes to  modulate DHP binding. Thus, Gould el ol. (1983) and J P ~ &  el nl. 

(1984) carried cut  studies to  determine whether similar evidence could be obtained for 
- 

rabbit heart  membranes. They found that NTP binding was regulated by a common 

allosteric site or, alternatively, by closely linked sites for  verapamil and diltiazem. 

It has recently been shown that a NF  derivative, Bay K8644. may act as s 

calcium channel agonisr (Schramm et a!.. 1983). The positive inotropic effect of this 

compound has been shown to be competitively antagonized. by N F  'but  not by 

v,erapamil or di l t iazem LIshii et-al., ' 1985;Schramm e l  al., 1983; Uehara-& _Humc, 19_85),- 
- - 

Also, Janis et dl. (1984) found t h a t b B a y  K8644 did not alter the dissociation rate 
/ 

constant of NTP binding. These observations are  in kcordance  with the findings that 

the DHP mayi 

verapamil and 

bind to a common receptor site that differs  from the sites a t  which 

diltiazem bind (DePover et al., 1982; Ferry & Glossmann, 1982; Murphy 

These results suggest that the DHP do not sterically block the calcium channel 

via either their DHP or phenyl rings (Janis e t  nl., 1984). Recent results (Hcss et al.. 
- 

1984) suggest that NTP promotes a mode of calcium channel gating i n  which the 

channels a re  unavailable fo r  opening, whereas, Bay K8644 promotes a mode of gating 

where the channels exhibit very long openings. It .remains to. be determined whcthcr 

these different  gating modes are chemically or just conformationally different. 

0 .  

Afthough M i & e n  of t k  structuraf - - r c q u i r ~ - f ~ ~ -  

continuum of properties banging from pure antagonism' to pure activation (Janis et al., . 
w9 



The calcium ion that enters during cardiac excitation is primarily through the 

voltage- and time- dependent slow channels, and comprise the major portion of the - 

inward slow channel (Sperelakis, 1984b). Generally', calcium current through the 
* 

calciuk channel depends on the net electrical driving G e e ,  V - V (vrith the rev 

membrane potential, V, and reversal potential, Vm, at  which the net current through 
-- -- -- - - - - --- - -- -- 

the  calcium chagnel vanishes), and the single channel conductance, g, which has been 
-- - -  

- 

shown to be independent of membrane potential (Cavalie ef al., 1983). Measurements of 

single channel currents have shown that the channel opening events are statistically 
- -- - - - - - - - - - - - - - - 

distributed (dbration typically 1 ms) and interrupted by variable shut of less 

/ than 1 to  some 100 ms? duration (Cavalie ef al., 1983; Fenwick et'al., 1982; Reuter, 

1983), Therefore, for a given membrane potential, V, only a probability that the 

A a n n e l  is open, Po (V), can be determined. If N is the number of available calcium 

Depending on the experimental'conditions the reversal potential is +40 - +80 

rnV (Lee ef al., 1981). whereas the calcium equilibrium potential is greater than 120 

m V ,  indicating that other ions (e.g. potassium, caesium) can pass through the channel, 

especially a t  high driving forces. 
- - - - - - -- - - - - 

Recent ---- - studies using - the -- 'patch clamp' technique, have shown that the calcium . 
1 

channel opens in  bursts; the probability of doing so increases as the transsarcolemmal 

voltage becomes more positive than -40 Av and Ckce Qceesscs rvite fwther 

depolarization as the driving force for calcium decreases (Reuter, 1984). Present 

evidence suggests that a 'voltage-sensor' in the membrand (a protein group with &pole 



44 

properties, for  example, which may be an  integral part of an  ion channel) reacts to the 

electric field. Any change in membrane potential will cause a restoration of the 

charged sensor with the field, hence a change in  ion flow through the channel (Reuter, 

1983). 

The calcium current across SL has been shown to have two major components 

in heart muscle (Bean, 1985; Nilus et al., 1985) and three in  neurons (Nowycky et al., 

1985). T-type channels are  responsible for  a rapidly inactivating, transient calcium 

current, while the L-type channel openings produce a slowly inactivating, long-lasting 

calcium current (Armstrong & Matteson, 1985; Bean, 1985; Nilus et al., 1985). The N- 

type calcium channel requires strong negative potentials for  complete removal of 

inactivation (unlike L) and strong depolarization for  activation (unlike T) (Nowycky 

et al., 1985). T-type calcium channels can be activated by smaller depolarizations (to 

about -60 mV) than L-type channels (to about -40 mV) in single channel measurements 

(Reuter et al., 1986). This agrees with calcium current measurements in whole-cell 

recordings (Bean, 1985). The L-type current is much more common than the T-type in 

the ventricular myocardium (Nilus et al., 1985). The T-type channel is insensitive to 

DHP (Bean, 1985; Mitra & Morad, 1985; Nilus et al., 1985) and is more resistant to 

block by external c d 2 +  than the L-type channel (Nilus et al., 1985). The ca2+  entering 

the cell through L-channels is thought to be necessary both for  replenishing the ca2+  

stores of the SR (Chapman & Niedergerke, 1970) and possibly for  triggering 

intracellular c a 2 +  release (Fabiato, 1985b). The experiments by Nilus et al. (1985) 

showed that the T-channel current is much smaller and decays much more quickly 

than the L-channel current, so it probably contributes relatively little to calcium 

influx during the action potential plateau and contraction. They suggest that T-type 

channels might have greatest significance for  pacemaker depolarization and action 

potential initiation, electrical phenomena that depend critically on small inward 

currents a t  relatively negative potentials. 



The potency of calcium antagonistic drugs on calcium current is increased 
- -- --- - - - -- - -- - -- - -- -- -- ---- 

during membrane depolariz%tion as well as during repetitive stimulation (use- 

dependence) (McDonald el d., 1980; Osterrieder et al., 1981; Trautwein et al., 1981). It 

is not clear whether the association rate constant 'of the drug molecules with calcium 
- 

channels is increased if the channels open during depolarization, or whether the 

dissociation rate is decreased if the channels are inactivated. 

Ni trendipine ( ~ c ~ r i d e  et al., 1984) and blocking cations like ~ n * +  or LaS+ 
, . 

(Sperelakis, _ l984b) 

mesudipine, another 

do not have the property of frequency-dependence. Since 

DHP derivative, N F  (Sperelakis, 1984b) and nisoldipine (Kass & 

Sanquinetti, 1984b) have a significant frequency-dependence the insignificant effect 
- - - - - rC- - - - - - - - - - - \ - -- - - -  , -- - 

-- 

observed with NTP cannot be a property of all DHP derivatives. 
-- 

The frequency-dependency effect suggests that these drugs do not act as simple 

plugs for the calcium slow channels, as perhaps ~n'+ or ~ a ' +  might act ( ~ a u f m a n n  & 

Fleckenstein, 1965). Rather, this property suggests that the drug might act to slow the 

recovery process of the slow channef from the inactive state back to the resting state. 

If so, then a slow drive rate or a long quiescent period (ie. 20 - 60 seconds)' would 

ailow complete recovery of the drugged slow channel before the next excitation 

occurred: To exert such an effect on the gate recovery kinetics, the drugs must bind 
8 . 

on a channel protein. An alternative possibility is that the drug binds to the channel 

only .in the active state to block it, and then dissociates before conversion of the 

channel to the sequential states. Another possibility is that any drug- which affected 

the phosphorylation of the slow channels by some direct means would also effectively 
-- - - - - - - - - - - - - --- - - - - - - -- - -- - -- -- 

block the slow channels selectively and could account for frequency-dependence 
- - -- - -- - -- - - - - - - - - --- - 

(Sperela k is, 1984 b). 

The binding affinity for antagonists is jgreatly increased hy cane - 

dcpolarization (Reuter et a!., 1985a; 1985b). Correspondingly, the blocking potency of 

antagonistic compounds is also increased (Bean, 1984; Reuter et al., 1985a). It has been 



postulated that calcium antagonists r@ce calcium current through the channel by 
- - -- - - - - - -- - - -- -- - - - - - -- -- 

- --- - - - - - - - - -- -- - - - -- - - -- - 

facilitating the inac t ik ted  state (Reuter et al., 1986). 
-- - - - -A 

Potentiation of channel current, by prolonging the-open state of the 
- 

channel, by the DHP agonist Bay K8644 is also voltage-sensitive (Sanquinetti & Kass, 

1984) and independent of cyclic AMP-dependent phosphorylation reactions (Reutcr et 

al., 1986). In this case, enhancement of current is observed when pulses are applied 

a from negative holding potentials: But when holding potentials are more positive than - 

1984). The positive inotropic action of Bay K8644 appears to depend on the 

concentration of the drug (dose-dependent). At concentrations higher than 10" - 10'" 
- - - - - - - - - - - - - - - - - 

mol L-' its effect declines .(Schramm et al., 1983).+ These results show that mcmbranc 

potential, and perhaps inactivation of the calcium channel is pivotal in regulation 

(black or enhancement) of calcium channel current by DHP derivatives (Sperclakis, 

1984b). - 

It appears that membrane potential may play an important role in the blockage 
-- - - -- - - - - - - -- - - - . - -- -- - -- - -- 

of calcium channels by DHP. Perhaps future investigations will eventually show that 

all of the DHP interact with a common voltage-sensitive structure. 

- 

~ t r u c t u r e / ~ c ' t i v i t ~  Relationships , 

Structure activity data for 1 ,4-DHP are available for isola tcd cardiac 

(papillary) muscle - (~odenk i rchen ,  - 1979). - - The general - structural -- - - -- requirements ---- for  

activity are summarized below. 
- - - -- - - -- - - - - - -- - - - - 

(a) The 1,4-DHP ring is essential, oxidation of the pyridine abolishes activity. 
- 

(b) ~ h c  NH group of t l p  1,4-DHP ring must hc unsubuitntcd far optimum - - 

activity. 



(d) Ester substituents in  the 3- and 5-positions of the 1, -DHP ring are i 
optimum. Removal or replacement by COMe or CN greatly reduces activity. 

(e) Ester substituents larger than COOMe generally maintain or even increase 

activity suggesting a region of bulk tolerawe in the site of 1,4-DHP interaction. 

(f)  When the ester substituents a t  C3 and C. of the DHP ring are  different,  the 
- - - - - - - - - - - - - - - - 

C, position becomes chiral and stereoselectivity of antagonism is observed. 

(g) An aryl substituent, preferably a substituted phenyl group, appears optimum 

critical: para substitution invariably decreases activity, whereas ortho or meta 

substituents (ortho > meta >> para) generally increase activity according to steric 

factors. 

A role for steric influences is also suggested from the solid-state to receptor- 

ring pucker and pharmacological activity. Substituents (orthb or meta) in the phenyl 
i 

ring influence theSl,4-DHP - - ring confirmation, activity increasing with increasing ribg 

planarity. The highly detrimental effect of para substitution could arise from 

hindrance to the actual receptor interactiqn (Janis & Triggle, 1983). 

A fur ther  important index of specific drug action is stereoselectivity which has 

bccn dtmonstra ted for  nicardipine and PN where the positive enantiomer is more 

p.0 ten t-@ecC er at., W P ? ; S h < E a n i  eta7.TI9gUr a i i X N T P P w X e t h i n C g  ati ve isomer isp 

more potent (Tr~ggle-& Swamy, 198 1) 

' As mentioned earlier the 1.4-DHP 

significantiy more effective on smooth than 

Janis & Scriabine, 1983). The virtually 1:l 

also show tissue selectivity; being 
- -  

on cardiac muscle (Fleckenstein, 1977; 

correlation between binding and K+- 



teas Fond "lguigulneapig7 1 eaI-rongl~'1nXsmoot h-musclcLiFclearty's u ~ g c s t i v T - - - ~  
* 

h l g h ~ r ~ n i t y  bindingpslt~sctrethose r n e m ~ n g  the pharmacologic activity. 
n 



Hypothesis 

-? 
The working hypothesis of this study is that: the well documented increase in 

stroke volume observed with endurance exercise training is a consequence of'increased 

myocardial contractility due, a t  least in part, to an increased ca2+ channel density. It 

has previously been postulated that the enhanced contractility may be attributed to an 
- -----------A 

alteration in E-C coupling, at  the level of the SL. Thus, an attempt will be made ta 
4 

determine whether endurance exercise training has any ultimate effect on a specific 

channels may contribute to a greater influx of calcium during the myocardial action 

potential. This could clearly provide a mechanism to explain the increase in stroke 

"T as a consequence of increased myocardial contractility. 
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Introduction 4 

Since the DHP have proven to be ~ s e f u l ~ p r o b e s  in udderstanding ca2+ channels 
, 

and their role in skeletal, cardiac and smooth muscle function [1,2] conditions 

affecting , in  vilro binding of' the radiola belled' 1 ,Cdihydropyridine (DHP), ['H ~ ~ ~ 2 . 0 0 -  

1 10 (PN), to highly-purified sarcolemma were investigated. The relationship bct wccn 

of action) is, however, poorly understood. The dissociation . 
of DHP to sarcolemmal membranes is a t  k a s t  three orders 

of magnitude lower than the dose required for physiological effects [3,4]. Furthcrmorc, 
i ". 

the iu 17itr-o binding to cardiac plasma membranes is co,mptex. I t  is influenced by non- 

although they presumably bind a t  separate sites [5,6], consistent with observations i n  
'i 

other tissues such as' brain [7]. Additionally, DHP binl)ibg is modulated by cn2+ 181 

and perh&s membrane potential [9,10]. The in vitro experiments in cardiac 

muscle employing subcellular fractionation have yielded conflicting results. ~ i r m i c n  to 

et a!. [i  11 found that the specific binding of the DHP, nitrtndipine (NTP)  was 

significant only in preparations that were enriched in sarcolemma. Williams and Joncs 
- - - - - - - - -- -- - - - - - -- - - -- - -- - 

[12], - on - the - -- other - - hand, - - --- found -- - that -- -- a microsomal - - --- -- fraction with low sarcolemmn markcr --- 
enzyme activity exhibited considerably higher NTP specific binding than those with 

-, 

binding to both the crude homogenate and subcellular fractions with varying digrces 

of sarcolemmal enrichment and 2) determine sarcoIemma DHP rccqptor density. 



Sarcolemmal Isolation. Hearts from Sprague-Dawley rats- that were killed by 

cervical fracture were excised and rinsed with a homogenizing medium which 

containcd 250 mM sucrose and 20 mM MOPS (pH 7.4 @ 37OC). ]Included in the '\, 

'4 some experiments were the following protease inhibitors: homogenizing medl 

phenylmethanesulfonyl fluoride (1 mM), 1,10 phenanthroline (1 mM), iodoacetamide (1 

/ with homogenizing medium for about five minutes and then trimmed of connective 

tissue, fa t  and - a t r i k i n  homogenizing medium maintained a t  4OC. Sarcolemma was 
-- - - - - -- -- - - - -- -- -- +-- - -- - - ----- 

Tsola tea froKeighight t o  n i n e  pToIEbheartsrts(ca 6 g  wet-wttl) i n  a -  m5iKG Kmila r t o  TfS t 

described by Bers [13]., as m0d i f i ed .b~  Philipson et af. [I41 and subsequently by Tibbits - 

et a[. [15]. The pooled hearts were minced in 10 ml of ice-cold homogenizing medium 

and homogenized with a Tekmar Tissumizer (Cincinnati, OH, Model TCM-I) a t  setting 

45 +for 2 bursts of 3 seconds each. The hornogehate was filtered through 40 gacuge ' 

An aliquot of 1,.5 ml of this crude homogenate was removed and stored a t  4 ' ~  for 
- - - -- 

a future m a r k ~  enzyme and DHP binding analyses. An aliquot of 5.6 ml of a KC1 and 

sodium pyrophosphaae solution was then added (1:lO dilution) so that the final 

concentrations were 100 and 25 mM, respectively. The suspension was stirred for ten 

minutes in the cold and then spun a t  177,000 xg for one hour. After the supernatants 
* 

were discarded, the pellets were resuspended in 20 ml of homogenizing medium and 

min. The supernatant was carefully removed and then pelleted a t  177,000 xg for  one - 
hour. T h e  iesuTfZg p e n t  was iESiSjppeldeii ih 45%sUCrOseandsfepsOf-3~~30~Z8 &if- -- 

8% sucrose (each containing 0.4 m M  NaCI) were successively layered on top. The 

" gradients were spun for  16 h a t  122,000 xg in a swing bucket rotor (SW28). After 
I 



passively~equil ibrate fo r  1.5 h a t  4OC. T h e  fractions were gradually diluted with Ice- 
* 

cold loading medium containing 140 mM NaCl and 10 mM MOPS. The  fractions wcrc . L 

then pelleted a t  177,000 xg fo r  1.5 hours and resuspended in loading medium to yietd n 

f inal  concentration of 1.5-5 mg protein ml-'. The fractions were both frozen and 

stored i n  liquid N2 i n  cryogenic v.ials. 
\ 

-- 

Sarcolemmal Characterization. Protein content in all  fractions was defiirmincd 

by the method of ~ i a d f o r d  [16] using bovine serum albumin as the standard, The 

procedure we have described previously [IS]. In brief, activity was determined in  a 

medium containing 10-20 ug of sarcolemmal protein, 50 mM MOPS '(pH 7.4 @ 37'C). 5 
P 

mM M~CI;, 5 rnM EGTA and  5 qM ~ a +  p-nitrbphenylphosphate in a f inal  volume o f 1  

rnl. The difference ih  activities with and  without 50 mM KCI wasyused to mcnsurc 

activity,because of the relative insensitivity of the ra t  heart to ouabain [17]. The tubcs 

without KC1 had 50 mM NaCl substituted. The reaction was initiated by 'incubation i n  

a water bath a t  37OC and  then' quenched a f te r  20 minutes by reimmersjng the tubeo i n  

a 4OC bath ,,and a d d i n g ' 2  ml I N  NaOH. The tubes were read a t  410 nm. Na-Ca 

exchange was determined in the sarcolemma"fraction in a manner that we reported 

[ J ~ 1 ~ ~ 2 0 0 - 1 1 0   ind din^ to Membrapes. PN was chosen as ;$?as the 'only  

radiolabelled H P  available commercially as a pure active enantiomer as opposed to a 
- - - - - - - - - - - - - - - 4 -- - 

racemic mixture. ['HIPN binding A was measured jn both the crude hoGogefiatc and 

subcellular ffactions derived f rom the  sucrose gradients. In general, the tubeo * 

d 
contained ( i n  a f inal  volume-of 5 m l )  - 50 m~ - - - MOPS - (pH - 7.4 -@ 37OC). - - -- 10-40 ---p--- ug bf 

protein, 0.41 nM PN and  2.5 mM CaCl, and  were incubatgd fo r  90 minutes a t  22OC. In 

separate experiments, however, the 
-h, 

incubation was varied bctwecn 5 and 98 

P 
- L 



concentration was varied between 0.1 and  0.5 nM and CaCl, was varied between 0,002 

and 5 mM. Assays were performed in both the presence and the absence of 1 uM . 

,unlabelled nifedipine in order to determine specific binding Fig., 1). All binding assays 

were conducted in dim (10 W) red light in order to prevent photoinactivation of the 

DHP [19]. Binding was ter'minated by rapid vacuum filtration through Whatman GF/C 

filters. The filters were then washed with t h r e s  4.5 ml aliquots of ice-cold buffer, 
- -- - -- 

placed ina viaL and counted by standard liquid scintillatioi procedures . -- 

Results 

The sarcolemmal characteristics of the crude homogenate and the subcellu~ar 

' fractions from the sucrose gradients used in the majdrity of these experiments 
* 

exhibited a mean K + P N P P ~ S ~  activity of 25.3 umol mg" hr" and a Na/Ca exchange 

V of 3.2 nmol mg-' s-'. The inclusion of the protease inhibitor6 in the homogenizing 
mllx 

medium had no apparent effect on either, the sarcolemmal characteristics (data no?+ 

shown) or on the binding of the DHP to the sarcolemma and was: therefore, not 
-- - 

1 
d 

routinely employed.-The time course of PN binding is shown in Fig. 2. With the DHP 

and CaCI3 concentrations equal to 0.41 nM and 2.5 mM, respectively, the binding 

required a t  least 60 minutes to 'reach equilibrium a t  room temperature. Linearization 

of tKcse data by plotting ln[Be/B;B,] (where Be and B, are the amounts of binding at  d 

equilibrium and a t  any given time, respectively) a s  a funct ion of t ime is shown in ;he 

reasonably assume pseudo-first order kinetics 1201. With this assumption, the ko, was 

calculated from the lineer regression of the plot and found to be 0.046 mine'. The 'on' 
- - A - - -- - -- - - - A- -- - - - - 

rate constant (kl) was determined from the equation: c 



where [LT] is the total ligand concentration (0.41 nM) 'nd [B_] is the maximum 

U concentration of binding sites. The -'off9 rate constant (k-,) was calculated from the - 

equation: 

k = K, * k,. - 1 

' 

The dissociation constant (Kd) and the maximum density of binding sites (B'__) were 
t 

\ 

- 

- 
d e T =  E o m m S c a T c h a r ~ a ~ S - o f  eq~l~bKddingd~tT(Fig.~)TndwTr c --. -" 9% " 

found to be 0.09 nM and 2.0 pmol mg" protein'1, respectively. From 'these , data, thc 

calculated '02 and 'off' rate constants were '4.33 lo6 M-l s-I and 3.90 * 1 0 ' ~  s-< 

AS illustrated in Fig. 4, peak specific binding is reached a t  an extiavesicular [MOPS] 
i 

of 20-30 mM which has a tonicity of about 25 mOsm L-l. The effect of varying 
4 

-7ElOPS r k a d a T ~ m  i ~ z r ~ l h n p a C t o ~ i ~ € a  +b'1n~cffng~~da~~~ot~s~own~)~C0mpare6~Of~ot~~ 

and specific binding, non-specific binding exhibited ag  inverse relationship with 
- 

respect to MOPS tonicity and reached a minima a t  a [MOPS] of around 20-30 mM. 

Specific PN binding at  a ligahd concentration of 0.4 nM was determined in  all 

subccllular fractions as well as the crude homogenate. As shown in Fig. 5, specific PN 

binding to vesicles derived from the sucrose gradiegt was reasonably-well correlated to 

the specific activity of the sarcolemmal , marker K + ~ N P P ~ S ~ .  Least-squares linear 

. 
3-- and a c o r r e l a t i ~ e o e f f i c i e n t  (R? of 0.84. Specific binding to the crudhbomogenate 

0 

clearly violattd this relationship and the goodncss of f i t  described above d.id not - 
---- - 

a include data from the homogenate, ~ h i &  in general h a d - ~ i g ~ ~ p c c ~ f i c n & ~ n g  per 

unit sarcolemma marker activity than the Sucrose gradient derived fractions. 



Discussion . 

These experiments confirm the complexity of the bindinn of PN to rat 
---p------p 

- A  - -  A - - - A -  u - 
ventricular* plasma mimbranes. with a Hill c o e f k i e k t  close to unity, a h e a r  

~ c a t c h a r d ~ p l o t  (correlation coefficient of 0.95) and a dissociation constant (K,) of 0.09 
* 

- -_II tbS-&~~ar_thimy -isfea- ~ i t L J ~ a d ; W i ~ ~ a - & ~ ~ W a = = = ~  

of high affinity sites. The presence of a single class of high-affihity binding sites in 

isolated heart plasma membranes is consistent with several other studies 
' 

- high and low affinity binding sites, however, were observed by Marsh 
. " .  

intact chick cardiac myocytes and by de Bruyn Kops et al. [23] in isolated rat heart .. 

membranes. It has been suggested that intact cells do not exhibit a unique binding 
pp-p--- - - -- - - -- 

affinity for DHP and that the high affinity binding observed in isolated .membrane 
r 

preparations may reflect binding to the depolarized state Iinactivated) o f  the  calcium 
-- , 

.channel (9,101. - .  - 
The PN binding site appears to be associated with the sarcolemma. Linear 

v 
regression analysis of sarcolemmal marker enzyme activity, K + ~ N P P ~ S ~  (represents a * 

partial reaction of N ~ + / K +  ATPase pump [24]), and DHP specific binding in . 

subcellular fractions,reveals a relatively strong linear relationship althouih there is a 
- -- - 

slight tendency towards $ --- rectangular hyperbolic function (Fig. 4). Linearity of DHP * 

binding and sarcolemma marker activity is in agreement with Grover et al. 1211 in both 

cardiac and srno~th-mu~~:le p r ~ a r a t i ~ T r h - s f a r -  s u h s t a n t i ~ e . s m p h f i c a + i ~ -  - - -- - -- - - 

I 

- the  DHP binding site and the sarcolemma as evidenced by several other investigators 

[11.25]. Williams & Jones (12k however, found that sarcaltmmal marker specific 
. . 



- - - - - -- -- -_ - - - - - - -- I -- - - - -  - -- 

- ---- - A ~  -- - - -- 
--az~iv~'ry~'lntKeSubce~ular fiactlOnSfrOmthemyocaraiummcfi~d not correlate with, 

* 
* . .. amaing sltes. The . r 

frighest Iv I Y  speci~fic binding was found in a 
9 Ci 

ryanodine-sensitive microsoma1 fraction with less than 5% of the specific actiyity of 

sarcolemmal markers found in the sarcolemmal-enriched fractions. In skeletal musck, 

high specific NTP binding has also been reported to be associated with fractions 

enriched in sarcoplasmic reticulum [26] or T-tubules [27]. While the density of DHP is ' 
P 

3 '  

highes t L i n A d e W  alltlu -331~ b u ~ e X & a t I C ~ a m d ~ ~ i a & - ~ I t c ~ -  
- A -  

, > -- 
than that observed in both cardiac and smooth muscle sarcolemma. Thcsc findings 

suggest that the DHP binding site is qualitatively different in skeletal muscle and the 

- - - - e k ~ t a $ i o = t h a t e & y  ~ s a & b p e r e e ~ t a ~ ~ e k e s c -  s h s  rrrefumefiwr& €%l%tmmr-cts--~- 

[28] may not be valid in cardiac muscle. Thus, the variations in DHP binding reported 

in different studies may be a consequence of differences in the techniques, tissues and 

perhaps to species. It is possible that sarcolemma ca2' channels may be recruited from - 
, - - ,  

some intracellular location or site of synthesis, such as the sarcoplasmic reticulum. 

This could explain the lar&reserve of dormant channels apparent in skeletal muscle. . 
- -- pp - --- -- 

The relatively high specific binding of the 'ligand to the crude homogcnatc 

compared to the subcellular fractions, when normalized per unit sarcolcmrnal~mark~r 

enzyme activity, suggestfihe presence. of a binding site regulatory factor which may 
t 

be lost or altered in the isolation of sarcolemma. This may-result in either a n  

underestimation of PN binding sites in the highly-purified sarcolcmma fracfmn or an 
0 

overestimation in the crude homogenate. Preliminary studies in our laboroatory havc 

implica tea calmod u l h - i a h e  m a d u l a ~ n ~ o f ~ - b i n d i n g  PQL----- 

To characterize BN brndrng further, scveral weal procedures were 
. . 

-- 

examined more closely. The equilibration of PN binding to isolated sarcolemma was 

found t o  ~eguiFeatAxts4 QQ m - g ,  2) at2Y%&Tk 
. . A f F e a s M P  wFt&-- 

6 

to highly-purified sarcolemma is comparable to that in previous experiments [5,8] 

using c ~ u d e r  preparations and iliustrate the slow kinetics of DHP binding . . in vifro. 



for NTP f5], afthough the .association rate constant was comparable t o  that found by 

Glossmaan & ~ e ~ r ~ ~ l l ] .  

being used, prepisration 

binding kinetics. 

The discrepancy 

purity or more 

may be due to differences in the ligands 

likely to the techniques used to analyze ' 

-- -- 
Use of a hypotonic buffer precludes differential binding of the li.ganp, to 

" - -- A -- - - - - - < .- & A > - - _ 4 - - 
various subcellular fractions, resulting from differ en ti;^ iesicular orientation. An 

cxtravesicular MOPS concentration of 20-30 m M  madimized PN binding (Fig. 4), a 
1. 

the increased total binding is consistent with vesicular rupturing d k  to hypotonic 

shock, the explanation of a decrease in xion-specific binding 'is unknown but may be 
* 

associated with+ the low' ionic strength. 

PN binding was maximal in the ~iesenc; '  of an extravesicular calcium , 

concentration of, 2.5 m M  (Fig. 6) ,  This finding corroborates with the 'results of several 
- I- 

- - 

, . + 

other studies that demobst&ite an extracellular catipn ,requiremept sfor DHP binding 
a , .  
, ' 

f8.30.311 and. adds support to the notion that DHP binds t6 the ca2+ channel or a 

protein associated with the channel [32]. * 

Following an analysis' similar to that of Colvin et al. 1331, an estimate of 
v 

receptor site deneity was obtained from a knowledge of the specific phospholipid 

content of the sarcolemrnal vesicles and the Bm_ derived from Scatchard plots.^~n the 
a 

6 
c.lculations, it is assumed that the 'ligand binds to functional ca2+  channel& in the 

- - - - - - - - - - - - - - - 

sarcufcmma, the binding sites arc distribiitcd randomly 64 the sarcolemmal surface, 

one-half of the phospholipid moIecules $ontribute-' to' the surface area df each 

phospholipids. Given that the specific phospholipid condent of sarcoltm~ha from the 
. -, 

rsr heart is 0.75 umol mgS' protein-' [IS& the average surface area occupied b y  each 
r c  



phospholipid molecule is 60 A' in the liquid-crystalline state 1341 and the B 'is 2.0 - - 
pmol mgei i t  is estimated that thcrc arc approximately 3.6 PN binding sites 

w F-. 
urn-' sarcolemma. From whole cell dcc t rophy~b lo~ i ' ca l  mcasureqn t s  of mcmbranc 

capafitance in rat cardiac myocytes by &an [35] and assuming a (pecific membrane 

f l  capacitance of 1 u F  cm-', myocyts surface area is estimated to be 3.1 10' um'. The 
3 

derived receptor number per myocyte is, therefore, 11.2 10'. This is within the range 
T - 

- - - - o f - f m t i a ~ ~ ~ + c ~ r a - ~ n e f  72enii t ~ - ~ l ~ T i r 7 ~ @ ~ ~ s ? % m a t e s  from patch cl R rn p 
-- 

- -" - - A - .- L u  - . -" - 

analysis of tissue- cultured rat heart [36] although it is an order of magnitude h igher  

than previously found in iqolatcd sarcolemma [33]. The latter could bc explnincd by 

a different ligand (NTP). The similarity found in DHP binding site density 

estimations and f u n c t i o ~ a l  caZC channel density determination 1361 provides stronger 
I - t - 

evidence for the association of the myocardial sarcolemma DHF site wi th  the ~ a ' '  
9 

- channel. 
* 

- - - -- -- +h?eurratt TCSU~T&- for in ~~~~~~~~~~~~~~~~~~-7 
0 

to highly-purified sarcolemma. While the results of the ' 

binding process, the eqperiments also offer support for  the hy'pothesis that thc DHP 

receptor site in the myocardium represents the calcium channel or a protein closcly 

i 
, associated wlth it. . 
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Fig. I. Sptcfic binding (SB) is defined as the difference between total (T), and non- 
~ i c b i n d h g _ ( ~ i n  &ah.Ftnce a n d e n c c o f  niftninine,reqxcti~~Buffer-- 
and CaClz concentrations were 25 and 2.5 II&& rcspectivcly and the incubation time 
w3s 90 mrn. at 23OC. 



Time course of PN200-I 10 specific binding to highly-purif ied sarcokmma 
r 

I 
. "  $ 1 ,  

Fig. 2. PN200- 1 10, buffer and CaCl, concentrations were 0.4h.an'M, 50 .mM'and '2.5,'mM, 
*spectivcl-y, temper-re was 23OCHnd numb,er of different preparations was 4,. Bars 
represent + SEM The inset shows a linedrization of these data in  which ln(BJ[B;@,)) 
was pl,utted as a function of time in order to generate Kob. (where Be is the rpccjftc a * 

' *  L 

binding at equilibrium and B, is the specific binding at time t). I 



SPECIFIC BINDING (pM) 

Scatchard analysis of PN200-110 bind ing to high ly-purif ieQ sarcdcmma - 

Fig. 3. CaC!, and'buffer   centra rations were 2.5 and 
incubation tlme was 90 min. at 23OC. 

50 mM, respectively and t h e  



Fig. 4. PN200-110 and CaCll concentrations .were 0.40 nM and 2.5 mM, respectively, the 
incubation time was 90 mm. at 23OC and n= 5. Buffer concentration was varied 
between 10 and 100 m M  and specific PN200-110 binding was expressed as a percentage 
of binding at a buffer concentration ofi &pmU Bars represent + S.E.M. 



7,. CONTROL 

10 20  3 0  
K'pNPPase SPECIFIC ACTIVITY (pmol* mg hr -'I 

ri 

Fig. 5. Specific binding of  PN200-110 at equilibrium to s u b c e l l u ~ r  fractions as a 
function o f  the specific activity of the sarcolemmal marker, K + ~ N P P ~ S C .  PN200- 1 10 

, and CaCl concentrations were 0.40 nM and 2.5 mM, respectively and the incubation 
time was $0 rnin. at 23OC. Enzyme assay was performed as described in McffhodsT- - 



Fig. 6. PN200-110 concentration was 0.4k-nM and incubation time was 90 min. at 23OC. 
CnCI, concentration was varied between 0.002 and 5 m M  where pCa is -log [ca2+] M. 



Introduction - 
. . 

The present study was undertaken to characterize further the calcium 

dependexdice of PN200- 1 10 binding to highly-purif icd myocardial sarcolcn~ma. 

2+ " RadiolabeIIe~ca-lcium (Ca ) antagonists have be-come an important fo r -  gainingu 
* 

I 

information about calcium'channels found in the plasma mcmbrancs of various tissues. 

because of their apparent high binding specificity and potency (1.2). It has been 

demonstrated that high-aff inity radiolabelled DHP binding is depcncdetl t upon t hc 

- presence of divalent cations, especially the a1 kaline earth metals (3,4,5,6,7) including 

c a Z +  or M ~ ~ + .  In both smooth and cardiac muscle binding is lost upon removal of 

role of this divalent cation site, however; is not known. The apparently high affinity 

of the divalent cation site for  c a 2 +  (8) and the observation that calmodulin 

antagonists inhibit P binding (7) suggests the presence of a ~ a ' * +  binding protein 
..* -+g' 

regulating PAP binding and perhaps -ca2+ channel function. This may give some 
- i 

insight to a previous observation (9) that specific PN200-110 binding (pmol-mg-l 
\ 

protein-1) in vitro was comparable in a fraction in which sarcolcmmal rnarkcr activity 
- - - - - -- - - -- --- - - - - - - - - - - -- - - - - -- 

* - 
was - - increased about -- 25-fold to that in the crude homogeoate. It was suggested that a 

c a 2 +  binding protein was altered or lost during the isolation procedure. The purpose 

PN200-110 binding allowing for further characterization of PN200-110 binding to 

highly-purified myocardial sarcolemma. 





89 + 
I 

Se associated wit h-an increase in  rna-XimK G c e p t o ~ d e n S i t y  @L-Flie; J,;F-)&E~-- * 

a t  varying [ca2+] i s  shown in  Table 1, Where n 

coefficients, respectively, With increasing [ ~ a ' + ]  

ligand binding (results not shown) although i t  

several fold increase in specific binding observed 

and rS are the Hill and corrclntion 

thcre was a decrease in non-specific 

did not appear to account for the 

a t  higher [ca2+]. 

The calmodulin antagonists, calmidazo!ium and TFP, inhibited PN specific 
- --- - -  - - - -  p - . 2  

binding in  a dose-dependent manner, as shown in Fig. 5. The' presence of the 

calmodulin antagonists appeared to have little effect on non-specific ligand binding 

(results not shown) although specific binding was considerably decreased. 42 
- - 

- - - - 
Specific PN binding (0.40 nM) was enhanced by approximately two-fold in the 

presence of 50 nM calmodu& (Fig. 6). This was associated with an increase in total 
Y 

B -% & a decrease in non-specific ligand binding ( m u l t s  not shown). 

Illustrated in Fig. 7 is the ca2+-dependence of calmodulin (moles of c a 2 +  bound - - 
per mole of calmodulin) and PN specific binding (at 0.5 nM). c a 2 +  conccntration is 

expressed as p ~ a 2 +  (-log[ca2+]). 

Discussion 
- 

The nature of the ca2+-dependence of '  PN binding to highly-purified 

' sarcolemma from the ra t  heart has been investigated. The equilibrium binding of P N  

to sarcolemma was associated with a linear Scatchard plot (Fig. 4) and a Hill 
- 

coefficient close to unity, (Table I ) ,  for  any given [ca2+]. These findings confirm 
- 

previous observations of binding to a single non-interacting set of sarcolernmal P N  
- -- 

receptor sites. - 
ca2+-dependence of PN binding was clearly illustrated in this study and is in 

accordance with various other studies (3,4,5,6) which indicated that  alkaline carth 

metals were critical for DHP binding. A Hill coefficient close to unity was obtajncd ' 



by Hill plot analyses, 'between receptor/ca2+/nitrendipine (NTP) inieraction when the-- - 

[ca2+] was varied between 0.1 and 1000 uM The inconsidtent findings may be 
I 

accounted for by the different ligands or the [ca2+] ranges (0.1 to 1000 uM and 2 ro . 

5000 uM by Glossmann et al. (3) and in thepresent study, respectively) employed. 

Yncreasing extravesicular [ca2+1, to an d p t i m u m f  2.5 m M  (Fig. 4), yas  - -- - 

associated with. an increase in ligand binding aff ini  decrease K,). Whether the 

iBrease in affinity was a consequence of an altered kinetic association (k,) o r  

dissociation (k  constant was not established. The increase in-binding affl-nity was- - - -- 
- 

associated with an increase in PN. receptor site density (BmU). s u ~ e s t i n g  a binding site 

9 
alteration that may allow for a more accurate enumeration of PN sites. The higher K, - 

\ 

and lower receptor site density evidenced a t  micromolar--cca2+] are consistent with 

unsatu'rated ligasd binding (Fig. 1 & 3). DHP binding to the,sarcolemmal ca2+  fhannel 
r": 
*" 
- - 

is suggested by these observations a n d  the finding that the affini<y of the ca2+  
c -- - - - - - - - - - -- - - - - - - - - - - - 

I 

channel for c a 2 +  is < 1 uM (8) similar to that for the qation restoration of DHP 

binding (7), upon oation-depletion. 

The apparent inhibition of PN binding in the presence of calmodulin 
-- 

antagonists, calmidazolium and TFP, is in accordance with Ja is et al. (7) andsugges>ts f 1 

an involvement of calmodulin in the binding of DHP to thb sarcolemma. At a 

caImidazolium concentration of 1 uM and TFP concentration of 10 uM, inhibition of 

PN binding was approximately 75-and, 25%, respectively. - -The former - is - - comparable - to -- 
- 

th i t  found for inhibition of the DHP, NTP binding (83%) (7)'although the latter is 
- - -- - -- 

\ 

lower by about 30% (7). As shown in Table 2, the IC, (concentration a t  which 50% of- 

the activity is inhibited) values obtained for calmidazolium (0,28 uM) and TFP (28 

uM) are in the same range as those foupd for other processes thought to be 

d, such as c ~ ' + - A T P ~ s ~  (14, 15, 16) and phosphodiesterase (17). The 



- 
of P N  binding - bi calmadulin -antagonistsr howver ,   nu^ Bclp-~o~-spo&ie- 

- - - --- - - - - - - - - - - - - - - - - - - + 

C 

ffect  related to the presehce o f - a  hydrophobic surface associated with the DHP 
* - - - - - - - - -/ 

(7), similar to that on calmodulin and  calmodulin-binding proteins (18). 
, 

An in;olvemcnt of calmodulin in the binding of PN was substantiated by the 
-a 

finding that  the addjtism of 50 nM calmodulin enhanced PN sbecific binding by 
& 

greater than 2-fold (Fig. 6).  Preliminary .evidence suggem that the addition af 
- -  . 

calmodulin increases the Bm& with no apparent effect on the binding affinity (data 
* 

- - --  - -- -- - - A - - - - 

not shown). Glossmann & Ferry (3), however,' found that the ifddition of purified - 1 - 

caldodulin to, membranes had no apparent eqfect on NTP binding and INTP did not' - _1 

bind to calmodulin in a direct centrifugation binding assay. The differences may be a 
- - - .- - -- - - -- ---- - - 

consequence of different ligands employed or more likely to the sarcolemmal isolation 

technique usetd. If the sarcoiemma i n  @e above mentioned study, were not calmodulin 

: depleted then the further addition of calmodulin would probably not enhancc NTP 

,. binding. Clearly, further> experimentation (including extraction' and quantif-ication of 
f l  L * 

membrane bound calmodulin) is required to determine if the isolation procedures can 

'r, 
- Glossmann & Ferry (4) also found that DHP receptor sites were heat sensitive 

- 

in contrast to the finding that calmodulin is a' heat stable protein (19). The inclusion 
- 

of 1 m~ ca2+, however, protected the drug receptor against heat inactivation (4). This 

observation and the finding that the ing of the DHP, W P ,  was actually heat - 

stable (4), suggests a possible ca2+-depe~dent  role of calmodulin in NTP binding. Thc 
-. 

former observation is in accordance w i t h ~ f h e  ca2+-dependence of calmodulin binding 
- - -  

observed in rat  brain microsomal fractions (20). ~a?+-dependence o f  c a l r n ~ d u l ~ n  and 
- - 

PN binding was apparent but their ca2+-sensitivities dif fer  by several 'fold (Fig. 7 ,  

questioning the extent of calmodulin involvement in PN binding. The pbcsence of 
- 

either an o p t h a 1  extravesicular c a 2 f ' m  calmodulin concentratio 
- - 

an increase in total and a decreasein non-specific PN binding. 



ca2? P '&hd P calmod;li* ---- bn PN binding implicate an involvement of ca2+-dependent - 
--- 

e* . $a -4 . 
calrnodirlin i n .  + PN binding 'and would parallel the observation that  calmodulin is 

required for full activation of the ca2+  channel (21). 

. If in fact calmodulin is involved in the binding of PN to myocardial 
-- 

sarcolemma, it can be postulated -- that a- loss or alteration in calmodulin during the 

9 experimental ' procedure would decrease PN binding. This would provide an - - 
-c - - - - - - - - - - - -- - - - - 

explanation for  the co&&able specific binding of PN in the crude homogenate and 
. 

highly-purified sarcoFemina1 G c t i o n  found previously (9): The addition of c a 2 +  to the 
I 

isolation process may circumvent the IQSS of calmodulin. - 
- - - 

- -- 

The results -of this study Crovide further clarification of the in vitro - 
* 

sarcolemmal DHP receptor site and requirements for  PN 'binding. ca2+-dependence of , 

ligand bindi'ng a n d  the possible involvement of calmodulin in association to the 

receptor 'site are consistent with the postulation that binding of PN is  to the 

sarcolcmmal c a 2 +  channel. 
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ca2'-sensitivity curves of PN200-110 binding , 
-- 

- - 

Fig. 1. ca2+-sensitivity curves of PN200-110 specific binding as a function of ligand 
concentratim . in highly-purified sarcolemma. CaCI, and PN200-110 concentrations 
were varied between 0.002 to 5 m M  and 0.15 to 0.5 nM, respectivcly. Buf fer  
concentration was 50 m M  and the ineubation time was 90 min. at 23OC. 



+ ,..- 
Specific PN200-110 binding as ' a  function of ~ a ' +  concentration , 4  - - 

" - 
Fig. 2. Specific PN200-110 binding as a function of c a 2 +  concentration (express -+ 

pCa (-log[Ca2+])) and ligand concentration i n  highly-purified sarcolemma. ~ a ~ l ' l  and 
PN200-110 concentrations were varied between 0.002 to 5.4 aiM and 0.15 to 0.56 nM, 
rcspectivcly. Extravesicular buffer  concenfiation was 50 mM and the incubation time 
w3s 90 min. at  23OC. 



Scatchard analysis of PK200-110 binding at varying c a 2 +  conccntrations 

Q 

- - - - - -- 

F i g  3. ~ c a t i h a r d  analysis of equilibrium PN200-110 binding to highly-purified 
sarco1emmal preparations where c a 2 +  concentration was varied bztwecn &002 to_ 5 m ~ .  
For Scatchard plot analysis (B/F (specifically bound PN200-110/free PN200-i 10) v s _  \ 
specific PN200-110 binding) where PN200-110 concentration was varied bctwecn 0.15 
to 0.5 nlU ~xtraves i cu lar '  buffer concentration was 50 mM and the incuba'tion. timc 
was 90 min. at 23OC. - 



-*a-gra2+-errrtat2ns on the bindinzpaffi'nity and sarcolemrna1.- 
receptor density of PN200-110 

. - - - - - - 

Fig. 4. PN200-110 binding affinity (K ) (a) and maximum ~ ~ 2 0 8 - 1 1 0  receptor density 
(B,,) (c) in  highly-purified s m % m m a  as a function of c a 2 +  concentration 
(expressed as pea). Extravesicular buffer concentration was 50 mM and the incubation i 

time was 90 min. at  23OC. 



I Inhibition of PN200- 1 10 binding by calmodulin antagonists 

F T g 3 . R e l a t i f F w  inhibition of PN200- 1 10 specificlatibinding as a function of 
calmidazolium and trifluoperazine concentration (-log[M]) in highly-purified 
sarcolemma at a PN200-110 concentration of 0.50 nM. Calmidazolium and 
triffuoperazine concentrations were varied hetween a05 I,Q 2B UM and I to 2QQ ILM, - - 

respectively. Extravesicular buffer concentration was 50 m M  and the incubation tirnc 
was 90 min. at 2 3 T .  Bars represent + S.€M . 



PN200-110 specific binding as a function of calmodulin concentration 

Fig. 6. Relative (%) PN200-110 specific binding to highly-purified sarcolemrna as a 
- - 

TuncCon o f  cxogenous calmodulin addition, whG6 c a l ~ o d u l i n c o n ~ ~ ~ i o n  (- 
log[calmodulin]) was varied between 10 to 1000 nM, PN200-110, buffer and CaCl, 
concentrations were 0.4 nM, 25 m M  and 2.5 mM, respectively. The symbol, : refers to 
a significant difference ( p  < 0.05) as compared to specific PN200-110 binding in the 
absence of calmodulin addition. 



I ca2+-dependence of  PN200-I 10 and calmodulin binding 

Fig. 7. ca2+-dependence of  PW200-110 (at 8.50 nM) specific binding and ca2+ binding 
to calmodulin (mol c a 2 +  bound/mol calmodulin) in  highly-purified sarcolcmma, where 
c a 2 +  cohcentration is expressed as pCa, 



- - 

analysis of PN200-110 binding at varying ca2+ conc'entratio_ns Hil l  

- 
Table 1. - 
concentmtions. where log[B/BmU-B] was plotted a ainst -log[PN200-1 lOIfni The Hill 

.c?orCCicient (a) and the coeff icmt of correlation ( r 5  a r c g k e n  



- - 

CALMlD TFP TISSUE REACTION 

RBC (14) Ca/Mg ATPase 

RBC (15) Ca/Mg ATPase 0.35 

DANSYL BOVINE (22) CaM ( 1  nlM Ca) 

CARDIAC SL DHP Binding 
(present study) 

- 
\ 

Table 2. The IC,Q (concentration at which specific binding inhibited by 50% at 
equilibrium), in vanoos tissues, of the catmodtrtirr mtzgmisk, cafmfb9zd-fttm 
(CALMID) and trif loperazine (TFP), on calmodulin-mediated processes. A bbrcvia t ions: 
RBC (red blood cell); SKEL (skeletal muscle); SL (sarcolemma); SR (sarcoplasmic 
reticulum); CaM (calmodulin). 



. -  
- . + + - A ~ - -  - 

- T 

CALCIUM ANTAGONIST BINDING TO MYOCARDIAL SARCOLEMMA: 
ADAPTATION! T O  EXERCISE 

Introduction 

The regulatory role of cardiac plasma membrane (sarcolemma) in myocardial 

function is well documented. This study was conducted to test the hypothesis that 
-. 

endurance exercise training-induces adaptations in myocardial sarcolemma which may 
\ 

- 

account for the augmentation in contrhctility observed with training. 

In the myocardium, transsarcolemmal calcium (ca2+) influx plays?a key role in 

excitation-contraction-(E-C) coupling (1). This is consistent with the findings $hat - * 
-- 

cardiac muscle contraction has an absolute extracellular ca2+  requirement (2) and 

4 
contractiliiy d a r i ~ s  as a function of extracellular ca2+  concentration (3). 

- - - -- -- - -- 

Although endurance exer'cise training has been shown to enhance cardiac 

performance (4), the mechanism of this adaptation is not fully understood. We have 
4' 

? previously postulated that it rn5l be attributed t o  an alteration in myocardial 
->  -4  

" contractility as a consequence of sarcolemmal adaptation(s). Hearts from trained 

animals have exhibited a) lowered sensitivity to ~ a ~ +  (5) (an agent that acts on the 

sarcolemma to uncouple excitation from contraction) (6) b) an '  increase in the 

predicted number of sarcolemmal calcium binding sites (7), c) prolongation of the 
- - - -- -- 

action potentiai (7) and d)  substantial alterations in the lipid composition of the 
- z - - --- 

sarcolemma (8). In  the latter study the specific sarcolemmal content of .phospholipids -- 

and phosphatidylserine were incrbased 23 and 50%, respectively. These-findings are 
I "s 

consistent with an increase in transsarcolemmal calcium influx that  results from 

training producing an increase in myocardial contractility. ~ a + / c a ' +  exchange is 



- - -- - - ----- - 

enhanced with exercise training, lik& a s  a r e m l t  of arrincrcasc i5 the aFririfiyPL - 

\ 
investig- the hypothesis that myocardial sarcolemmal ca2* channel .density is 

modified in response to exercise training. Calcium antagonists, in particular the al,4- 

dihydropyridines (DHP), are  thought to bind specifically with the sarcolcmmcil cna+ 

channel (10). . A new labelled DHP, ['HJPN~OO-1 10 (PN), haF-been employed in this 

study since it. is available in its active enantiomer form and binds with a high degrcc 
- - - --- - 

of specificity and petency (10). 

The  ca2+ current in heart is regulated by two distinct channel types, L and T, 

which give rise to slow, and fas t  c a 2 +  currents, res&tively (1 I). DHP block only t he  
- - 

- 

- 
L-type channel (12) and can completely inhibit tension proauction (13). 

Electrophysiological studies illustrate that  the *L-type channel is the major contributor 

of c a 2 +  influx during the ventricular action potential ( 1  1) and thereby is thought to 

play a crucial role in the regulation of contractility. 

Methods and Results 
- 

- 

Animal training and body characte'risiics. - Sixty-six female Sprague-Dawfcy rats 

were randomly divided into exercise-trained and sedentary control groups. Rats were 
v 

housed in Gages of four, in a temperature and iight controlled room and wer; fed ad 

libitum. - - 

At the completion of the 10 week treadmill regimen, the animals were 
-- 

- 
-- - -- 

sacrificed by decapitation a t  the same time daily to circumvent possible circadian 

variations (14). At the time of sacrifice, - the thorax was opened quickly and the hear? 

was excised and perfused retrogradely through the aorta, with homogenizing,medium 

(250 ?nM sucrose and  20 mM MOPS to maintain pH 7.4 @ 37OC). The  hearts were then 

trimmed of connective tissue, blotted d ry  and weighed (14). 



- -- -- -- -- - - - - - - - A  - -  - - - - - 

. - Sarcolemmal isolation and characte~lzatlon. The sarcolemmal isolation 
- - 

technique'(15) follows that of Bers (16) as modified by Philipson ef al. (17) and 3 

4 

subsequently by Tibbits ei al. (18). Protein content in all of the fractions and crude 

hamogenate was determined by the method of Bradford (19) using bovine serum 
- - 

albumin (Sigma) as a standard. The activity qf the sarcolemmal marker enzyme, 
- - 

K + ~ N P P ~ S ~  was measured as w; have described previously (20). 

homogenate and the subceliular fractions (F2, F3 and F4) in trained and contr~l .  

Linear regression analysis of PN specific binding (at 0.4 nM) vs. K + ~ N P P ~ S ~  activity 

significant fp c 0.05) difference in the slope was found between the regression line for 
- - 4 

the trained vs untrained, itiustrating an increase in  specific binding in the trained in 

the absence of increased sarcolemrnal purity. Specific binding (homogenate, F2 and F3) 

was stiit.istical\y (p < 0.05) greater in the trained than the control (Fig-2; F2) Scatchard 
- -  

rim Ieast-squares-Xnear regresSion)pIots(Fig3) of equilibrium-bindingforthe 
w 

trained and control g r w p  provided values for the maximum binding site densit; 

(BmU) and the binding dissociation constant (Kd) (Table 1). The trained rats exhibited 

significantly (p < 0.05) greater (- 50%) Brna.= values than the controls and lower (p > - - 
0.05) binding affinities for any given preparation, with the exception of F3: 4 - * - - 

Discussion 

. .  Sarcolemmal adaptation. It is clear from this study that endurance exercise 

training induces adaptations of the sarcolcmma. In preliminary studies (5,7), using the 
- - - - - - - - - -- - -- - - - - - - -- - - -- - 

same training protocol, an augmentation in myocardial contractility was found 

independent of ~yper t rophy  and alterations in myofibrillar ATPase activity. -- 
i 



suggested ( p  < 0.05) in the scatchard analysis (Fig. 3) of PN binding w h i ~ h  revealed an 
4 

a - 
approximately T 50% increase in the maximum density pf DHP binding sites in  the 

.. ( 

trained rats: The increase is in agreement with a previous investigation in our 

laboratory using another DHP, nitrendipine (23), and was found in 'the'absencc of n 

significant change in thea'activity of the sarcolemmal Aarker, K + ~ N P P ~ ~ ~ ,  or protein 

yield. Differential vesicular sidednek does not account for the difference because the 

vesicles'wcre loaded with- an-isotonic-medium and then diluted k t o  an-optimatty - 

hypotonic solutioq (20) causing the vesicles to rupture and allowing access to both 
. a 

The sarcolemmal adaptation - to exercise training is apparently qutfntitative 

rather than qualitative although the binding affinity of PN in the trained was 

generttHy lower than in tGruntrained as evidenced, by an increase in the Kd. This 

finding may be a consequence df .an alteration in the DHP binding site with training. 

Phospholipids have been shown to be an important com?oncnt of the binding site (24) 

and exercise training h a s  been shown to alter the membrane phospholipid composition 

(8). An alteration in the composition of phospholipids associated with -the f N binding - 

- 

site may ultimately affect the affinity of the re ptor for the DHP 

- 
"t 

lowered binding affinity, evidenced in the untrained, womM serve to 

the difference between the trained and untrained, shown in Fig. 2 & 

concentration of 0.4 n M  .-' 
#- ? 

Evidence i s  available to s u . e s t  that t h w  may be some parallel 

& a  physiological stressor, such as exercise, and pathological stressors. 

molecule. Thc 

underestirnatc 

3, at a ligand 

in the nature . - 

Wagher et al. 

(25), in cardiomyopathic hamsters, found a substantial increase in  the number of  
- 

fitf&he D#P w3dieg &eS ~ A f ~ ~ ~ t z f f  e t ~ i . 4 2 6 j 4 c x m - l k 6 ~ -  

of ca2+ in cardiac myucytes of cardiomyopathic hamsters to be elevated and a 

prolonged action potential was feud by Rossner and Sachs (27). The latter has also 



that induce the adaptation and/or the strategies of myocardial adaptation. 

" The adaptations observed in this study may still be a consequence of 'other 

sarcolemmal component alterations. Evidence suggests that DHP bind to the calcium 
I 

channel or to a protein closely associated with the channel, as suggested by Towart 

and S c h ~ ~ - ~ ) - - C a ~ 1 ~ & b e e n A o u r ~ t u d f ~ w p b i n n i ~ + ( 2 ~  X L L L  
A - -  > - -  - - -  

required for 'full activation of the ca2+ channel (30). 

Sarcolemg~l ca2+ channel density is modified in response to exercise training, 

function and the process of ada w? The evidence presented k consistent with the 
w 

notion that exercise training increases ca2+ channel density (approximately 5.71 

channels urn" (21) vs 3.55 channels urn" (20) in trained vs control). This increase in - -  

caZf channel density is in accordance with enhanced myocardial contractility (5,7). 
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K'pNPPase SPECIFIC ACTIVITY l ~ r n o l -  mg - la  hr - I )  

PN200-110 binding vs K + ~ N P P ~ ~ ~  activity in the trained and untrained 

- - - - -- - -- 

Fig. I .  Relationship between PN200-110 specific binding (pmoles/mg protein) (PN200- 
T 16 concemratlon = 6.4 nM) a t  e q u m r j u m  anzspec l t l cac t lv i ty  of the sarcolemmal 
markcr enzyme, K'p~PPase,  in trained (T) crude homogenate ( A ; n=8) and subcellular 
fractions ( c ; n=20) and control (C) crude homogenate ( A ; n=8) and subcellular 
fractions ( a  ; n=20): Buffer and CaCl, concentrations wcrc 25 and 2.5 mM, respectively 
and the incubation time was 90 min. a t  23OC. 



- - -  

PN200-110 binding in trainzd vs control as a function of PN200-110 concentration 

- - -- - 

Fig. 2. PN200-110 specific binding (pmoles/mg protein) i n  trained (T) vs control (Q 
as a function of PN200-110 concentration (nM). PN200-110 concen tratiok was varied 
between 0.1 to 0.4 nM, buffer and CaCl, cenccntrations were 25 and 2.5 mh4, 
respectively, and the incubation time was 90 min. at 23OC. Bars represent + S.E.M. 



SPECIFIC BINDING (pmoles-mg-l) 

Scatck,ard plot of PN200-116 bindfng in the trained and untrained 

Fig. 3, Scatchard plot of PN200-110 .specific binding to a highly enriched sarcolemmal 
fraction (F2) in the trained ( 0 ;  n=6) apd control ( e ;  n=6) group. 



TRAINED CONTROL 

HMG 

F2 

Maximum Table 1. binding site density (Bmm) and dissociation constant $Kd) 
determination from Scatchard analysis of  linear plots of  PN200-110 bindin to- 
homogenate (HMG) (n=8) and subcellular fractions, F2 (n-6), F3 (n-6) and F4 (n-8) 
for the trained and control groups. 

d h 



Conclusion - 

I t  has been demonstrated that exercise training can induce a numberL-of 

adaptations in the myocardium. Many of these alterations lead to a n  increased stroke 

volume and therefore an  improved oxygen delivering ability of the cardiovascular 
- 

system. These adaptations include homeometric changes that enhance the contractile 

ability of the myocardial f ibtr.  Among the mechanisms postulated fo r  this 

enhancement is an  in6rease in calcium transport across ' the  sarcolemma, particularily 
n 

through the calcium channel. 
d 

Dihydropyridine binding sites were enumerated using a radiolabelled calcium 

antagonist, PN200-110. ,Binding of PN200-110, to highly-purified sarcolemma, was 

charncterircd Qnd provided h d e n c e  to suggest that this ligand binds to the calcium 

channel. Therefore, PN200-110 was used as a tool to gain information about the 

density of the calcium channels in response to exercise training. 
----- 

b 

There _was a substantial increase in receptor ~ i t e  density with exercise training, 

cquivafent to an  increase from 3.55 to 5.71 sites per urn2 sarc&mma. With the 

assumption that PN200-110 binding sites refleEted the density of functional calcium 

channels, the apparent  increase with exercise training supports the hypothesis. The , . 

increase in contractility could be a consequedce, therefore, of enhanced calcium 

current density during the plateau phase of the myocardial action potential. This< 

inturn would increase stroke volume and account for  enhanced cardiac performance 
-- 

with training. To  substantiate that this increase in binding site density parallels an 
- 

increase in functional calcium channels an  electrophysiological analysis should be \ 

undcrta ken. 

Another finding of this study, that  deserves fur ther  investigation, was the 

apparent involvement of calrnodulin in the binding of PN200-110 to sarcolemma. 



Evidence gathered suggests that calmodulin may be lost or alterect in the isolatian and 
- - - - - - - - - - - 

purification procedure employed in this stuiy.  Further expcrimcntation is rcquircd to 4 
explain 

- calcium 

the role of endogenous calmodulin in the regulation of the sarcolcmrnril 

channel and the effect  of endurance training on this'protein. 


