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-~ _ABSTRACT _ | 5 R

'In response to exercise training one generally observes an increase in stroke
-~ volume under resting conditions as well as ifi “both submaximal and maximal work.
: -- i B 7 ' N ‘, < ~ -
The purpose of this study was to investigate one possible intrinsic mechanism. by = -

- .
—

E—

which stroke volume can be increased with endurancé training; increased myocardial

~contractility as—a consequence of increased density of calcium-channels in the plasma

“membrane (sarcolcm'ma«)r—rr R
Female Spfaguc-Dawléy fats were divided randomly into a scdcntary-eontrol-

and an cxcrcxsc:-t-r—amed group and thc latter ‘was trcadmlll tramcd for a mlmmum of

5

\‘n

10 weeks. Upon excision of thc hearts, sarcolcmma was isolated using- differential and’

—_—

sucrosc gradient ultracentrifugation. Protein and sarcolemmal enzyme analyscs were
pcrformcd’ and no statistically significant diffcrcncc‘ (p > 0.05) between the groups was 7
] ,

found.

.To cnumcratc calcium channel density, a tritiated dihydropyridine calcium
&

e

antagonist, [3H]PN2OO 110 (PN), was cmploycd The specific binding of PN was found'

to be max:mlzcd in the presence of 2; 5 ‘mM CaCtz, 50 nM calmodulm an cxtravcsxcular R

t-omcxty of 20--30 mOsm L1 and an mcubatlon time of at lcast 60 minutes. Calcmmv “

-

addmon was-Shown to increase both llgand bmdmg %d rcccptor site density. | *f'd

Calmodulin antagonists profoundly inhibited PN SpClelC bmdmg to highly-purified

sarcolcmma Spcmfxc bmdmg of PN to fractions dcrlvcd from sucrose gradient
,,,qcniuLuganorgwas,,masanably,,mchauclatcdﬁxmbomfunuaineech#O%ﬁand%i
,74MMMMM@MWMM%—
| stxmulatcd p-mtrophcnylphosphatasc (K+pNPPasc) The kgnctnc ‘on’ and ‘off* rate

censtantrfor PN binding were 433 ‘ﬂ‘ﬁls'lﬂandﬁo* 1078571, rﬁpccfﬁfw ****** -

Thcrc was an approxnmatcly 50% increase (p < 005) q’n»d’N bmdmg sxtc dcnsnty .

in trained as in comparison w:th untrained in both the crudc homogcnatc and ‘the



iv

&

" subcellular. fractions. It was calculated LhaLmle,cqmalanMmmmimmﬁlﬁi

1o 5.71 sites per um? sarcolemma as a result of the training program. g -

. " The observed increase in the’ density of sarcolemmal.calcium channels with
~..gXercise training, may allow for a greater influx of calcium current during the
~myocardial action potential. This provides a possible mechanism for the concomitant
" increase in myocardial contractility.
] - -
,f ? 7(
.
— 7.,-.*"
.
? -
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With endurance exercise training one normally observes -an -increase in -

T’ " maximum cardiac output a dccrcasc m submaxxmal hcart Tate for a glvcn w‘brkload

and hcncc an increase in both submaximum and max:mum stroke volume. Even though
3

—r—f—rf—wth&ebservatrofhof the }attCHHe}l doeumcntc&m_ﬂr&htcr&turrthcrrmlrtﬂrmsrght%A*
to thc mcchamsms by whnch thlS changc takcs place. Alterations in stroke volumc have

been attnbutéd to extrinsic’ (cg mcrcascd venous rcturn) and/or mtnnsw myocardxal

- changes 7(8‘@. eontr

"cvcr 'many- ‘questions about the effects of endurance
““exercise training on. stroke volume still remain unresolved. This can be partially

cxplﬁincd' by ‘the diffcrcntr training paradigms; species and the cxpcrimc_ntai

parameters that have been proposed and used as indices of c0ntractility. Of particular.

_importanc(:,l is the development of technigues to invéstigfatc the mechanisms of

contractility: cha.ngcs wnth exercise training. It is_the purpose of this study to

mvcstlgatc one possxblc mcchamsm by whnch contractnlnty anﬁmcncc strokc volumc o

can be mcrcased with cndufane&trammg, using 1solatcd and purified sarcolemma (SL)




Stﬂrﬁch VQlumc chulatxon ) - : -

Stroke volume can be defined as the difference between thé volume of blood in

the left ventricle just prior to systole (¢nd-diastolic volume) and the volume present at’
the end of systole (end-systolic volume). Stroke volume is thought to be be under the
influence of heterometric and homeometric regulation. Heterometric regulation refers .,

PP

to those adaptive mechanisms that are a consequence of changes in myocardial {iber

length. Homeometric regulation refers to those .other. intrinsic adjustments of cardiac

pciformé._ncc that are independent of changes in myocardial fiber length.

Heterometric Regulation o v N
- \ ~

‘Heterometric regulation is predicated on a change in the end-diastolic volume

' (EDV) and is affected .by the central blood volume and other vascular factors which

conscquenily affect the blood returned to the heart (vcnqus rctu.'rn).
" Frank (1895), described the response bf the isolated heatt of the frog to

alterations in the tension of the myocardial fibers justprior to contraction.-Initial -

tension increased with greater degrees of filling-and, at each succeeding level,

contraction produced a progressively greater peak pressure. Starling (1918) using his
famous dog lung-heart preparations, formed the basis of the Frank-Starling léwl of the

heart. He found that the normal heart was .distcndcd to a grcatcr EDV in response to a

- greater-venous. rciunnjndihafamcnﬁ ‘contraction was mmmm.

~_muscle JWMWJMMMMM—

xmparted to the blood by thc contraction of the left ventricle, independent. of ncural
or hormonal control, is propornonai to the icngth of thc vcmﬁcv{af musclf Hbersﬂﬂw%
- the cnd of thc preceding diastole. The results from Starlmgs ‘studies of the nsolatcd

heart were also considered applicable to the intact animal. However, in the intact



3 o

3

ammal not only is it dnffxcult to obtam a rcprcscntatnvc measure of end- dlastohc

, myocardxal fiber lcngth but othcr mcchamsms may bc superimposed to obtam an

‘ mcrcascd strokc volume.

The Frank-Starlmg law of the hcarft is _in ‘a.g'rcemc'nt‘ with thu 'rcla'tions:hip'that A.

. has “bccu shown in both skeletal and cardiac. musulc fibers in Which the tension
: gcncratmg capacxty of thc flbcr is cnhanccd as sarcomere lcngth is mcreascd untnl thc

optlmum lcngth_ié achlcvcd (Gordon et al, 1966) This lcngth -tension relatlonshnp 1{1

thc myocardlum rcprcscnts a potcntnal control mcchamsm by whnch thc lcvcl oftm

-

prcioad \(vcnous return) can mflucncc the tension thc musclc gcncratcs (Katz 1977) 7

For thc lcngth tcnsxon rclatxonsmp to mediate the cardlac rcsponsc to increases in

Ioadmg 1t is ncccssary fof thc myocardlum to bc opcratmg on thc asccndmg hmb of
the sarcomere lcngth-tcnsmu c;u,rvc. .
Although the lcngth-tcnsion’rciationship probably plays a major role in beat-to-

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

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

changcs For example, it has bc‘n shown from X- ray studies, that durmg cxcrmsc
EDV of thc heart was rclatlvcly constant (K jelberg et al., 1949).7 - o
Thc importancc of the ccntral blood volume for the stroke volume was

‘ dcmonstratcd.in 1939 by Asmussen & Chnstcnscn They noted that the cardiac output
was approxnmatcly 30% hnghcr whcn the legs were "blood free" as cog parcd wnth the
K:s due to a high

cxpcnmcnts with blood pooling in the legs. Thc high cardlac. output

strokc volumc, for the heart rate was actually lower than in exercise with rcduccd

kY
13

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

compression produced by the contracting muscles and because of thé unidirectional

A A

orientation of the venous valves. The respiratory pump also greatly enhances venous
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rcturn bccausc durmg xnspxratmmmcicductmmmjmamnnmgmsumsmm

to the lumcn of the blood vessels located thlun the thoracxc cavfrx This reduction in

central venous pressure durmg mspxratxon mcrcascs thc prcssurc gradnent betwccn
s =

cxtrathoracxc and mtrathoracw veins (Bernc & chy, 1981) Both of thcsc mechamsms
;tcncj to ‘enhance venous return, thercby affcctmg EDV ‘and potcntnally mcrcasmg -

stroke volume.

“‘ -

-

Variations in afterload exert a characteristic effect on the work performance

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

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

when it is in a resting state but which is encountered by the muscle when it begins to

 contract (Katz, 1977411 the left ventricle is f4Ced with an abrupt increase in aortic_

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

-decreased due to vasodilation in the vascular bed (Wolthius et al., 1977), although the

-elevation in cardiac output (CO) causes the mean arterial bldod pressure (CO x TPR)
. b . - . N ) . 7 N \ Al
to rise (Astrand et al., 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 et al., 1977). o R e

Homeometric Regulation

m——

Any changc in the strcngth of contraction during a smglc hcartbcat that does

_ not-resultfrom a change4n+m&a¥ fiber- 469—3&—6&”6%35@6%%&7&%%

inotropic state) will augment cardiac performance (a positive inotropic effect) v;/hilcra
dgpression in contractility will toweér cardiac performance (a negative inotropic

effect).
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Changes m the motropnc state of the myocardrum are most readily explamed as -

being due to gradations in the amount of calcrum"delrvered to the contractnleproterns

Sty
'

for binding to troponi-n (Solaro et al., 1974). The. source of this caicium for activation_
is, however, controversial

Several mcchamsms have ‘been mvestrgated as berng responsxble for the rise in

g T
—_—

nntracellular calcnum for contraction. Theselxnclude (n extracellular calcium transport

through enther 1on1c channels rn the SL or (2) through an ion- exchange mechamsm or

(3) release of calcrum from the sarcoplasmrc retrculum (SR).. T

Cardrac muscle contraction has an absolute extracellular calcrum (Ca'”)
{

requirement (anger 1883; Nrcdergerke 1963) The strength of cardrac ‘contraction is

proportronal to the external Caz+ concentratron up to - about 12 mM in most

; mammalran species (Bers et al., 1981) and ~3 mM in rat (Tibbits et al., 1981a). These

findings, as well as others (Katz, l977; Randall, l:962—; Reuter, 1979) 'indicate that there

is probably little doubt that transsarcolemmal Ca?* influx plays a critical role in -

excitation-contraction (E-C) coupling.

Sarcolemmal Calcium Binding S S
—— {
When extracellular calcium is removed force has been noted to decline

expon'entially with a tl/2 of 45 to 50 seconds. The redevelopment of force, upon return

of calcium is at least 3 to 5 times faster (Philipson & Langer, 1979). The rate of

redevelopment upon replacement. of calcium is virtually’ the same as the rate of |

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

of a'capillary surface (Frank & Langer 1974) : ;

contractile control is bound at a cellular site which is in rapid equlibrium with
vascular . calcium. The most likely site —is the SL. -This -is- —supperted%yy;the—'—s—f—

ultrastructural demonstrati‘on that almost 40% of the cellular surface is within 0.2 um

-——



6 - | S

~ Further support for sxgmfxcant SL calcium bmdmg comes - from cxpenments in

which other di- and t‘rx-valent cations compete with calcium f,0r bmdlng sites (Bers &_

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

. - a high ¢orrelation between the abil_ity,of certain cations to displace calcium from the
A
SL and thexr ability to depress contractile function. The divalent cation scqucnce to

dxsplace calcium from intact cultured cells and their abxlxty to uncouple excntanon :

from contraction in «neonatal ventricle, relative. to lanthanum (La3+).Was: cadmium

(Cd*) > manganese (Mn2*) > magnesium (Mg3*) (Langer et al., 1974). Cadmium (0.97 . .. ..

3) is the ion with its crystal radius the closest to that of cal'cium (Ca”) (0.99 A), Mn?t

.—-——

(0 80 A) is 1ntermed1ate and Mg2+ (0. 66 A) is the furthest removed (Langer 1984) This -

mdlcates that the size of the non-hydrated ion relative to calc:um plays a s:gml‘xcant
role m determmatlon of its abxhty to compete with calc:um 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,bf calcium that is made

available to the myofilaments.

Of 'great importance are recent expe_riments which de'monstrt.itc~thc }‘cr‘itical 'rvolc
that plasmra' membrane rc‘om'p’osition and—strtxcture. play in the—regulation——of' membrane -~
and ceil function.rPhilipson et al. (15'?0) have‘shown that the SL calcium biriding
critical for cdnttaétibn is to phdsphotipid (PL) ‘moieties and of thcse the Pquthat‘ are
anionic at physiological pH, phoephatidylserine (‘PS) and phosphatidyrlinosi’tol (P1), are
most imp'ortant The' degree of interaction of Ca2+ with‘ the PL has been suggcsted to

______ be gdvemed by thc;transmembreme elecjnLLer;Laml Ca?t can be rcleased from thc

7diwmmmwmmmmmmmmi

has also been implicated as bemg the major contrxbutor of the negauve surface chargc

of SL; membranes-(Bers et al., 1985) thus attracting calcium-ions. The presence of PSis
also required for sarcoplasmic reticulum‘(SR) protein phosphorylation by' ex0genous

Ca?*-activated PL-dependent protein kinase (protein 'k'inasc C) (lwaga & Hosey; 1984),
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Thilsevidenc,e'implies that PL may play a role inhcontrolling Ca3t Vm’ovement during

the eXcitati«on-contraction sequence in cardiac muscle.

mWhllst it 1s wrdely agrecd that E-C couplmg in heart muscle requlres an mward

[ - : T Ll

movemcnt of calclum 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_

E—

of contraction. Bers & Langer (1979)‘clairn that the amount of calciurn bound to the :

SL is, by 1tself enough to support the mteractron of the myofilaments. Others

T

‘however, claim that ‘the magnitude of calclum entermg the myocardlum ‘is. msuffrcuent.,_; e

(McDonald 1982; New & Trautwein, 1972 Reuter 1979), provrdmg only enough

calcium for ~30% activation of the myofrlaments (Solaro & Shmer 1976). However,

recent advancesnn srngle cell voltage and patch clamp studres (Isenberg, 1977 Lee &

Tsem, 1982), radrotracer flux measurements (Lewartowskr et gl., 1982), and selectrve
microelectrodes (Bers, 1983) have increased estimations in the Ca?* influx (to ~10-183
umol/kg wet tissue) in the range required for half-maximum activation of the

- myofilaments (15-42 umol/kg wet wt) (Fabiato, l9»873; Solaro et al., 1974).

_Calcium Channel = e

3 . ) 13
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One possible route of calcrum entry across the SL is best descrlbed as a channel
o 4

or porc through whph calcium ions flow and give rise to a current (Beeler & Reuter,

‘ 1970). Certain inotropic interventions augment this so-called in\‘Ard current believed

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

Trautwein, 1972; Reuter, 1967). , | : |

Proposals that cyclrc AMP-dcpendent protem phosphorylation might mediate B- |
_adrenergic_ modulanom cMrmrMunehmm made&&earlH&JrQl"p (Tsien,
19738) following the 1n1t1al ev1dence for the involvement of cAMP (Tsien, 1973Db).

V_oltage clamp (Reuter, 1974; Reuter, 1979; Reuter & .Scnolz, 1977; Sperelakis &



__Schneider, 1976) and patch clamp experiments have evolved to study ;thc properties of

individual channels (Brum et al., 1984; Cachelin et al., 1983; Reuter, 1983; Reuteret al., .

1982' Reutcr et al., 1983) and ‘whole cell rccording‘s ‘ dcsighcdv to analyze properties of -

. thc cnt1rc pool of f_unctnonal calcnum channels (Bcan et “al., 1984) Increased calcium >

current is the result of catecholamines cxcrtmg thcnr cffcct by (a) slightly mcrcasmg
the mean open times of calcium channels, (b) reducing thc umc.mtcrvals bctwccn'

bursts of channcl openings, (c) increasing burst length and (d) reducing failures of

calcliumx.channels;to. open upon.depolarization (Reuter-et al.,-fl986A;,,,Tsicn-etmdl.gl.986).m,u,;-‘ B

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

the calcium channel was induced by the addition of the c‘atalytic subunit of the cyclic

AMP-dependent protein kinase, and was paralle]:d by the phosphorylatioﬁ of a
membrane-bound acidic proteolipid which has bcen termed ca]ciductin (Rinaldi et al.,
198:1). Philipson (1983) stﬁtcs that tﬂi§ finding, ho;vcvcr, is vinsufficircnt evidence for
assignment of a role to thns protcm in the regulation of thc voltage -sensitive calcium

channel. Thns was suggcstcd because thc putatnvc in vitro calcium channcl dcscrnbcd by

- contamination by SR.

~‘R1nald1 et al. (1981; 1982) requnrcs a source of energy and requires an outwardly

directed sodium ﬁradicnt. -These properties are inconsistent with—;known—fattr—ibutc,s of -

the cardiac calcium channel. This acidic protcolipic{, which has a molecular weight of
23,000 (Rinaldi et al., 1981) resembles the acidic proteolipid phospholafnban (22,000
daltons (Hicks et al, 1979)), which modulates the Ca”-transporting»'ATPasc of heart

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

~ Na'*/Ca?* Exchanger

|
|
1
|
|
i
|
)

- Another transsarcolemmal 'Ca®* transport mechanism is the Nat/Ca?t

cxchangc"r. To what extent the influx of Ca?t on the exchanger contributes to the



,enhancement of sarcoplasmm Ca2+ required for myofrbnl actnvatlon is not known The

a*’/Ca2+ exchange system has been suggested to be a hrgh capacrty pumprng systcm N

desrgned to eJect calcium, presumably only when the calcrum concentratnon in the

sarcoplasm has mcreased substantraliy (1e ht peak actrvatron) (Carafolr 1984) Under

-3

these condrtlons, thc relatrvely low Ca?t affmrty of the exchanger (Bers et al 19%0'

Reeves & Slrrko 1979) is probably not a lrmntrng factor, but its hrgh velocrty (Caronr .

C& Carafoll 1981) is partrcularly useful.
} v

.. The Naf'JCa2+ exchanger is able to transport at least three Nat for every Ca?t

&

ion and is, thercfore, clectrogenic in nature (Phrlrpson & Nrshr,‘moto, 1980; Pitts, 1979).

Thus, the magnit,ude and possibly the dircetion of the exchanger can be affected by

"the membrane potcntial (Philipson & Nishimoto, 1980) and perhaps by thg intracellnlar
- sddium con‘eentration. There is theoretical evidence to suggest that under depolarizing
conditiOns, “the exehanger contributes to calcium. influx and therefOre tension

development and under repolarizing conditions it contributes to -calcium _eff'lux :

' (Mullin_s, '1979). Raising the intracellular sodium concentration’ in squid’ axons,' or

lo\'.veri’ng the extracellular sodium conccntration has_been clearly shown to promote
- inward calcwm transport (Baker et al 196.1' d969) -Since ,it ,is,wells established that
. mtracellular sodrum conccntratron strongly affects contractrlrty, it ‘has been suggested
.that th:s is due to the exchanger Evidence _suggests that 1nh1b1tron of the exchanger
may have a negatlve inotropic effect(Carafoh, 1985) and strmulatron of the exchanger

may augment contractrlrty (PHilipson, 1984)

It has been - demonstrated that a phosphorylatlon dephosphorylatron step

catalyzed by a Ca plus calmodulin-dcpendent kinase activates the exchanger,

whereas a ‘de‘phosnhorylation ‘rcaction catalyz'ed . by either exogenously added
e ﬂohosphataseropbsua—calmodulm:dependentendogenousfphosphataseAea%tuatesfrt—

(o;ifoni'& Carafoli, 19’83)..The oonoerted operation loe kinase and phosphatase is

thought to be made possible by their different affinities for Ca?t and calmodulin

_ _ L — — S Sl P
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Sarcoplasmic Reticulum Calcium Transport

s Y
It has bccn clcarly dcmonstratcd that thc current carncd by calcnum through

[

the calcium channcls,sz 1mporta~nt in the E-C couplmg process (Katz, 1977' Randall,

****:”ﬁ962ﬁkeuter T979) ﬁtﬁdug“h Tlﬂffﬁaﬁnit de of cal wm mfrux § not T: sclf cnougﬁ

[ e

to account for thc largc mcrcasc in mtraccllular calcium conccntratxons (Fozzard &

Beeler, 1975 Solaro & Shmc 1976). It ‘may, howcvcr be suffxcncnt to trigger a gradcd'

’ r¢1casc ‘of calcium from an intracellular store.
- Two theories as to thc mcchamsm rcsponsxblc for SR calcium rclcasc m thc
myocard:um have been proposed. The first, whnch can be lookcd on as depolarization-
mduccd has gamcd support as a mechamism for SR calcnum rclcasc in skclctal musclc'

\

(Ebash1 1976; Endo, 1977) The sccond calcxum-mduccd calcxum relcasc is !css‘hkcly

to be of sxgmfxcanee in skeletal musclc but may play an important role in thc

myocardxum in ‘which vanatxons in thxs calcium rcleasc arc of major physnologncalm_
importance.

Biﬁanchi\ & Bolton (1966) 'firs,t'proboscd ‘that calcium itself Hﬁgl_xt trigger a

rcIca'S\c of calcium from ‘the SR. Since then, evidence has accum"ulratcd that a ,,sn:all

- initial rise in intracellular calcium may indeed be the stimulus for release. Endo ef al.

(1968) demonstrated that an increase in the intracc'll’ular, free cajcium concentration

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

7

Skinned cardiac myocytcs>which contain SR cxhibit the phenomenon of

caICmm-mduccd calcium rclcasc (CICR)  (Fabiato & Fabiato, 1978a; Fabiéto, 19811;

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

not an all-or-none process but rather is graded. Since E-C coupling in cardiac muscle is
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dependent upon an 1nflux of calcrum it is possrble that tlus CICR phenomenon plays a

+=

role in mqbrlrzrng ealcrum for 1nteractlon wrth the myofrlaments

?ﬁa
' &’i
The threshold for trrggerrng SR calcrum relcase in the heart occurs around pCa’

6.8 (Fabiato, 1982) The magmtude of the SR Ca2+ release was presumably th@ght to

be regulated by (l) the rate of Ca?t influx, (2) the level of preload of the SR wrth

calcrum and (3) the level of the free calerum concentratron that is used as a trigger

and not necessarily the total amount of 1nflux (Fabrato 1983} However evrdcnee as

cnted by Langer (1930) M‘rndrcates that the SR is already saturated with calcium even at

.

low 1ntracellular calcnum concentratrons. Therefore, any modulation in SR calcium

release is probably» due to ehanges in the level or the rate of change of the trigger
\

calcmm concentration (Fabiato, 1985a). Experrments wrth skrnned fibers 1nd1cate that
the maximum.amount of ealcrum released by the SR is _s_nffrcrent to generate only one-
- half the tensron produced experrmentally by decreasing the ‘pg"of the superfusate to
S or less}(Chapman, 1983; Fabrato & 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

s a _passive, downhnll proccss little is known of the nature of,,,th,e, "channel” ,that,,_,,'

mediates the permeabrlrty change that allows calcium to flow out of the SR (Chacko et
al., 1977). |

‘A slow calcium efflux from calcium-loaded SR vesicles was sh%r}l’ to be

increased by elevation of extracellular calcium (Katz et al.,, 1977) and it ‘yga%‘ound

- that elevation of extraeellular calciu_rn could prombte a slow CICR when»ATP levels

outside the vesicles‘,were high a’nd ADP cdnc’entratibns were low'(l'(atzetial 17980) '

Thxs is in aecordance ~with earlier studres condueted by Fabxato & Fabrato (1978)

which suggested that CICR from the SR could use oan&f thejame;pathna;Lathativ

]

for calcium accumulatron or that the dependenee on the rate of change . of f [

calcium coneentratron could be explained partly by a competition between the ealerum
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_ pump and the calcium-binding molcculc gatmg thc calcium release channcl for a tnmc-

,dcpcndcnt mcrcase of \Qcc ¢alcium -concentratmn _that  results from thc,

transsarcolcmmal calcnum mflux (Fabnato 1983) ‘In 1985 Fabmto (1985a) suggested

that the mcchamsm of CICR  from the SR is mdepcndent of that of calcium

accumulatton and cccurs via a channcl with time- and calcium dcpcndent actwanon\ -

>

and inactivation Calcium release was found to occur when the channel was alrcady“ .

actxvatcd by calcium and not yet 1nact1vatcd by time and the further increase of t‘rcc

- PN

calcium. conccntr,auon,,at \thc,,o.u'tcr; Asur{‘acc of .the SR (Fabiato, .,I 985a). ..ol

&

The-calcium pump is a ~90,000 to 100 000 dalton protcm that 18 embcddcd in 7,

and spans thc hpnd mcmbranc\of the SR (Tada et al., 1978). Thc Ch"* ATPasc binds |-

2 moles of calcium for each molc of ATP hydrolysns of the latter forms a high energy

phosphorylatcd mtcrmcdnatc with this protcm 1n Wthh thc catlon is bound to a high

"affinity calcnum bmdmg site (Tada et al, 1'978). Durmg the -calcium uptake reaction,

the pkhosphorylatcd calcium bump ATPase protein is converted to a low energy

+

phosphoprotein by a reaction that "raises” the bound calcium to the higher energy fevel

- to- bc.rscqucstcrcd in the calcium poolrwithrin—therSR—— as routlincd by Tada,eftfa.lrf(rL%,&).i S

of the high calcium concentration within thesé membranes. This process allows calcium.

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

tran‘spo'rt by the SR. Simplest is its role as substrate for the forward reaction of the

calcium pump which allows increasing calcium concentration in the micromolar range.

to accclc‘ratc dircctly the rate of calcium uptake by the SR. More rccently, a second,

mdxrcct cffcct of calcium has been obscrvcd that is mediated by phospholamban, It is

o_cmaubatj_mgulatory protcxn can also be phosphorylatcd by a calcnum (CaM)-

dependent protein kmasc (Katz & Rctntulla,‘ ,1978); and that, like cyclic AMP-

- dependent protein-kinase catalyzed phosphorylation (Katz, 1979; Tada & Katz, 1982),

the calcium-dcpcndcnt phosphorylation stimulates the rate of calcium uptake

(Kirchberger & Antonatz, 1982; Tada & Katz, 1982). It has recently been demonstrated
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_that phospholamban is also phosphorylajed by protem JcmaseLJMo,zseman et alq984).

— - -
This pho.{aphorylatlon is assocmted with a two-fold stlmulatron of calcmm uptake by .

the SR (Movsesian et aI.,; 1984) 51m11ar to that seen following phdsphorylatlgn of
' phospholambanv by a CaM-dependent prpte”in kinase or by a cAMP-de'pendent protein
kinase. Thus, these protem kmases appear to snmulate ‘SR calcwm uptake in a/Q

addmvc fashlon and phosphorylate at different sites.

]

}xerciseﬂnduced Adaptation of -Cardiac Function i ST R e

‘Many questlons are stll unresolved w1thr _respect _to myocard1al changes in_

G Bt

response to endurance exercise. trammg, although the effects of training on myocardlal
. and extramyocardial function are ,known.

Oxygen consumption, a function of cardiac output (CO) and arteriovenous :

v

oxygen difference ((A-V)oz), achieved at maximal _exercise‘ifs uniformly increased

(Ekblom el a1 1968; 'Rq)well, 19.74; Saltin et al., 1968).’7Changes in lCO afe generally

- ',proportnon.al to changes in oxygen con;umptidn (Scheuer & Tipton, 1977).-Therefore
the submaximal CO for a given work output is usually the same in the trained and
7 untrained state (Saltin ‘et al., 1968), but the ‘maximal CO is increased by physical

training. Several reports state that the Cco at submaximal work and at a given.oxygen

uptake is either decreased or

2

(Bevegard et al, 1963; Rowe

ged by training but maximal CO is ,increased‘
,974; Saltin et al., 1968).»Appro‘ximately 50 (Roweli,
- 1974) to 80%- (Blomqvist-&- Saltin, - 1983) of the potential 'mefease—a'nfexygeérdc}ivery;—‘»
o %ha%ﬁresunkﬁmmph&saeaktwmmgﬂe due w%heaugmcﬂfeekmokewe{um%ivf |
Careful studles concerned with the longntudmal effect of ~tra1n1ng indicate that
‘ the (A-V)o,_‘, dnl‘ferences at maximal exercise conditions increase with grammg (Ekblom “
et al., 1968; Saltin et al., 1A968). It is unclear why t'rafn”mg enhances (A-V)ozvdifference. .

Possible mechanisms responsible for the widening of an "(A-V)oz _difference via -
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- tramlng mvolvc and ‘implicate muscle blood flow number of capnllancs the fiber type

' dctermmatxon, of single (A-V)'c:)‘2 values,

of thc musclcs rccruxtcd algfrqtlons in the conccntratlon and activity. of aerobic

enzymes in cclls plus changcs in thc number and l'unctxon of mltochondna Snncc '
fxbcr types dlffer in aerobic capac1ty, thcu degree of vascularity, and their pattcrn of —~
rccrultment durmg exercise (Gollmck et al 1974) trammg may haVc more of an cffcct

on local and ccllular evcnts than can be dctcctcd by regional mcasurcmcnts or by the
i . ¥ .

It is well documented that the heart rate is lower in trained'fcomparrcd to- -~ -

sedcntary subJects for a given CO (Astrand et al., 1964 _Ekblom, 1969 Rowcll 1974).

o
and'mammum CO canjc mcrcascd wnth trammg wnthout a concomfntant mcrcasc in_

arnard, 1975; Ekblom et' al., 1968; Saltin et al., 1968) Ti

s

maximum hcart ratc (

clearly ‘illustrates that both sub_maxnmum and maxnmum stroke volumc., can be

enhanced with exercise training. The mechanism for this adaptation, however, remains

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

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

%

Extramyocardial Adaptations

—_ (

Heart rate —

E

~ For a 'given submaximal CO heart rate is lower in trained comparcd to -

scdcntary subjects (Astrand, et‘ al., 1964; Ekblom, 1969'L Rowcllv 1974). The cffcct of

_exercise training on_ mameaL hcaeram s variable. Some hMJJbscwcd LhalJrhrﬁi

al., 1968)'whilc others have found it unchanged (Blomqvist &’Sarltin_, 1983).
It has been suggested that traiming causes an increased centrogenic al
Eholix;crgic drive combined with a sympathoinhibitory mcchanisrri (Scheuer & Tipton,

1977). There are no significant changes in myocardial tissue concentrations or in the



plasma lcvcls of cpmcphrmc or norepmcphrmc at rest (Chrlstensen et al., 1979'

Cousineau et al 1977, Pcronnct et al 1981) Plasma conccntratrons are lowcr at any
p: :

absolutc submaxrmal work load after trammg but there arc no. drffcrcnccs whcn
compansons are madc on thc basrs of rclatlvc work xntcnsxty The lowcr post trammg _
plasma . lcvcls at any glvcn absolutc work load arc consnstcnt wrth thc rclatlvc‘ '

' bradycardra This, in ‘turn, could be rclatcd to thc increased amounts of ACh found in

atnal txssuc follownng”e—é’?x rcise trammg (Badeer, 1975) and to the decreased scnsmvrty

pUe———

~ of cardiac tissue to catccholamlncs (Smlth & El- Hagc 1978) However, the scnsuﬁvlty R

of the S-A (smoatnal) nodc to cxogcnous Badrencrglc agonists appcars ‘to’ be

B unchangcd (Wllhamsetal 1981) : _

', o Nonncural mcchamsms may contrlbutc the relative bradycardia after
training. Several studies have dcmonstra_ted a dcfrcasc in the intrinsic rate of the

atrial pac‘crm'akfor Qr sinoatrial node (Badecr, 1975; Sigvardsson et al., 1977, Smith & El-
Hage, 1978). If the ‘intrinsic rate of the pacemaker is decreased with exercise training, -

then the heart rate would be lower i,ndcocn'dcntly of the influences of the aotonomic :

nervous systém’. -
Coronary vasculature
‘Another potentially important effect of physical training on cardiac function is

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

myocardrum (Pcnpargkul & Scheuer, 1970). There is experimental evidence for a

B Wrrajgng-indmcd increase in the fsizc of the coronary vascular bed (Hudlicka, 1982;

Muntz e¢ alf‘,/l981; Pcnpargkul & Scheuer, '1970; Scheuer & Tipt._on,'1977; Wyatt et al.,

19?31 Fjl{h changcs involving both capillaries and larger vessels. -Neogenesis of S

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

and autoradiographic techniques (Leon & Bloor, 1968; Ljungqvist & Unge, 71977) as
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~ well as by data on the rate of incorporation of SH:thymidine in niyocafdial capillaries

in young rats exercised by swimming (Ljungqvist & Unge, 11977)_7 ”
Tt . » C - - T . ., 8 » . »/ - . ' ‘?

:V Increases in cbronary blood‘flow has also been observed in\p&)‘xically trained

rats (Penpargkul & ‘Schcue'r, 1970; Scheuer et al., 71974). This greateriflow reserve in
~ hearts of conditioned rats is cAo'nsistrcnt\ with the vcyidcnccwsho;x"inrg finéi';cascrd o
vdscularity.

Longitudinal _studies (Sto_n~c,‘ 1977; 1980) have demonstrated fhat changcs“i‘l{ T

coronary flow patterns occur very early after the onset of a -training program, which. ...

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

muscle mass in the normal heart remains to be

vascularity exceeds the increase i

determined. Training has’ becn_ implicated to increase the ratio of vascular space to
myocardial mass  in rats trained by swimming or tg/r_unning (Denenberg, '1972;‘
Stevenson et' al., 1964; T_cbpcrman & Pearlman, 1961). Schiablc'&\Séhcucr‘(l98]), '

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

-

induced increase in heart weight.

Peripheral Vasculature - SR — ' - T

Preload

An increase in EDV has been proposed as being rcsponéiblc for the augmcntcd

stroke volume. Wolfe & Cunningham (1982) used non-invasive techniques such as

cthnca:diogxaphy, to determine the ;:chcJ:s,Jf,jhmnic_,,,;xmjsvg,,_ag,,vﬁious _cardiac
MmAﬂMwaﬁwmde stroke :
volume found was deduced to be a consequence of an iﬁcrcasc in ventricular p'rcléad.
Another group (Rerych et al, 1980), using radionuclide angiography observed no - —

change in contractility (ejection fraction) but found an augmentation in EDV after a

six month training program during submaximal and maximal exercise. Therefore, they
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too clalmcd that the mcreased stroke volume was due to an increased EDYV. The

central blood volume was also found to be mcreased after trammg Therefore, it was

~ concluded that this was the mechannsm for the increased EDV.

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

Changes in physical activity and maximal oxygen uptake are 'paralleled; by small“»bﬁt_

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

without major changes in hemoglobin concehtration or hematocrit. Several studies as

stroke volume and CO)

outlined by Blomgvist & Sattin (1983) have been conducted involving the reinfusion of

blood and indicate a dif}ferenc_:e between sedentary and well-trained subjectﬁwith

respeCt to the cardlovascular response to an acute blood volume increase (mcreased

Afterload

The increase in stroke volume seén in trﬂed subjects has not been associated

w:th a fall in blood pressure, even though a fall in &PR has been noted (Clausen et aI

1976). This is probably because several,authors have found little difference in 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 report’eq for absolute heart rates or specific oxygen

consumption rather than for designated work loads.

The 1ncrease in the size of the capxllary bed of skeletal muscle is a stnkmg :

~ feature of the training response, but by far the largest portnon of the resxstance to

systemnc ‘blood flow is exerted at the arteriolar level. 'I‘he pnmary mechanisms

responsible for the reduction in systemic resistance are poorly defined. They are likely

to affect the arterioles and to_be regulatory rather than anatomical (Blomgvist &

Saltin, 1983).
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___ The capacity of the )cardiovascular‘syst,cm to deliver ;nggcné:tcd blood to active

" tissue cxccedS‘thc demand only when a small fraction 'of)th_e total muscle' mass is

active. Local vascular conductancc’is most likely limiting jc.nvcygc:n dcli«vcry altho'ugh
blood flow#xpay be _quitc,high (Blomgqvist & Saltin, 1983). It has been shown that
training causes an important pércasc in maximal vascular conductance of working

skeletal muscle (Clausen, 1976; 1977; Davis & Sargeant, 1975; Gleser, 1973; Saltin el al.,

1976).

Myocardial Acfaptations

Ca\rdiac Hypertrophy -

P

I
\

Cardiac hypertrophy represents a rcsponsc of the heart to chronically increased

hemodynamic demands. Up to a point, the increased mass of cardiac muscle may be

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

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

elements rcduccs_ the energy expenditure of each, as well as \providirfg for gréatcr

-strength of cardiac pumping: This-condition has been referred to as physiological
hypcrt;ophy (Katz, 1977) and has’l;ccn observed with physical train(ing. Howcvcvr',’
"pathological hypertrophy" is the conscqﬁ'c_nf:é’of a sustained 'hcmbdynamic ovcrloadi.ng
of thc heart résulfing in depressed myocardial f}unction (strpkcl volume) (Katz, l9f7). i

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

loss of f ujté'tjbna,l,fiissh,cL,,Thcsc,rpbsc:rxatibn&jm,,cp‘nsj,smn,t with the findings that

contractility may be depressed in the heart that is rmd;mdﬂmumphmﬂju_vathy—
of cxpcrimcntal and physiological intcrvchtions (Braunv;vald\& Ross, 1979; Spann et al, '

1967). ' | | L, -

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

moderate degree of hypertrophy if defined as an increase in the hcart-wcight/body-
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~weight ratio (Fuller & Nutter, '1981; Nutter et al., 1981; Scheuer & Tipton, 1977;

~ Schiable & Schc'ucr 1981) or other indices (Crew & Aldinger, 1967; Hepp th al., 1974).

This is mconsxstcnt wuh other mvcstxgators (Baldwin et al 1975 Txbblts et al 4978
19813) who in cndurancc tramcd rats (runmng), dxd not cvxdcnce hypcrtrophy
although cardxac function was enhanced. The dxscrcpancws may p0531bly bc cxplamcd
by various factors. The extent ot_‘ the hypcrtrophy is probably dlrcctly rclatcd to the

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

_al, 1981). The mode of exercise (eg. running vs swimming), the index used .for . .

asscssingkhybcrtrophy and the sex of the cxpcrimcntal spccics may also—be significant

dctcrmxnants of thc dcgrcc of cardxac hypcrtrophy, but thc fmdmgs from scveral'

Vstud;c?g, confl:ct (Muntz et aI 1981). Th_c maJonty of the experimental studies have
been performed in rodcnts mainly rats. The rodent heart appears to be less rcsponswc
to exercise training than other mammahan hcarts Slgmfxcant changcs in cardxac mass
after endurance tralmng have bccn‘rcportcd in the dog (Wyatt et al., 1974) and thc cat

{Wyatt et al., 1978) but not in humans (Morganroth el al, 1975; Pcronn;t et al.,'1981),

atthough EDV was increased in the latter studies. -

Myocardial Contractility

Introduction . : .

An -increase in myocardial contractility has been investigated as another

posszblc intrinsic adaptanon to exercise. Many experimental mzamﬂcmmuccni

~ proposed’ and used as ’in'dices of contractility. However, ‘indices such aLVinu

(maximum rate of cross-bridge turnover), dP/dt (or dT/dt) (change in left ventricular
pressure or tension with respect to time); rate of fiber shortening, dFiow/dt (thangm E—
aortic blood flow with respect to time) and peak left ventricular tcnsiovnrall have a

length dependence. Therefore, these indices are not valid measurements of
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(1solatcd hearts or stnps of cardxac txssuc) are thc most rcmovcd f’rom in vivo

situations. ' ‘ ' -

Crcws & Aldmgcr (1976) measired tcnsnon in 1solatcd musclc stnp}?from

tramcd and untrained rats and found that thc musclcs from the trained hearts had a -

. greater active tension than thc untramcd Thxs grcatcr actlvc tension was suggcstcd to

be mdlcatwc of greater contractllrty Bcrsohn & Schcucr (1976) obscrvcd that trained

: -hcarts had a g_reaternejc;:%xoa f raction, greater rf;xbcr shortening &nd mcrgnscd dp/dt-for- 4

a given fill‘ing pressure. These cha’ngcs too, were indicative of grcatcr myocardial'

contractlhty From " thcse fmdmgs 1t could bc postulatcd that thc Frank Starlmg

mechanism of a grcatcr initial fiber length may- not account for the grcatcr stroke

volume in submaximal exercise. Other investigators using isolated cardiac tissue from

trained hearts have also observed an enhanced contgactilc state (Hepp et al., 1974;

- Mole, 1978; Penpargkul & Scheuer, 1970; Schiablc & Schcutr,»1979; Tibbits et al., 1978,

1581a) whilé others have found no change (Grim ef al., 1963; Williams & Potter, 1976)

or even a d'ccrcascb'(Nuttcr' 4&'Fullcr,' 1977). Tht:sc differing findings may bc dut: to

myriad anirtxal, tfaitliltg and experimental models (Schcuér&’Tipton,* '1977').‘ o T
‘Thcrc is_ some ,diSagrcemént about thc tlaturc of tht: mechanism rcspo’nsiblc for

tf;c increase in myocardial lcobntractirlity. Tht:rc must cither be a ch'ahgc in .thc’numbcr

of cross-bridges formcci (PO) or in th‘c r:atc of‘:thrngvcr of the cross-bridgé; (Vn;u\) or -

both to accquntkfyor a change in cox‘ltrvactility.rTwo distinct approaches have been takcn.'

to give some ;n,sigrhpio,tm fplausibl:ﬁ;;wchaaisms&nc”appmchf Imusc&mlmmansi

coupling.



. Contractile Element Altérations

,At‘“ the- contractile ,ie’vei some,invest'rgators have attributed - t,he:"'en~haneed

| cardiac functxon at least in part, to an increase in actomyosxn A'l&/a,?e actwnty (Bhan ;
‘«& Scheuer, 1972; 1975) Such alteratnons have been confirmed usxng rats subjected to
an mtensnve swimming program (Bhan & Scheuer 1972 Wilkerson & Evonuk, 1971)‘

but they have not been observed on treadmlll trained rats (Tnbbxts et aI l981a) and

~ dogs (Dowell et aI 1977) desplte marked increases in contractnle function. Ther

elevation in Ca?t-ATPase and Mg”-ATPase activity of actomyosm was found to be

— —;f——f$mao&1mH&£h&&&mbaﬁﬁhﬂmsofﬁwxmmng (Bhan -&- Scheuep A9 ———
It was shown that the hcavy meromyosin from hearts of condmoned rats had |

the same typcs of ATPase changes as those found in myosm (Bhan & Scheuer, 1975). 1t
was suggested that there is a conformatronal change in the myosin molecule at or near.*
its active sntve Thus, 1ncreased cardlac contractile protexn enzymatxc aCthlty ”

,,,,,, 4acmmyosrmqnyosln md#av¥mmmy%mmw4hachampheyﬂteranon&rmme—
mtrmsxc contractile state of the myocardxum appears to be a function of ° swimming
exercise rather than a generallzed exercnse’ tralmng response ,(Flaim et at.,~ 1979; v
\_Vilkerson et al., 1971),

Excitation-Contraction Colipling Alterations

—

'"f'"'"""'7"KftEF5tTﬁ’sﬁ in the mechanism of E-C coupling involve alterations in the

delivery of calcium to the eontraetile element. Both mitochondria and SR are capable

——

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

functron Calcxum assocxated wrth the SR (Fabxato & Fabrato 1975 1978a %b) and

mitochondria (Le¢hninger, 1974) have been implicated in E-C coupling.
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*%:"*"*%fi' *f*ﬁ*Mxtochondrrrharbctrrclcaﬂrrmphcmdﬂcrbcmonﬁmpoﬂuﬁﬁ £ Grﬂtmg term
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on thc cffccts oT cxcrcnsc trammg on myocardnal mxtochondna functlon in both dogs

‘(Sordahl et 'al.,' ‘1977)va»nd rats (Pcnpargkul et‘al 1978) show no improvement in
l‘uncnon Ncnthcr the ATP synthcsns capablhty nor the calcnum transport propcmcs ol‘
Ansolatcd m:tochondna appcar to bc cnhanccd by trammg |
9——7———; ——7—4——#1}9&534: ul- M#JJ)JJ %989)4}% ewdeﬂe& whw#suggcs%rtha% Haﬂnnri
L incrcases cnlcmm uptakc by thc SR Thc mcrcascd rate, of cardiac rclaxatnon

sometimes obscrvcd in tramcdrrats may be cxplamcd by the incrcascd ratc ol' calc’i,um \

T t'r’ﬁ"ﬁsﬁp‘ﬁft’ﬁfn ‘the SR and the increase in actomyosﬁ”éﬁﬂ"sﬁﬁﬁfﬁﬁff(fﬂ'ﬁ*
howclvcr,Afou'nd‘ﬁQ Jiffcrcnée in calc'i'um' binding or uptake by ‘the SR from 'A't‘;airrl}cd

- and control dogs yet Ca?t r_clqésc from ;hc SR was found ta be aff_cctcd. SinC;: the
tcéhniqucs used: by the _formér. _in\)cstigators does nbtlai»low fo'rd the dc‘tcramination oi'

inj%ti:il’ calcium transport rates and ri.r,_;clu&dcsvoxalaté; the significance of their results is

qucsnonablc. Althoﬁgh the latter authors used a 'morc scnsmvc technique, dual-
. ‘\J“ -

\\avclcngth spc;trophotomctcr, a calcnum scnsmvc dye (murcxxdc) wnth a rclatwcly

low Ca’+ affmltv was used and thc free calcmm conccntratnon was substantially

“higher zhan obscrvcd under pb\'swloglcal c0nd:tnous ‘

Trcadm:ll exercise trammg of rats ‘has bccn suggested be Tnbbns et al. (19813)
to cnham,c Lardnag performancc by increasing . avanlabxhty of calcmm to thc _
mntraunlc clcmcnt They obschcd a prolongcd platcau phasc of thc action po(cnnal in

) thc tramcd group. c.onsmcn: wnh amoug othcr thmgs an cnhanccd mward calc:um

current. Augmented transsarcolc-mmsl. flux has 'bccnvshown to increase ‘the contraculc

t

stat: of the m\oardmm (\cu & Trautwcnn 1972) cnhcr by tnggcnng a greater

e — . S - R e

rclease ot‘ calcium vfmm the SR (Fabnto & Fabiato, 1978) or pcrhaps, direct

w

interaction with the myofilaments.

P
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lebxts et al (1981a) provxded further evrdence for an mcreased avarlablhty of

calclum for ‘the contractrle clements They found a srgnlflcant dlfference in the

relatlve number of calcium blndmg sites between trarned and control rats. The trained -

) rats CXhlblth a 63% increase in the predrcted number of blndmg sites over the

contrdl. They proposed that this increase in brndlng sites, Wthh was suggested to be
. - R ST

mdlcatlve of an increase in calcium channels would 1ncrease the magnltude of

calcium mflux and thus make more calcrum avallable for the contractile element.

N 'I Bblts et 1 (I‘THB) also fﬂyjiowefthat treadmlll trained rats exhibited

substantlal alteratlons m the llpld composmon of the plasma membrane Specrflc SL

content of total PL and PS in the trained group was m_cr_eased 23 and 50%,

) res_pectrvely. '_I‘hls may be extrdmely important in: the adaptation to exercise, since PS
is a major binding moiety of SL calcium (Philipson et al., 1980), has been Shown to be
- involved in protein kinase C activation (Iwasa & Hosey, 1984) and increases the fixed
negative charge of the SL (PhlllpSOD et al 1980). | | 7

Due to the rmportant role calcrum channels apparently play m E-C couplmg

and ‘may play in the regulatlon of myocardlal contractlllty farther mvestlgatlon is

_necessary. ,S,mce,, ,ca,l,c",lm,,,,ant,éson,l,s,ts,havc,,f,,rc,qu;nt,ly_bccn, used as probes to gain

‘information about caloium channels this section will follow with a discussion on }thes}e ‘

compounds. - -

- Calcium’Antagonists

lntroductlon

1

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

that the inwardutepo-lgrizing current has two 'componentS' the fast sodium current
Wthh is blocked by tetrodotoxin and local anesthetics and the slow .inward current

medrated “essentially by Ca“‘ ions and blocked selectnvely by Mn?* and Co®** ions.
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About 10 ycars ago it was found that thc sclcctnvc inhibition of thc slow channel in

- either normal tissue or in thosc solcly dcpcndcnt on thc slow channcl for

dcpolanzanon can bc achxcvcd by a,largc numbcr of chcmncally hetcrogcncous

| compounds (»Fl“kens“m' 1970). Thus, they have come to be kmown as caleium

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 calci'um-mcdiatcd E-C

~ coupling in cardiac muscle cells (Fleckenstein, 1970 Triggle & Swamy, 1983) Threc’_,‘

major . groups of thesc drugs have been 1dcnt1f1cd phcnylalkylammcs (vcrapamll and

“the mcthoxy derivative, D600) benzothlachmcs (diltiazem) and dlhydropyrndmcs:

7(DHP) whxch thlblt varymg degrees of potency and spccnﬁcnty (Flcckcnstcm 1970,7
Nayler, 1980; Triggle & Swamy, 1983; Opie, 1984).

© As sl{own ‘in" a variety of isolated muscle preparations, incmucrs ofk thc>
\d'ihvydropyridincs (‘DHP)' >are typivcallly the most potent inhibitors of E-C coupling and

cause an antagonism which is markedly voltage dcpchdent (Triggle & Swamy, 1980;

’

Ehlcrt et al.; 1982; Opie, 1984). The rank order of potency, based on the affmlty of the

] [3H]DHP for cardxac SL (Lce et aI 1984), of the more studncd DHP is: PN200-110 (PN}

> mtrcndxpmc (NTP) > nicardipine > mfcdxpmc (NF) > Bay K8644

: Dihydropyridincs

Effect on Excitation-Contraction Coupling

‘Dihydropyridines have been demonstrated to exert potent negative inotropic

effects (wi"thrthe exception of Bay K 8644 and related c'ompounds‘; Schramm et al.,

1983) in myocardial preparations (Ehlert ef al., 1982; Lee et al., ,,198Q;}Ag,r,sh et al, 1983;

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

development are significantly reduced. This ncgati.vc inotropic effect has been
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_attributed to interference with electromechanical coupling and subsequent contractile

~ clement shortening. I ' e o

The absence of inhibitory effects of these agents upon calcium responses in- :
ski_nnedcardiéc muscle argues for a S’L'site of action (Morad et al., 19'82)“,"'ak1thcugh i
_certain intracellular sites are possible. Morad et al. (1983) provided further evidence to o :

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

e the myofilaments. Voltage clamp techniques indicate that the blocked transport system - -
was the calcium channel on the surface. mcmbranc in the frog hcart Furthcrmore

thcsc fmdmgs are in accc;dancc wnth Sarmiento et al (1983) and Glossmann et al

(1982) who found copunfiﬁation of the DHP bmding s1tc with the SL. o
3

It has bccn suggested (Morgan et al 1983) that the cffect of a DHP is
dccrcasc thc sensitivity of the myofilamcnts to calcium Such an -action of the calcium
channel blocking agents could also account for the abbreviation of the contraction

(Morgan et al., 1983).

If a smgllﬂcr fraction of" ihc calcium rclccscd' were reaching the cont‘rlactilc
appa;atus, it ‘would have tOI."',bC' becz;usc Some 'intracclturl(ar,f“calcium*'"'sirlrks.'L were T
. competing mcrc effectively for t.ile released calcium. The mcst important "éiuk" likciy

to-alutcr its ;atc of cavlcium scqucstration is the SR _and indecd it has &‘bccn shown that

intcrvcntions known to influcncc the rate of calcium’ pumping by.the SR do alt,‘crb the

rate of dcclmc of intracellular calc1um concentration (Blmks et aiA 1982; Morgan &
] ,Bimks,,,,,iQBZL, However,_ Mongan ,eL,aLil%BLi‘cuncLihaLihcvi:_aLe,chcclinch%,
bal_ocking }agcnts,‘ chn when peak calcium and peak tension are markedly altered. F‘or_ |
this- rcasoxr‘ ‘they do not bdie;rc that an- 'in'creasc I the effcctivcncss*with”which*ar A

calcium "sink" competes Wlth troponm C can rcadily explain the altered relation

bctwccn calcium and tensmn
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lehams & Jones (1983), in canmc hcarts found the hnjhcst densnty of NTP

bmdmg sxés;?b be a subfractxon of SR vcsxclcs SL ves;cles had an mtermcdmtc

dcnsxty of bmdmg sites and the mltochondna had the least. The rcsults of thcu* study "
suggest that NTP bmds spccxfxcally to macromolecules which may bc locahzcd m
L |

membranes other t_han the SL. It 'is'possiblc th’att NTP binds to int;a_ccllular 'mcmbr,nnc -

| proteins “}hich regulate calcium mediated phenomchna.- The small molccular'weig'ht and

»lipop‘hilisiw of_ DHP would probably permit access of these compounds to the -

_intracellular space in vivo m(,Ko.k_nbun;& Reuter, ;1.984)). ,Thus;.“N.TPW;maywinmfact bi-n_dl i
prcdominantly to calci'um channel moicculcs but that these channels may bc

dxstrxbutcd among several types of mcmbrancs mcludnng the SL and the tcrmmal

cxstcrnae of the SR In thc study by Wllhams & Jones (1983) the mxcrosomal or SR'
cnrxchcd fractions exhibited low spccxfxc actxvmcs of all SL markers analyzed .
i_'ndicating that NTP.bindi’ngl'.dctectcd in these fractions cannot be attributed .to the |
presence. of contaminating SL. Others have, howevcr,l‘found that DHP binding .

c'opufifics with éaninc (Sarmicntoﬁlt al., 1983) and bovine (Glossfmann" et al., 1982)_ SL.

These discrepancies may possibly bé attributed to diffcrcncés in. experimental
téchniquss employed. | e o T S e
If in fact it is true that DHP bnndmg sites are localnzcd in mcmbranes other
than the SL' then the possibility of DHP cntcrmg the ccll should bc reviewed.
Nxtrcndnpnnc \and NF have been obsrcrved to cntcr into the musclc,cclls (Pang &

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

- /mtraccllular organelle, cg to depress release of calcnum from SR dunngLQQanlmg,,_

or b) cxcrtmg their cffcct on the slow channcls from the inner surfacuLth;qu,

mcmbrane Thc order of uptake is NTP >> NF ‘which comcndcs wnth their lipid
solubilities, as measured from their mlewa%er -partition—coefficients, and with—their—

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



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

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

slow action potential and slow inward cu_rrcnt? then perhaps the drug enters the cell

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

the case fgr NF (Sperelakis, 1984) it may still be the case for NTP. :

]

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

phosphorylation arnﬁ(r'.dcphosphor;{lgtion reactions have led to a reappraisal of the

mechanism and site of action of DHP. It has been suggested that thcﬂl might act by

irhibiting the phosphorylation responsible for the activation of ‘thc slow chaTinel

(Henry, 1983). Such an‘éffcct might rcsultrfromr an interference with (membrane-

1

bound) CaM involved in the activation Aof‘a chénncl phoSphoJ;inégé. This would

v ? )
parallel with the findipg of Bkaily & Sperelakis (1986) who observed that CaM was

required for full activation of the calcium channel. DHP may also act by inf»liicncingA

the synthesis or dggr;adation of cyclic AMP.

-

phosphodicstcrasei act’ivity upon intracellular apgliczitiqn of DHP. This, héwc,v,cr,,, is

difficult to interpret since decreased breakdown of cyclic AMP may be cxp"c‘:‘c‘tcdv to

A [

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

.+ own calcium entry blocking activitics. This would be consistent With Ca‘chclin‘.et al.
,g\(l9‘,83) who found that 8-bromocyclié AMP increased the probability of channel

opcning.




Bindigﬁnginctic.s; .

Cha_ractcrizﬁtidn of thé,calcitrrr; channcl has been aidc& grca;ly'by information
7aboutvth'e bindihg‘of fhe calciug; ‘énxtagon.i;rtsﬂ. The Asi:xknplcst mocklcl‘_rof ;1 ligrénd-rccl:rcbtorri
i'nt,e,raction assumes a homogcﬁeous uqivalcnt $pecies of ligandrvapd a single ndn-‘
infcrécting pofmlation'of bipding sites (rcccptorﬁ), This si'tuation»is described b;' the

e

- general scheme: = o ( . I -

at;equilibyrium:
[LR] /[L}[R] = K, =.1/K,

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

unbound ligand, and {LR] isvthe’conccntrati"on of ‘ligand-receptor complex. The

‘equilibrium and kinetic rate constants for association and dissociation are K. randwkl—

hd ~

“and Kd and k_l, respecti\?cly. The ratio of the reaction rate constants"givcs the

L

‘dissociation constant (or the affinity _of the ligand for the receptor):

‘The two. most useful methods of analyzing equilibrium saturation binding data

$

are the Scatchard ~(Scatéhard, 1949) and Hill pl_ot (Dahlquist, 1978). Both arc

“transformations of the data obtained when the binding is determined ay a function of -~ —
the concentration of unbound radioligand. The Scatchard plot is more commonlyv used

 than the Hill plot because it provides an estimate of the density of binding sites
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_ without ‘requiring the use of satura‘ting eon'c'entrations of lig'and. A Hill plot on the

- -other-hand,- reqmres knowledgc of -the eoneenffaﬂe& oFreeep%orfsates -which-is usually ———

R Jobmne@#onyarSeatchareLanaJysw(Weﬂaﬁé&MOMH*

~ by. the ligand:

For a homologous populatlon of non- 1nteract1ng binding sxtes the equlhbnum -

equatnon can be rearranged to give the fractlon (Y), of macromolecule sites occupled

Y =[DHPR}/(R]+[DHPR) | v

Combination of this relationship with the equilibrium constant gives

?/L = K(I - Y).

|
-—

This gives a plot of the fraction of macromolecular receptor sites bound d1v1ded by

“frec ligand concentration. versus the fraction bound thh a stralght line of a slope .

ffff cqual- 10*'*-1( -and—abscissal— rntercept equaﬁoﬂtﬂf “the absorute concentration of

binding 51tes is known the fractlon bound may be replaced by the concentratlon of

bound sites, [DHP R], to give the equatlon below ' -
[DHP'R]/[L] = K([DHPo] - [DHP'R))

where DHP is tHe concentration of potentlal blndmg sites. In this varlatlon a plot of

——-r

bound llgand concentration divided by - free llgand concentratlon versus the

~concentration of bound lxgand gives a slope of -K and tthbﬂlﬂaUMHCﬁpLMM

DHP Thxs transformatlon mﬁﬂennedJLathLSeaxehaLchlthLmiaLW

bmdmg sites may be extrapolated from data 1n which complete saturatlon of the

maeromo}ecu}af bmdmg srtes is not observed (Dah}qmst 1978). The binding affinity
of the ligand to the receptor site can be obtained by determlnmg the rec;procal

(absolute value) of the slope (or the dissociation constant).
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-~ - -Since-there-are limitations-to-the Scatchard-plot, the Hill plot may sometimes be*——

) a;morc useful means of .blofting the d;ta (Dahlquist; 1978). The stope of the plot givés
ng, the Hill coefficient. A lincér'Scatchard plot implics‘a Hill co,c‘fficicnt of ﬁnity and -
a Hill coefficicht of one is always associated v?ith a linear Scatchard plot. This 'would -
be the case for a single noninteracting site whcré the half-satura;iné ligand |

concentration is simply the apparent dissociation constant for the ligand-

macromolecular complex.

Mcntioﬂ should be gi‘véln‘ to the limi‘tatio‘ns to the use of Scatchard plots. In}thér‘r'
case of multiple classes of binding sites or positive or ncgativé cooperativity ;hc plot
will be nonlinear and the slope must be extrapolated to ,,Qctc;mia@,,,ghg dissociation
constants. A curv‘ilincar_ Scatchalfd pldt concave upwards reflects a lower .bind'i-né,
affinity at higher l‘igan‘d \conccn’trations a.nd can be interpreted as ncﬁa-tiv.c

cooperativity or multiple classes of binding sites (site heterogeneity). A curvilinear '

. Scatchard plot which is concave downwards reflects a lower binding affinity at lower

‘ ligand cgnccntrationg. 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

plotting the data (Weiland & Molinoff, 1981). \ ‘ - : | L

— Sarcolemmal Binding

Binding Characteristics .

 Nifedipine (Williams er af, 1982), NTP (Rhodes er al, 1985), PN (Hof et al,

affinity (Kd= 0.1 - 2 nM) and binding capacities (Bmu- 0.1 - 1 pmoles/mg protein) to

T - e = oo

~specific binding sites in cardiac membranes. It was also found that binding is

rcvcrsiblcr, saturable and with Hill coefficients close to unity (Bellemann et al., 1981
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consistent with interaction at a single set of sites.

~

The ability of DHP to bind to cardiac and smooth 'mu'sclc is very similar but

there is a .major quantitative discrepancy between binding and pharmacological

“behavior in the heart (Janis & .Scrab'inc .1983' Janis & Trigglc, 1983' Lce &'TSien o

1983' 'Sarmimto et al., 1983). Lee & ‘Tsien (1983) found a 100 fold diffcrcncc bctwccn

‘NTP bmding and its pharmacological cffcct on 1solatcd heart cells. Consxstcnt thh

,,,,, 7baLAQBL£thLLeLﬂ 1982; Mu;phy &ﬁwder—w&'léanment&e&al—wss—%ma

~this finding, Sarmicnto et al.-(1983) found that ‘the dlSSOClatIOD constant (Kd) that was

obtamcd from Scatchard analysxs for NTP b1nd1ng was thrce orders of magnitudc :

E lower- thwthﬁ l€50 (the -conecentration required for 59%ef ‘the maximal- tfftct) that*'*f"ﬂ

had been rcportcd for this drug.

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

" reported in some cxpcriments (Bcllcmann'et al., 1981; Glossmann etgal., 1984; Marsh et

I 1983) Howcver this is not in accordancc w1th several previous studies (Co vin et

Trcmblc, 1982; Yamamura et al., 1982). The discrcpancy can be attnbuted to the fact

* that thcsc lattcr authors pcrformcd bindmg studies in homogenatcs or mcmbrane'

preparations which may havc produccd conformational changes in the state of the

membrane protein. The former authors used 1ntact, functionmg cultured heart cell
preparations that obviates limitations inherént in homogenate binding studies and

permits direct comparison of binding-propcrties and contractile_: fiinction under

- 1dentical conditton& However, intact prcparations may introduce other problcms of -

quantxf:cation such as non-specific binding of the DHP.

It may be that a reasonable-1:1 corrclation exists \bctwccn binding at the low

affinity site and negative inotropic action (Janis et al. 1985) It also may bc that thlS

low affinity site is responsible for the calcium antagonistic effects on the hcatt.‘Th_us',



thc dlscrcpancy between bmdlng and the pharmacolog:cal cl‘l‘cct may possxbly be

o attnbutcd toa loss of the low affnmty s:tes

Both low and high affmlty DHP bmdmg sites were foundrm intact sartorius .
muscle (Schwartz et al, 1985) Howevcr, thcrc were somc 30 50 tlmcs more hngh v‘
affinity binding sites than voltagc-dcpcndcnt calcium channcls. This suggcsts th,at-‘}l
either lthc DHP - binding sites are not.nccessarily r‘elvartc‘d» to_functional calclum

channels, or that the binding sitcs-.reprcscnt a large reserve of dormant calcium

”*””-*’"'ch’annETS’-’(S“chffm"r’n*&*Towart 1985) The cxtent 'to which this l‘inding can be related-
to cardiac muscle is questxonable since not only is the K of binding. approx:matcly

~ ten-fold higher in skeletal muscle but the transsarcolcmmal calcium CUrrcnt i‘s"""‘"‘-"

cxtrcmcly small in companson to cardlac muscle (Schwartz et al l985) Thus thcsc‘
‘binding sucs may be unrclated to DHP -sites associated with functional calcnum
channels in cardiac muscle. | |

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

radiolabelled ligands (Sarmiento et al.,, 1984), parallel clcctrophysiological cstirnat_csﬁof

»

functional calcium channels (Bean ef al., 1983; Lee and Tsien, 1983). Sanguinetti and -

Kass (1984) found DHP binding to be ~l'0007tirncs stronger to inactivated channels

than to fcating channels, which could explain ‘the abovc mcntloncd discrepancy. These
different functional states are not _cxpcctcd;to be observed in»,in vitro bindlng studies. _
/ Other explanations fot this discrepancy may includc thc loss of biochcmical‘contl'ol;
hence, phosphorylation-dcphosphorylation (Janis & Trigglc 1984) in in vmb

prcparatxons although DHP b1nd1ng to isolated wholc rat myocytcs is also of cxtrcmcly n

high affmtty‘ (De,Pover, et al., 1983). Also, there may be an insufficient amount of time

for the DHP to bind to the inactivated channcls in the normal hcart (Bean, 1984‘), .}

Thc'qucstion now is how do DHP partition into the membrane to their receptor

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

of these ligands, their position in the bilayer, and the homogeneity of this orientation
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. -,,,,,wjlL,dcpcn;Lo,n,,,th,c,,,s,ubg,ti,t,ut,i,on,s,,prcscnt at the 3-0r 5 pos_ition of thc pyridine ring

(RhOdcs- et al., 1985) ThlS fact may well be related to the obscrvatlon (Trrgglc &

'Swamy, 1983) that for vcry subtlc changcs in the 3- -or 5 substltutrons of varlous DHP

profound dlffcrcnccs in rates of bmdmg and activity are observed.

- Two models havc been proposed (Rhodes et al., 1985) for drug bmdlng to DHP

' receptors m cardiac SL mcmbranc.

l) In the aqucous approach" the drug reaches the receptor by -diffusion

_and then diffuses laterally to a spccific rcccptor site.

: through the bulk aqueous phasc

2) In the "mcmbranc‘approach", the drug partitions into the membrane bilayer

The calculatcd drffusnon rates for the membrane approach are ~3 orders of
magmtudc grcatcr that those for the aqueous approach Thc ‘membrane approach
diffusion-limited rate dcpcnds weakly on the sizes of the binding site, the nature of

the drug, and the vcsrclc but depends strongly on lrgand asymmetry (Rhodes et al.,

1985).

———..can-act as an additi

Although the measured binding rates for several DHP were all slower than the |
calculated -dif fusion:limited rates for cithcr"'modci,' other experimental data';" such as
very high parfition coefficients and spccific’ positiorxs of thc_sc‘drugs in the membrane v'
,bilaycr. s-uggcst that thcv‘mcmbranc approach is the more ’lihcly even though the drug
still has to gct‘ to '>thcvmcmbranc through ‘the aqueous phase. The discrepancy in the

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

. prese nccﬁﬂfunstjrrchlaycrLoLthe;mcmbranc{Barr)u&ﬁDiamond,JQM,)ﬁIhcseJaycrsi

1984) under phys}iological 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 ef 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 ef 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
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ncurammldasc trcatmcnt (Glossmann et aI 1982), indicating the absence ng_f sialfi}c acid

4

associated with thc bmdlng site. .

\

| Colvm et al. (1984; 1“985) in canine and leblts et aI (1981) in rat SL have
' shown that the hpld/protcm ratio is '~3O and 0.75 umol of lxpxd/mg of protem |
‘rcspcctlvcly Thls rat10 suggests that a typxcal area of membrane would contain largc
areas of lipid thh proteins inserted at widely scparatcd 1ntcrvals Most of the SL

protcm prescnt is Na*’/K+ ATPasc and relatxvely little rcprcscnts the spcmfnc DHP

receptor; the concentration of Na*/K* ATPase binding sites for cxa,r.np,ls: is ~400 times -
that of DH»P binding sitea in’SL (Colvin et al, 1984). This 7indicatcs that only 1/35,000

of the total membrane area is receptor‘(Colvin et a) 1984) The density of 'caI'cium

channcls in cardlac membranes has bcen cstlmatcd at l OOO - 10 000 channcls pcr chl

or approxtmateiy ,0.5, -5 channels per. um2 (Bean ef al., 1983; Reuter, 1983).

Binding Modulators

Calmodulin Antagonists

- Calmodulin is a calcium-binding p,r,o,tcin which exhibits an amino agi,d,scquénc_,e‘
resembling - that of other calcium _receptors namely trnnonin—C (Cheung, 1980).
Calmodulin possesses four ealcium ‘binding sites with affinities in the micromolar
range (Henry, 1983). In eukaryotes, CaMappears to serve as the major intraccllular‘ -
receptor for calcium ions (Cheung, 1980). Binding of calcium ions to CaM produces

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

enzymes, including cyelic nucleotide phosphodiesterase, Ca(m)-ATPase, myosin light

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

- A group of agents which are known to bind to CaM and inhibit CaM and CaM-

dependent ptpccsacs were found to have an effect on NTP binding_ at low

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

R
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"‘Wof NTP-Séundmg 1s vcry smular to that_ for mhxbmon of CaM. Thc K for

calmndazohum (R24571) and tnfluopcrazmc (TFP) havc bccn found to be 2-3 oM

'(Johnson & Wlttcnaucr 1983) and 5 uM (Vmccnz: 1981). rcspcctxvcly. and at ai

EL

concentration of 1 uM, calmldazohum produccd 83% mhlbmon of NTP binding-
iwhcrc‘as TFP pro’duccbonly 28% inhibition of binding (Janis et al., 1984). Th'esc results
suggest that a hydrophobic surf-acé similar to thut: on CaM and CaM‘\-:binding protciﬁs

(Epstein et al., 1982) may be associatcd with tfxc DHP binding sitc. (r.lanis et al., l984)

’ Rcccnt studlcs using brain. mcmbrancs (Gould et al., 1983), mdncatc that the - bmdmg. PR
~site for thesc CaM antagomsts may be the allostcnc site at which non DHP calcium

channcl antagomsts bmd

. ‘ _ Drugs such as TFP bind to CaM in a calcium dependent fashion (chm &
chss 1979). Drug bmdmg is assumcd to prevent CaM from binding to the cffcctor
~thereby reducing the effectiveness of CaM in the system bcmg tested. Usually this is

the onlyvmcchanism»as'sumcd to ap_ply for CaM i)iuding drugs.

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

| v_(L'aPortc,, e't) al., 1‘9,8>0). A simple inrtcrprctation' (LéP‘ortc et al., 1980), is that l;ydrophobic ‘
sitc(‘sA) —w%ic_—:h ,;appcar,bonly -when--calcium biuds may bind ;tv_o' druags'forr—to the CaM;'."' -
receptor or-buth. That is some CaM b’indiug drugs may not prevent the binding of
calci,um~to CaM (C'aM(Caz"')n) but agtually accompany the complex to the receptor.
Drug binding to CaM(c:;z'")n inight “alter .its affinity for and/ou effectiveness in

modulating the effector.

I - Cations

Under physroiﬁgrca} conditions the calcium channel is eccupicd—fﬂmesr —
contmually by one¢ or more calcium ion, which by clcctrostatxc repulsion, guards the.

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

b2
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calcium (Hcss & Tsien, 1984)

Elcvation of cxtraccllular calcium 'conccntration tends to reverse or antagonizc L
thc cffccts of all of the calcium’ antagomstlc drugs (Triggle & Swamy, 1983 l984b)
This action could 1nc1udc competmon between calcium and drug for bmdlng to thc

outer mouth of the channel and mcrcascd clcctrochcmlcal'drrvmg force for calc1um

influx through the fra.ctron of slow channcls not blockcd by the drug (Sperelakis,-

- 1984). In all " cases, thc increase in electrochemical driving forcc for an inward calclum
current with clcvated extracellular calcium concentrations would be a factor.
i—f—é—:————.——:—,—f———f—Smee the first step-- prcemc&&a& ePJ,he calcmm ion- through th&slaowehan ——%:f::‘
prcsumably is bmdmg to the mouth of the channcl inorganic calcium antagonists
could act either by displacing calcium from this- bmdmg srtc Wthh 1s the putatrvc
mcchamsm of actlon of Mn’*, Co%* and La"’+ ions in blocklng the slow inward

current, or by pcrmcatmg thc'; membrane, in the case of Mn?t or Co?*, and displacing

binding by various di- and tri-valcnt'cations, o?*, La%t, Mn?*, Ca?t) is consistent -
with the 1dca that the bmdlng srtcs for NTP are assoclatcd with thc calclum channclsvr
}(I-‘.hlcrt et al., 1982; Fosset et al., J983; Marangos et al., 1982).
| ‘ Thc‘most apparent mechanism of the DHP is a blockade ot’ the mcmhranc o

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

Fleckenstein (1977) fo;nd-that the effect of ;1.4 x 100 M nif.cdipinc on E-C coupling

T i gu1ncn pig papillary musclcs could be reversed by doubhng thc cxtcrnal calclum

concentration from 2 to 4§ mM. Howevcr McBride et al. (1984) found that the ncgatrvc :
inotropic effect of 10'5 M NTP is not complctcly rcvcrmblc by increasing the calc1um

conccntranon suggcstrng that at hrgh conccntranons of NTP almost all'of thc SL

" calcium channels can bc blockcd.~
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The rnorgamc calcrum antagonrsts rappear to functron as general calcrum

antagomsts (Trrggle & Swamy, 1980; Sperelakrs 1983), a property presumably ansmg

from a rather non- SClCCthC abllrty to block calcrum brndrng srtes Since a cntron

coordmatron srte rs a llkely feature of all calc:um channcls regardless of voltuge-

sensitivity (Trrggle l981) and srnce the orgamc calcrum channel antagomsts lack the

A general inhibitory action of the_1norgan1c cation, it is likely that the inorganic and

organic"antagonists function differentlyr ' - -

ﬁrHydropyrrdme bmdrng 1s d1valent cation dependent (Glossmann & Ferry,

1982 Gould et al., 1982). Bmdlng is srgmflcantly reduced or abolrshed rn a fully

" reversible fashron by treatment with chelatlng agents (Ehlert et al l982 Gould et al

”1982) Bmdrng is restored by Ca2+ and to vary1ng degrees by other dl- and trrvalcnt

catrons in the sequence: Ca%* = strontium (Sr”) > Mg2+ Mn?t = cobalt (Co®*) >

barium (Ba”) = nickel (N12+) > La3* = samarium (Sm’*) (Ehlert et al., 1982; Gould et

&

al., 1982). The _relatronshrp of this site to the cation permeating \,machinery of ‘the

- channel remains to b‘e"established, but one possibility is that the DHP antagonists

function by enhancing the bi'nding of a cation, presumably calcium, to the channel 7

and thus effectively blocking p,er,meatidn (Sperelakis, 1983a). More plausibly, h‘o.w,ever,l,,,',,,,,,_
the site of,cation interaction may be involved in the control of channel activation and -
inactivation (Sperelakis, 1983a). 'Althou-gh the role of this divalent cation site is not

clear, its apparently high affinity (le < l uM) for ‘calcium and t_he observation th_at

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

‘ protem regulatmg calcrum channel function, or the interaction of calcrum ‘with the

s channel pore srte (Hess & ’I‘sren 1984)

Sodium and -calcium channels seem to be di’stinct but some authors, namelyv
Langer (1974) suggest that 75% of sodium (Na) entering the cell QUIJMMJAMDQL

enters’"’through the so called ‘calcium channel. Since the DHP site appears to be

- associated with thc calcium channel (Morad et al., 1983; Curtis & Catterall, 1936)
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studxc&huc been conducmAmLuLtheLdnmdaMalcmmchannclgpcc;f LcuyﬁEossetLepi

al, (1983) in skclctal musclc Marangos et al (1982) in rat brain and Ehlert et al{l982)

' in rat hcart found Na+ to cxhibnt no mflucncc on NTP bmdmg The 1attcr fmdmg 1S
inconsistent with Schwartz & Vellcy (1985) who in gumca p1g left vcntrlclc found Na -~
to increase the IC of NTP binding and mcrcasc thc number of bmdmg sites. From.,_'
thls fmdmg Schwartz &, Vcllcy (1985) postulatcd that variations in the sodlum flow or

% ‘
concentration in thc calcwm channcl could be a regulating factor, w1th an increase in

’ sod:um conccntranon chrcasmg the affmlty of ‘the protcrn for calcium. -

Whllc both Marangos et al. (1982) and Ehlert et al. (1982) carrlcd out thelr

’cxpcnmcnts in the prcscncc of a low_ conccntranon of Na Schwartz & Velley (1985)

Y

-~ used physnologlcal‘conccntranons;leth respect to cardlacmusclc, ‘Ehlert et al. (1982)
considered only the maxinlal spccific binding of NTP whereas Schwartz & Vcllcy
(1985) pcrformcd mhlbmon curves for NTP binding and cqu111br1um saturatlon

curves. Thcsc mcthodologlcal dlffcrcnccs may account for the dlscrcpancncs found.

vaalcnt cations are able to bind to calcium channcls as Judgcd by these ions to

facilitate DHP bmc_img. Therefore,. these ions may undcrgo the followmg sequential

-5
-

“reaction scheme with the calcium channel (Ch) as suggested by Glossmann et"’dl."(l’983):»

' . -1 » - ..
outside cell membrane inside cell

,Arcation;—which——canfbind —and—dissocia{e#i&sz—wﬂkcarryfcuffentfthrougl h-the cha : ] mnel —

(eg. Ni%t or La%t) and a cation for ‘w_hich the cncrgy ‘barrier to unbind is intermediate

in magnitude between "ﬂfia"f for ions which are fully permeant and l'glockcrs will

sometimes pass through the channel (eg. Mn?t) or become adsorbed onto the membrane
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structure and thus produce changes in_surface charges and ion gating propcrticsx

(Glossmann et al., 1983).

Gloésmar_m & Ferry (1983) pAostul'at'cd tha,t there was more than one binding site
for divalent catiotis”virithin the cé-lciunﬁ"channcl This they claimed finds an intcrcsting

parallel in thc (Ca2+ N;g”) dcpcndcnt ATPasc Wthh is prcscnt in thc SR as wcll as .

thc plasma’ mcmbranc o -

" Non-Dihydropyridine Calcium Antagonists

Verapamil incompletely inhibits (+)PN binding in rat myocardiai cells '(Lce ét

1984) and complctcly inhibits (NTP) bmdmg in rat (Ehlcrt et aI 198_2) aﬁrd kgbbit
(Janis et a,I., 1984) .SL. The naturc ofv thns mhl‘bmon is classncally referred .to “as
negative heterotropic cooperativity (Ehlert et al., 1982). Ehlert et al. (1982) imply, that

in the case of NTP binding, vcrabamil_and NTP form a_ternary complcmx with the

- receptor (calcium channel). Since a vcrapami‘l-induc‘cd’ altcfation in the kinetics of **

NTP binding‘ is Sccn such an interaction prcsumably takes place.
A plausxblc explanation for thc negative coopcratnvc cffccts of verapamil ns
that v¢rapamnl inhibits NTP binding by hmdcm.g the isomerization st;p (dccrcnsmg

kz) (Ehlert et al., 1982):.

D+R <--> DR

D+ R* <----> DR*

where D = drug, R = low affinity and R* = higllg’[ﬂnifgfrc‘ccptor. If the isomcvr’ization
step is slow with respect to fhc bimolecular association of NTP with its receptor, then

- Ehlert et al. ’(1982) assume that the following prcdictions can be made. In the absence

T -
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of verapamil, the association of NTP with its receptor should be characterized by a

fast molecular association component followed by a slower isomerization or association

" of NTP with its receptor. In the presence of - verapamil, the 'slo-wi.componcnt of

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

4
-

Morcover, a- fast component of dis'sqcia‘tion»s“hou’ld be readily apparent when

dissociation is mediated in the presence of verapamil since verapamil converts some of -

“

the high affinity :compl'cx (DR*) into ‘the low affinity state (PR). .It is4gcncra'lly, '

thought that voltage-sensitive channels, such as sodium and calcium channels, go

through a-transition of functional states. Thus, it is possible that the different states.

~of the NTP binding sites postulated above (R and R®) might correspond to the -

T #

diffcrcnt functional states of the calcium channel (Ehlcr,t"e“t al., 1982).
‘D-cis diltiazem has been shown to enhance (-)NTP binding in_ rabbit ventricular
cells (Janis et al., 1984), guincé pig heart (Glossmann & Ferry, 1983) and (+)PN binding

in rat myocardial cells (Lee et al., 1984), thus exhibi.ing poSifivc heterotropic

) ) . i 3 .(] . . - - D
cooperativity. In the latter two studies, the enhancement in binding was attributed to a

~decrease in the K value without a significant alteration in ;BmAax' The enhancement of

“ binding by d-cis diltiaicmmay,”'how‘cvcr,a_lso bc._ due to an'inc'fcagé' inB“m'awiithout a
change in the Kd as suggc‘stcd by’Fcrry '&’Glossmann (1982) and Goll et:al. ‘(1983).‘,’,,ic

| incrcasc‘in Blm'x méy bc:_cxpla'incd by a- mechanism w-hvich recruits channels from én
intracellular location ‘and in‘corpora‘tcs'thcm into the SL or unmasking of pre-existing

channels. —

J— ,,,,lt,,j$,impor,mnt,m,mmdonJhaLcach.JLthcschHPgrccéptd’rfsixckcaMxisLipﬁf

(Glossmann - et aI.,‘.l984). It is tempting to speculate that these -states of the dfug- g
receptor sites in in vitro experiments Lmith membrane fragments are amatogous (but not
necessarily identical) to the differemt states through which the channel can cycle in

e

the intact cell (opcn,\closcd, imactivated). ' ’
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‘ mdxcatcd that non-DHP calcxum channcl antagomsts act at a common allostenc site in

o

brain .mcmb‘rancs to modu‘-latc DHP bmdmg. Thus’, Gould et al. (198'3) and Jams et al.

_'(1984.) éarricd'()“ut studics to dctcr;xlinc whcthcr similar evidence could bc’ ‘obtaincd for
rabbit V'hcart membranes. Thcy found that NTP binding was regulated t)y a common
» allostcrlc site or, alternatively, by closcly ltnkcd sites for verapamil and dlltlazcm

It has rcccntly bcen shown that a NF dcrlvatlvc Bay K8644 may act as a

" calcium channel agomst (Schramm et al., 1983). The positive inotropic cf(‘cct of this.~
compoundv'has been shown' to -be competitively antagohized' by NF.’but not by

verapamil or diltia zem (Ishii et al, 1985; Schramm et al., 1983; Uchara & Hume, 1985).

‘Also, Janis et al. (1984) found that*Bay K8644 did n‘ot alter the dissociation rate
constant of NTP bind'ing.‘ These observations are in accordance with the findings that
the DHP may' bind to a common receptor site that differs from the sites at which

verapamil and diltiazem bind (DePover et al., 1982; Ferry & ‘Glossmann, '1982; Murphy

‘et al., 1983).

These results suggcst that the DHP do not stcrically\bIOClt the c'alcit:m channel
via either their DHP or ‘phenylv rixtgs "(Janis'et' al., 1984). Rcc(:tit results ’(H'cé"s et al., .~
1984) suggest that NTP promotes a modc of calcnum channcl gating in which the
channcls arc unavanlablc for opcmng, whcrcas ‘Bay K8644 promotes a mode of gating
’ where the 'channcls exhibit very lopg opcnmgs. It .remains to. bc determined whcthcr
: thcsc diffctcnt gating modes are chemically or just conformationally different.

: Ahhough dcimcatron ‘of - the ~structural requirements- {m—antagomstrc—amfi

: 'acﬁvawrmmptrtrcrnmam Wbt estabhshcrkﬂ
continuum of properties iangmg from pure antagomsm to pure actnvatlon (Jams el al.,

1985).

2



- Membrane Potenfial

inward slow channel (Sperelakis, 1984b). chncrally', calcium current through the

v

“calcium channel depends on the net electrical dr‘ivi‘ng'f»o'rcc,_ V-V, (with the

membrane potential, V ‘and revcrsal potcntial' V revt it which the net current through .

The calcnum ion that enters durrng cardlac excitation is primarily through the

voltage- and tnmc- dcpcndcnt ‘slow channcls,'- and comprise the major portion of the

a thc calcrum channcl vamshcs) and thc smglc channcl conductance, 8 whrch has been

shown to bc independent of mcmbranc potcntral (Cavalie et al 1983). Mcasurcmcnts of

smglc channel currents havc shown that thc channcl opcmng cvcnts are statnstrcally

dnstrnbutcd (duratron typrcally 1 ms) and mtcrruptcd by vanablc shut pcrrods of less

than 1 to some 100 ms, duration (Cavalie et al., 1983; Fcnwic:k et"al., 1982; Reuter,

1983),; Thcreforc' for a given mcmbrane potential, V, only a probablllty that the
:_%;hanncl is open, P, (V) .can be dctermmcd If N is thc number of available calcmm

channcls the calcium current, I (V) canh be gencrally calculated as:

—

.»/

I, (V) = P (V)xNxgx(V-V_)

Depending on the experimental’ conditions the reversal potential is +40 - +80

mV (Lee et al., 19811), whereas the calcium cquilibrium potcntial is greater than 120

,mV indicating that other 1ons (e.g. potassium, cacs:um) can pass through thc channcl,

cspccnally at hngh drrvmg forces. S

Recent studies using the ‘patch clamp’ technique, have shown that the calcium -

3

channel opens in bursts; the probability of doing so increases as the transsarcolemmal

voltage becomes more positive than -40 mv and then deereasc—s with further .,

depolarization as the driving force for calcium decreases (Reuter, 1984). Present

evidence suggests that a ‘voltage-sensor’ in the membrane (a protcin_ group with dipole
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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 ventricula} 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 Cd?* than the L-type channel (Nilus et al., 1985). The Ca?* entering
the cell through L-channels is thought to be necessary both for replenishing the Ca’*
stores of the SR (Chapman & Niedergerke, 1970) and possibly for triggering
intracellular Ca?* release (Fabiato, 1985b). The experiments by Nilus es 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 at relatively negative potentials.
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The potency of calcium antagonistic drugs on calcium current is increased

durmg membrane depolarization as well as during repetitive stxmulation (use-

y dependence) (McDonald ‘el al 1980; OStCl’l’lCdCl’ et al., 1981; Trautwexn et al., 1981). It
is not clear whether the assoc:ation rate constant’ of the drug molecules w:th calcium
channels is mcreased 1f the channels _open during ,depola'rization, or whether the

dissociation rate is decreased if the channels are inactivated.

Nitrendipine (McBride et al, 1984) and blocking cations like Mn?* or La%*

(Sperelakis, 1984b) do not have the property of frequency dependence Since
mesudipine 'another DHP derivative, NF (Sperelakis '1984b) and nisoldipine (Kass &

Sanqumctti l984b) have a significant frequency-dependence the 1ns1gnificant effect

S '7, e S

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 calcwm slow channels, as’ perhaps Mn2+ or La3t might act (Kaufmann &

*Fleckenstein, 1965) Rather, thlS property suggests that the drug might act to slow the

recovery process of the slow channel from the inactive state back to the restxng state.

7‘lf 80, thcn a slow dl‘lVC rate or a long quiescent period (1e 20 - 60 seconds) would .
allow complete recovery of the drugged slow channel before the _next._excitation :
occurrcd. To exert such an effect on the gate recovery kinetics, the drugs must bind

v ) : ,

on a channel protein. An alternative possibility is‘that the drug binds to the chahnel
-only Lir'r the active state to block it, and then dissociates_ before‘ conversion of the

[ channcl to the sequential states. Another possibility is that any dru'g“which affected'

~ the phosphorylation of the slow channcls by some direct means would also effectively

block thé¢ slow channels selectively and could account for frequency-dependence
(Spcrelakrs 1984b). |

The bmdmg affuuty for antagomsts is greatly increased by membrane
‘depolarization (Reuter ez al., 1985a; 1985b). Correspondingly, the blocking potency of

antagonistic compounds is also increased (Bean, 1984; Reuter et al., 1985a). It has been
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‘postulated that calcium antagoriists r@ucc calcium current through the channel by

facilitating the inacit)ims\tatc (Reuter et al., 1986).

Potentiation of calciul channel currént, 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—dcpcndcnt phosphorylation reactions (Reuter et

al., 1986). In this case, enhancement of current is obsérvcd when pulses are applied

from negative holding potentials. But when holding potentials are more positive than -

- 40mv, these effects are less pronounced, and even indicate block (Sanguinetti & Kass, ..

1984). The positive inotropic action of Bay K8644 appcérs to depend on the

concentration of the drug (dose-dependent). At concentrations higher than 1077 - 10°®

mol L' its effect declines (Schramm et al.,, 1983). These results show that membrane

potential, and perhaps inactivation of the calcium chanmnel is pivotal in regulation _

~(block or enhancement) of calciunr channel current by DHPld'crivati.vcs (Sperelakis,

1984b). - o

— . %

It appears that membrane potential may play an important role in the blockage

of calcium channels by DHP. Perhaps future inVcstigation§ will eventually show that

all of the DHP interact with a common voltage-sensitive structure.

Structurc/Ac’tivity Relationships

Structure activity data for 1,4-DHP are¢ available for isolated cardiac

(papillary) ‘,,m}!?c',c,,f%é‘!‘??!‘,irgb,@,,’,‘z 1979). The general structural requirements for

_activity are summarized below.

(a) The 1,4-DHP ring is essential, oxidation of the pyridine abolishcs activity.

(b) The NH group of the 1;4-DHP ring must be uvnsubstituted for optimum

" activity.
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i —(c) The 2,6-substituents. OLIMLQQHLWCLDlemyL although o f%

NH mmmm
(d) Ester. substituents in the 3- and S5-positions of the. l,tDHP ring are

optimum. Removal or replacement by COMc or CN greatly reduces activity.
(e) Ester substntuents larger than COOMe gcnerally maintain or even mcrcase
actnvnty suggesting a region of bulk tolcramc in the site of 1,4-DHP interaction.

(f) When the ester substntucnts at C and C of the DHP ring are different, the

C, position becomes chiral and stcreosclcctxvxty of antagomsm is observed.
(8) An aryl substituent, preferably a substituted phényl group, appears optimum
_for the 4-position of the 1,4-DHP. The position of the substituent in the phenyl-ring is———
critical: para substitution invariably decreases activity,A whc‘rcas ortho or meta
%? substituents (ortho > meta‘ >> para) generally increase activity according to steric

factors.

A role for steric influences is alsorsuggcstcﬂd from the solid-state to receptor;
. .,,,,b,o,undjonfnmationu,cmmlﬂioanasJ)mbsmch:cmmemg%%LA;DHlf%
ring 'pucker :md pharmacological\activity. Substituents (orthb or meta) in theybhcnyl
ring influence thc 1,4-DHP ring conf:rmatxon actnvxty mcrcasmg with mcrcasmg rmg
planarity. The highly dctrlmcntal effect of para substitution could arise from
hindrance to the actual receptor interaction (Janis & Triggle, 1983).

A further important index of specific drug action is stereoselectivity which has

been demonstrated for nicardipine and PN where the positive enantiomer is more

- potent (Lee ef al., 1984; Shibanuma ef al,, 1980) and NTP where the negative isomer is

““more potent (Triggle.& Swamy, 1981) in cardiac muscle. .
. , ‘ \

" As mentioned ecarlier the 1,4-DHP also show tissue selectivity; being

significantly more effective on smooth than on cardiac m'usclc' (Ficckch'sfcrinh,11977;

Janis & Scriabine, 1983). The virtually I:1 correlation between bindirig and K*t-
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E

. mduced fcnsxon in gulne& pig ueal longltudmal smooth muscle is clcarly suggcsnw:

N

***’***’Tﬁaﬂrh—f Tgﬁfffrrmmﬁirc those mediating the pnarmacomgnc actnvnty
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Hypothesis o .

The workmg hypothesxs of this study is that: the well documented increase m,r
stroke volume. observed wrth endurance exercise tralmng is a consequence of mcreased
myocardral contractility due, at least in part, to an'increased Ca2* channel density. It

has previously been postulated that the enhanced contractility may be attributed to an

,alteratron m E-C couplmg, at the level of the SL. Thus, an attempt will be. ‘made. to.

i

determme whether endurance exercise trammg has any ultimate effect on a specrf:c

SL Caz+ transport system the Ca2+ channel An mcrease in the densnty of these

channels may contrlbute to a greater mflux of calcnum durmg the myocardial actnon

potential. This could clearly provide a mechanism to explain the increase in stroke

vol as a corxsequence of increased meoca‘rdial contractility.

.
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. -~ CHAPTERN

SARCOLEMMA FROM THE RAT HEART

L]

Introduction '

Sinc_e_ the DHP have proven to be useful«probes_ in urnderstanding Ca'p.r channels

and their role in skeletal, cardiac and smooth mus¢le function [1,2] conditions

affecting‘in vi‘tro"‘b‘iﬂdiné of ‘the ré’dio’labelled‘ 1,4-dihydropyridine (DHP),"[SH]‘PNQOO'—‘”';
110 (PN), to hlghly purrfred sarcolemma were mvestlgated The relationship between

. the pharmaeolagrcal dase&required in JHVQ ;uld the-in vitro- binding to- s&reﬂlemm& {the

- generNly accepted sxte of actron) 1s however, poorly understood. The dissociation
co'nstant (Kd) of’th brndmg of DHP to sarcolemmal membranes is at teast three orders
of magnitude lower than the dose required for physiological effects [3.’4]. Furthermore,

" the in vitro b-inding to cardiac plasma membranes is complex. It is influenced by non- )j

R ﬁHP—Ca'2+ anﬁéﬁr§fs “such as the bhcnyiéikyiamineérand vthe benzothiaziﬁincs-' 3
although they presumably bind at separate srtes [5 6], consrstent wnth obscrvatuons nn
othcr tissues such as brain [7]. Additionally, DHP bm;}mg is modulated by Ca?* [8]
and ‘pcrh??ps membrane potential [9,10]. The in vitro' mdrng experlments in cardiac
nrus'cle empleying subcellular fr'actiovnétion have yielded c'ehflicting results. Sa”rmi,cnto
et al. [.;11}]. found that the; specific binding vof \th‘e DHP, nitrendipine (NT_l;) was

. 51gn1frcant only in preparatlons that were cnrrched m ‘sarcolemma. Williams and Jonces

by

[12], on the othcr hand, found that a microsomal fraction with low sarcolemma marker

enzyme actrvrty cxhrbrtcd considerably higher NTP specnfrc bmdmg than those wrth
high activity. This study was undertaken to - l) clarify the in vitro rcquuemenrs for PN .
binding to both the crude homogcnate and subcell»ular fractions with varymg dcgrc}cs

of sarcolemmal enrichment and 2) determine sarcolemma DHP receptor density.
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T "Methods

V)Sa‘rcolcmma,l.r Isolation.ﬂHcarts from Spragﬁc-Dawlcy rafsk that wcrc“killcd»b‘y’
cervical fr'nétu'rc were excised and rinsed with a ihomogerni'zing nlcdiUm whicn
contained 250 mM sucrose and 20 mM MOPS (pH 74 @ 37°C). fIncludcd in the \

| homogcnnznng mcd\xw some expcvrxmcnts were the followmg protcasc mhxbxtors
phcnylmcthanésulfonyl fluorxdc (1 mM), 1,10 phcnanthrolmc (1 mM), iodoacetamide (1

*7**'7”*mM)TﬁdTﬁth}iT(r mgﬂ:'ljiT he hearts were perf f used retrogradely through the aorta”

~ with homogenizing medium for about five minutes and then trimmed of connective |

tissue, fat and \atri&in homogenizing medium maintained at 4°C. Sarcolemma was

“isolated from eight tor’nmc pﬁo}cd hearts (ca 6 g wet wt)) in a manner similar to that
dcsc-ribcdrby Bers [13], as modijficd'zby ‘Philipson et al. [14] and subsc'qncntly by Tibbits

et a;.j[l_S].» The pooled hearts were minc;:d"in 10 ml of ’i_ce-cold noniogcnizing medium

and homogenized with a Tekmar Tissumizer (Cincinnati, Oﬁ, Model TCMJI) at setting
| 45 ‘for 2 bursts of 3 Vscéonds c;u:'h. The 'h‘omo'gcnatc‘ was filtcrcd through 4‘0‘ gqugc'
/Jﬂtﬁil’rkfs‘{rsttciméshand%roggh&upﬂowﬁum&wiﬁr&nﬁcéﬁi&hdmogcﬁzﬁfmédﬁm.iﬂ
An aliquot of 1.5 ml of this crude h‘omogcnatc was removed and storcd at 4°C for
futurc markg. cnzymc and DHP b1nd1ng analyscs An allquot of 56 ml of a Krcrliand
sodium pyrophosphatc solutxon was thcn added (1:10 dxlutlon) so that the fmal
conccntratxons were 100 and 25 mM, rcspcctivcly., The suspension was stirred for ten 7
"minutes in the cold and then spun at 177,000 xg for one hour. After the supernatants
were discardcd tnc pellets wcfrc rcsuspcndcd in 20 ml of homogcnining medium and
“incubated with 30, OO(ﬂﬁrmtz unrts —of DNase orﬂrn at WThcwsmmﬁﬁf

— rehnmugcmzed at settmg 45 fUl one. burst of 4 seconds and then spum at 8007 g fc

min. The supernatant .was carefully removed and then pelleted at 177,000 xg for one

hour. The resulting pellet was resuspended in 45% sucrose and steps of 32, 30, 28 and
8% sucrose (cach'contnining 0.4 mM NaCl) were successively layered on top. The

° gradients were spun for 16 h at 122,000 xg in a swing buckct rotor (S‘W28).‘ After
i o - , o o , ) o ce ) o 77‘1‘ o ) :” B o B o o

N
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-~ ——— ——fractionation-of th c;gr‘adlerrwﬂtheir&eéeﬂsﬁweﬂbdﬂuieékwiﬂhmaghlrcqwml&m7+ -

of MWMWOMMMWWW

- passively-equilibrate for 1.5 h at 4°C. Thc fractions - ‘were gradually -diluted wnth lcc-

cold loading mcdlum contalmng 140 mM NaCl and 10 mM MOPS The fractlons were
then pcllctcd at 17? 000 xg for 1.5 hours and rcsuspcndcd m loadmg medium to yncld a
final concentration of 1.5-5 mg protein ml"). The fractions were both frozch and

-

stored in liquid N, in cryogchic vials.

‘Sarcolemmal Characterization. Protein content in all fractions was defermined

by the method of B;adford [16] using bovine serum albumin as the standard. The

‘activity of the saraolemmal marker K*pNPPase was assayed with modifications of o

t

procedure we have described prcviously [15]. Ir_1 brief, activity was determined in a
medium containing 10-20 ug of‘sarcolcmr'nal protein, 50 mM -MOl’S‘ ”(;pH 7.4 @ 37°C), 5
o mM MgCl;, 5-mM EGTA and 5 mM N'a+‘ p-nitro}}hcn'ylphosphatz in a, final volume of "1
ml. The difference in activitiesr with and \;itho;ut 50 mM Kbl was' used to nlcasurc

activity because of the relative inschsjtivity of the rat heart to ouabain [l.7]. The tubes

" without KCI had 50 mM NaCl élrbsti{ulcd. The reaction was initiated by‘ing':ubaeion'-'{n'
a water bath at 37°C andrtfhen' quenched aftcr 20 minutes—by—rcimmerslng\—thcrtubesrih - (
a 4°C bath .and addmg 2 ml IN NaOH The tubcs ‘were read at 410 nm. Na-Ca

.exchange was determined in thc sarcolemma * fractlon in a manncr that ‘we rcportcd '

[18). P e

;
[SH]PN2OO 110 Bmdmg to Membrapes. PN was chosen as n%was the only

radlolabcllcd HP available commercnally -as a pure active cnant:omcr as opposcd to a ‘
- -

e

. racemic mixture. [3H]PN bmdmg ‘was measured ,m both the crude homogcﬂatc and :

subcellular leaCthIlS dcnvcd from thc sucrose gradients. In gcncral the tubcs

contained (in_a final vqlumciof'}h”m’l) 50 mM MOPS (pH 7.4 @ 37°C), 10-40 ug of‘

protein, 0.41 nM PN and 2.5 mM CaCl and were mcubatcd for 90 minutes at 22°C. In

T
separate experiments, howcvcr, the mcubatnon was varied between 5 and 90 . -

e
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~ minutes, the MOPS concentration (IMOPS]) was varied between 10 and 100 mM, the PN- -

.concentration was varied between 0.1 and 0.5 nM and CaCl, was varied between 0.002

and- 5 mM. Assays were pc;fqrmcd in l?pth the :presencc ‘andr thc abscnlgé ofr 1 aM
unlabelled nifedipine in order to determine specific binding Fig. 1). All binding assays‘ .
were conducftcd in dim (10 W) red light in order Eo ;prcvcnt photoinactivatibn of the.

- DHPV [19]. Binding was terminated by rapid s/acuum filtration through What;man GF/C

filters. The filters were then washed with three 4.5 ml aliquots of ice-cold buffer,

A

placed in a vial and counted by standard liquid scintillation procedures: .. .. .

Results

The sarcolcmmal characteristics of the crude homogcnatc and thc subcellular
~ fractions I‘rom the sucrose gradients used in thc ‘majority of these cxpcnmcnts
‘exhibited a mean K*pNPPase activity of 25.3 umol mg“1 hr! and a Na/Ca exchange

Y . 0f 3.2 nmol mg~! s71. The inclusion of the protease inhibitors in the homogenizing

medium had no apparcnt effect on either the sarcolemmal éharactcristics (data not"
shown) orl on thcrlg_inding' 707;}}1,6 DHP to tﬁncrsarrcqlgrnrna and Vwasf,k ,,@"f[?f,?rﬁ’,‘!@?, L
routinely cmplpycd.- The time coursc‘of PNd bin_ding is \sho‘wn in Fig. 2. With the DHP
. and CaClz concentrations equal to 0.41 nM and 2.5 mM, rcspcctivcly, the binding.
required at lca‘st» 60 rninutcs to‘rca'ch equilibrium at room tcmpcnatnrc. Linearization
“of these datak by plotting In[B /B -B,] (whcrc B hand B, are the amounts of binding at

7 cqunhbnum and at any given time, rispcctnvcly) as a function of time is shown in thc

~inset of this fxgurc Because [B], was less *than 8% of [L( for all assays 'one can

A

reasonably assume pseudo-first order kinetics [20]. With this assumption, the k,, was

" calculated from the linear regression of t}{c plot and found to be 0.046 min!. The ‘on’

6

rate constﬁnt (k ) was dctcrmmcd from the equation:

1

k, = kf;b, . [B,]/([ET] * (B
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where. [L] is the total ligand conccntration"(O.\dl nM) and [B__] is the maximum

EN - -

equatlon o

k=K, * k. o .

The dissociation constant (K ) and the maximum density of binding sites (B(. o) wérc'

conccntratxon of b1nd1ng sites. Thc ‘of f* rate constant (k ) was calculatcd from the '

o
B

- derxved from Scatchard plot analy51s ol cquxlnbrmm b1nd1ng data (F:g 3) and werce.

»

found to be 0.09 nM and 2.0 pmol mg! protcln

»

-1

, rcspcctwcly. From' thcs:c data, the -

calculated ‘on’ and‘off.’ rate constants were 433 ® 10° M 57! and 3.90 * 1078 sk

¥

fé’s’peét’i\iély“"v S '» R

The effect of varying thc [MOPS] is’ shown n an 4. All solutions uscd were
: "substannally hypotonic w1th rcspcct to the m'travcswular ton1c1ty (ca 290 mOsm LY.
As illustrated in Fig. 4, peak specific binding is reached at an cxtravcs;cular [MOPS]

5

of 20-30 mM which has a tonicity of about 25 mOsm L The effect of varying

[MOPS] had a simiiar impactvon total bindir (dataToT Sﬁwnﬁﬁnﬁc&tﬂmﬁﬂ
and spccxflc blndlng, non- spcc;flc bmdmg CXhlblth an mvcrsc rclatlonshlp thh
respect to MOPS ton1c1ty and rcachcd a minima at a [MOPS] of around 20 30 mM W
o | - Specific PN b1nd1ng at a llgafd conccntratlon of 0.4 nM was dctcrmmcd ln all
subccllular fractions as well as thc crudc homogenate. As shown in Fig,. 5 spccnf:c PN

. bmdmg to vesicles derived from thc sucrose gradient was reasonably-well correlated to

t

the specific activity of the sarcolemmal.marker K*pNPPase. Least-squares lincar

o

‘regression off*fhcscda‘ea"(forc;d to,mtcr;t:cptat the origin) yielded a slope of 7.36 * 10~

?

and a correlation coefficient (R‘) ol 0.84. Spccxhc bmdnng to the crude\bomogcnatc

clcarly v1olat&d thlS relationship and thc goodncss of fit described above dld not

include data from thc homogenate, wh:ch m gcncral had higher spcc:f:c b:ndmg pcr

unit sarcolcmma’vrn_arkc_r activity than the sucrose gradient derived fractions.

. - 4
3 . R R N . P -
. . . .
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fr:,;:;::?ﬂ”l:hrcaicrum dcpendence of- Wbmdmrrrﬂmmnerlrﬁmemc bmdmg

¥ od

Hﬁ%ﬂmﬁ”&&%ﬂﬂ%ﬂﬂﬂdﬂmﬁmon of 2.5 'm

L

-~ (pCa of 2.63:

‘Discussion .

These experiments confirm the complexity of the binding of PN to rat.
veniricular, plasma membranes. With a Hill coefficient close to unity, a linear
Scatchard “plot (corrclation cocffxcrcnt of 095) and a dissocmtion constant (Kd) of 009

..M, th&LCSUIILQLthJL&HJdH#Q—CQHSIS{GMJ&Lﬂ]:L}g&Rd b—mdrn#tma sr&g%oipopulaﬂeu—ﬁv’)f

of high affinity sites. The presence of a srnglc clas§ of high-affihity binding sites in

isolated heart plasrna membranes is consi'stcnt with several other studies [ 21]. Both
high and low affmity binding sites, howcvcr were observed by Marsh el al [22] in
mtactichick cardiac myocytos 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

affi’nity for DHP anq that the high affinity'binding'obscrvcdin isolated membrane
-~ preparations ’mvay reflect 'bind'in'g’to;_th’c 'dcpolarized' state ‘(ina"c'tivatc’d)' of the calcium
‘channel [9,10]. ' - | | |
Thc PN binding sitc appears to be: asSociatcd with the sarcolemma. Linear
- regression analysrs of sarcolemmal marker cnzyme activity, K+pNPPasc (rcprj:scnts a’
partial rcactron of Nat/K+ ATPasc pump [24]), and DHP spccd‘rc binding in -

subcellular fractions rcvcals a rclativcly strorm linear rclationshm althoih thcre isa |

slight tcndcncy towards a rectangular hypcrbolic function (Fig 4). Lincaritv of DHP

binding and sarcolemma marker activity is in agrecmc-nt with Grover et al. [21] in both
. cardiac and sgmth mnsclc _preparations. This - £u:thcr substantiatcscopunficanonwfﬂ—A
‘the DHP -binding site and the sarcolcmma as cv1dcnccd by scvcral other invcstigators

[11,25]. Williams & Jones [12), however, found that sarcoiommal marker specific
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acuwty in thc subceuular tractlons from the myocardmm did not correlate with

7WWWT'§DCQ NTP specific bmdmg was: round in a

e

ryanodme scnsmvc mlcrosomal fraction with lcss than 5% of the spcc:f:c actnvny of

i sarcolemmal markers found‘m the sarcolcmmal-cnnchcd fractions. In skclctal'musclc
hlgh spccﬂ'lc NTP binding has also bccn rcportcd to be assocnatcd with fracuons

cnnchcd in sarcoplasmic rctlculum [26] or -T- tubulcs [27] Whnlc the dcnsxty of DHP is R

L)

‘hlghcst,,m skclctal msclc,,Ltuancs,Jth( d_maticasLamchoﬁmagmtudc h+gh~ '
than that obscrvcd in ‘both cardnac and smooth musclc sarcolcmma Thcsc fmdmgs

su_ggcst that the DHP binding sitc is qualitativcly diffcrcnt' in skclctal muscle ahd the

, [28] may not be valnd in cardiac muscle. Thus, the variations in DHP bmdmg rcportcd
in different studies may be a cohscq\xcncc of dift‘crcnccs in the techniques, tissues and

perhaps to species. It is'possible‘that sarcolemma Ca?* channels may be rcéruitcd from
o

some intracellular location or site of synthcsm such as the sarcoplasmic rctnculum

Thns could cxplam the largc reserve of dormant channcls apnainLnjkﬂﬂamenLg‘_
The rclatnvely hngh spcmhchmdmg of th;‘ligand to the crude homogcnatc = |
"compiar»cd' to the s'UbéclI'ul'a'r fractions, ’thn"ribr'xiialiicid 'tiéf ii;nit sar"c:bl'érhhtal’*hmiar'lié? T
enzyme act1v1ty, suggcsts”thc presence. \of a binding site rcgulatory factor which may
_be lost or altcred in thc 1solat10n of sarcolcmma Thns may-rcsult in either an

" underestimation of PN binding sites in the highly-purif‘icd sarcolcmma fraction or an

overestimation in the crude homogenate. Preliminary studies in our laboratory have

]

1mphcat;d calmodulm,,mihg quulamm of DHP binding {29]

To characterize PN bmdmg_ﬂunhuhsclcmmethodlegmalqlmccduwm—

‘cxammcd more closely. The equilibration of PN binding to isolated sarcolemma was '

found-to require at-least 60 minutes (Fig.
to highly-purified sarcolemma is comparable to that in previous experiments [5,8)

using cruder preparations 4nd illustrate the slow kinetics of DHP binding in vitro.



e

i

foi NTP (5], aithough the associatidn rate constant was comparable to that found by -

, Glossmann & Fcrrg‘IS] Thc dlscrcpancy may be due to dlffcrcnccs in the hgands’
K bcmg uscd prcparatxon punty or morc likely to the tcchnlqucs uscd to analyzc'

binding Xinetics.

_Usc’of"a»' hypotonic buffer precludes diffcrcntial bindin'grof thc li;gaxfd ..to 3

ek

'"v‘;rwi'gnﬂs’hélﬁgcuélmluﬁﬂﬂifﬁfkrﬁz‘iét‘fans* rcsultmg from dxffercntlal vcs:cular oncntatlon "An
| \ cxtravcs:cular MOPS conccntrauon of 20-30 mM maximized PN blndmg (F:g 4), a |
S W Mthazacmdjtei&k&&daiee;eased %msmrmwnd bmdmkwm}h—:—v%
the increased total bandlng is cons:stcnt with . vcs1cular ruptunng duc to hypotomc N

shock, thc cxplanatlon of a dccrcasc in non-specific bnndmg 1is unknown but may be

L)

assocxatcd wnh thc low 1on1c strcngth
) B ) V’“ . ‘ k - ! : ‘o':
PN. bmdmg was maximal in the presence of an extravesicular calcium .

‘ Vconécntration of 2.5 mM (Fig. 6). This finding cb‘rrobora'tcs' wit'h' the ‘results o}' several

other studies that dcmonstr,atc an extracellular catlon rcqu:rcmcnt for DHP binding

c

[8,30,31] and adds support to the notion that DHP binds to thc C,az’,F channcl ora

protcm assomatcd with the channel [32]
Followmg an analys:s similar to that of Colvin et al. [33], an estimate of
rciccptor' site dcnsity was obtaincd frorn a knowledge of the Spécific phospholipid

contcnt of the sarcolcmmal vesicles and thc B max S derived ffom Scatchard plots. ﬂIn the

calculations, it is assumed that the hgand binds to functlonal Ca” channcﬁ in thc

sarcoicmma, the blndmg sites are dxstnbutcd randomly on the sarcolcmmal surface

"

one- hal{‘ of thc phospholipid molcculcs gontnbutc to" the surfacc area of each
]

',,mgmla& QLth; _membrane hﬂaycLandJ{}% {14} of Ehamcmbmna#composch)f—

phosphohpxds Gnvcn that the Sp-ClelC phosphohmd content of sarcolcmma from thc

Tt

rat hcax_'t is 0.75 umol mg" protcm'l [15], the avcragc surface area occuplcd by each
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phospholipid molecule is 60 A’ in the liquid-cfystallinc state [34] and the B' \is 20

pmol mg-! protein!, it is estimated that there are approxxmately 3.6 PN bmdmg sites

Y f‘-.\ P n
-um -2 sarcolcmma From wholc cell clectrophysiologncal measurcn‘nts of mcmbranc
capacztancc in rat cardxac myocytcs by Bcan [35] and assummg a spcc:l'lc mcmbranc ,

,capacnancc of l uF cm2, myocytc surface area is cstxmatcd to be 31 * 10Y um? ~The

-

derived rcccmor number per myocyt'c 15, thcrcforc ll 2 ® 103 This is within the rangc

ffffff o of ﬁrm:norrsrtﬁ#cﬁarrneﬁrns.tﬁrﬁﬂsﬁo’y csﬁnatmﬁw o

analysxs of tissue_cultured rat hcart [36] although it is an order of magmtudc hnghcr,

than prcvxously found in isolated sarcolcmma [33] Thc latter could be cxplmncd by

the hlghcr SpCﬁlf!C phosphohpnd content apparcnt in canine sarcolcmma and the use of

a different llgand (NTP). The similquity found in DHP binding site dcnsity‘
ve‘stimatio‘ns and functional Ca’f channel density dctcrmi.nati‘on [36] provides st}ongcr

evidence for the association of the myocardial sarcolemma DHP site wlt,_h the Calt

‘~
7 channel. - } 7
"****’"'***'***J—H‘IWTW’WIWWWWWWUWMTMtWPNV*fT
to highly-purified sarcolcmma. While the results illu r the complexity of the

-

bmdmg process, thc expcnmcnts also offcr support for thc hypothcsns that thc DHP
rcccptor site in the myocardxum represents the calcium channcl or a protein closcly

assocxatcd w:th it.

-t
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[PN200-110]nM \

PWO Iftﬁ)mdmg (pmoles/mg- protéinT to crude homogcnaTeﬁ&rafmfcnordﬁPN?W*‘;
: ‘ 110 concentration

Fig. 1. Specfic binding (SB) is defined as the difference between total (T), and non-
specific binding (NSB), in the absence and presence of nifedipine, respectively. Buffer
and CaCI} concentrations were 25 and 2.5 mM, respectively and thc incubation time
was 90 min. at 23°C. : -
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Fig. 2. N200 110, buffcr and CaCl concentrations wcrc O4MM 50 mM and 2.5/ mM ‘

rcprcscnt + SEM. The ‘inset shows a lmeanzanon of these data in which In(B /[B -B ]) L

was plotted as a function of time in order to generate K (whcrc B is thc spccgﬁc
- binding at equilibrium and B, is the specxﬁc binding at t:mc t). ] :

4
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Scatchard analysis of PN200-110 binding to highly-purified sarcolemma

’ Fig. 3. CaCl and® buffer cgnccntratxons wcrc 2.5 and 50 mM, rcspcctxvcly and the

incubation txme was 90 min. at 23°C.
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Fig 4. PN200-110 and CaCl concentrations were 040 nM and 2.5 mM, rcspcctxvcly, the
incubation time was 90 min. at 23°C and n=_ 5. Buffer concentration was varied
between 10 and 100 mM and spccxﬁc PN200-110 bmdmg was expressed as a percentage
of binding at a buffer concentration of' 50 nM. Bars represent + S.EM. ]
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Flg 5. SDClelC bmdmg of PN200-110 at cquxllbnum to subcellufar fractions as a
function of the specific activity of the sarcolemmal marker, K*pNPPase. PN200-110
and CaCl, concentrations were 0.40 nM and 2.5 mM, respectively and the incubation

time was 60 min. at 23°C. Enzyme assay was pcrformcd as described in Methods.
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Fig. 6. PN200-110 concentration was 0.4}-nM and_incubatioh time was 90 min. at 23°C.
CaCl, concentration-was varied between 0.002 and 5 mM where pCa is -log [Calt] M.
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—wmmmmwmmmmmm—;
- SARCOLEMMA OF THE RAT HEART

— -

Introduction -

The present study was- undertaken to characterize further the calcium

dcpendanCC- of PN200-110 binding to highly-purificd myocardial sarcolemma.

 Radiolabelted-calcium (Ca“) antagonists have become an important tool’ for gammg

»

mformatxon about calcmm channcls found in the plasma mcmbrancs of various tnssues
. Thel Fé,hdimgdmmgidjnggulﬂg)jin:ggnﬁﬂz&ndi&maé&ﬁspeei&ea&ﬁim&a&&nm&ukj:

because of their appar‘cnt' high binding specificity and potency (1,2). It has been

-——

. demonstrated that high-affinity radiolabelled DHP: binding is dependent upon the
presence of divalent cations, especially the alkaline earth metals (3,4,5,6,7) including

Ca?* or Mg?*. In both smooth and cardiac muscle binding is lost upon removal of

——divalent cations and is restored by the addition of low concentrations of Ca*" (7). The
role of this divalent cation site, however, is not known. The apparently high affinity
of the divalent cation site for Ca2+ (8) and the observation that calmodulin

antagomsts 1nh1b1t MP binding (7) suggests the presence of a Ca?* binding protein
‘,.é %»l{;x"

rcgulatlng DHP binding and perhaps-Ca?* channel function. This may gwc some

an

: mmght to a previous observation (9) that spccnfnc PN200-110 binding (pmol'mg!

protcm 1) m vztro ‘was comparable in a fractlon m whnch sarcolemmal markcr actnvnty

—-—

- ygg increased about 25-fold to that in the crude homogenate, lt.was suggested that a

Ca?t binding protein was altered or lost during the isolation procedure. The pur’posc
of this study was to determine the extent of Ca’! and calmodulin involvement in
PN200-110 binding allowing for further characterization of PN200-110 binding to

highly-purified myocardial sarcolemma.
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. Sarcolemmal isolation and characterization. The sarcolemmal isolation

—— -

7, te.c,hniooc, described in detail previously 9, follows that‘ of Beérs (10) as rﬁod'if'i'c"dbyi

Philipson et al. '(ll) and subsequently by Tibbits et al. (12). Protcin convtcn'tv inothe

subccllular fractions was dctermmcd by the method of Bradford (13), usmg bovmc

sérum albumm as thc standard Sarcolcmmal markcr cnzymc act1v1ty, K+pNPPasc was

e e

- measured as described "prcvmus}y 9) e S

[*H]PN200-110 binding. [SH]PNZOO 110 (PN) blndlng was measured in the

hxghly purified sarcolcmmal fractxon harvested from a sucrose. gradlcnt and follows

the procedure outlmcd prc_vml_l_sly by lebxts et al: (9). In gcncral, for Scatchard

analyses, tubes wcrc‘ prepared with;"PN' (78 Ci/mmol, Ncw Ehgland Nuclear)

conccn(rations rahging from 0.15 to 0.5 nM, 25 mM CaClz, 50 mM MOPS (pH 74 @

37°C), 0.5% v/v absolute ethanol (95-100%), 10-40. ug. protein and distilled/deionized

water to bring the tubes to"a final volume of 5 ml. In separate cxpcrimcnts CaCl, was

-

varied. bctwccn 0.002 - 50 mM and calmodulin ~was- vancdbﬁweenf—lo -1000-nM: “The -

Qp

concentrations of the putatnvc calmodulm antagonists were varied betwecn 005 to 2.0

uM and 5 to 200 uM for calmxdazollum (R2457l) and trlfluoperazme (TF{P) '

respcctnvely Allassay tubcs were incubated for 90.minutes at room tcmpcraturc

Rcsu'lts 3 . ‘ ' -

—— 4

The sarcolemmal charactenst:cs included a specific K+pNPPasc activity of 25.3

umol mg™! hr'! and a Na/Ca cxehange V e Of 3.2 nmol mg‘l =3

Specrﬁe bmdmg of PN as a f\meﬂen of ligand concentration: was, maTMTZLC&TIT"*

the orcscncc of 2.5 mM Ca2+ (Fig. 1 & 2). A sigmoidal relationship between Calt
concentration ([Ca?*]) and PN specxflc bmdmg was found as ﬂlustratcd 1n Flg 2.
Scatchard analysis of equilibrium PN binding for any given [Ca?t] (Flg 3) produced

linear plots. At a Ca®* concentration of 2.5 mM, enhanccd ligand binding appears to



be associated with an increase m'mammum reccptor dcns:ty (B”/)(F;g 3; F:s 4)- andrﬁﬁfﬁ';

binding aﬂﬁnuyidccmasﬁdw

at varymg [Ca2+] is shown in Tablc 1, whcrc n and r? are thc Hlll and corrclntlon

.

coefficients, rcspcct;vcly, ‘With mcrcasmg [Ca”] thcrc was ' a dccrcasc in non- spccnf;c

'hgand bmdmg (results not shown) although it . dnd not appear to account l‘or the

scvcral»fold increase in spcc1f1c binding obscrvcd ‘at hlgher [Ca“].

The calmodulin antagonists calmndazohum and TFP mh1b1tcd PN spccnl‘nc

binding in a_ dos’c-dcpcndcn‘t' manner, as shown in “Fig. S. Thc presence of the
calmodulin antagonists appeared to have little effect on no'n-spccvil'ic ligand binding

(results not showh) although spccif'ic binding was conéidcrably dccrcascd' ‘;-*?7

Spcmflc PN bmdmg (0.40 nM) was cnhanccd by approxlmatcly two- fold in the

presence of 50 nM calmodu\ﬁ(\p (Fig. 6). Thns was assocnatcd with an increase in total
A
a\ji a decrease in non- sch1f1c lngand binding (results not shown).

Illustratcd in Fig. 7 is the Ca”-dcpcndcncc of calmodulin (molcs of Ca” bound

e

-per mole of calmodulin) and PN specific binding (at 0.5 nM). Ca conccntrauon is

expressed as p(.Za2+ (-log[Ca”]).» o o . o . T

v N .
Discussion

The nature of the Ca’t-dependence of PN binding to h’ighly-parificd ’
sarc,olcmmalfr’om' the rat heart has been ihvtstigatcd. The cqu_vilibrium bindin_g orf PN
‘to sarcolemma was aasociatcd with a linear Scatchard ?.,plot (Fig. 4) and a Hill
coefficient close to unity, (Table 1), for any ‘givv‘cn' [Calt). ~Thasc findin.g.s confirm
préviods observations ~°f, binding to a single non-interacting ‘set. of sarcolcmmal PN
receptor sites.

Ca”-dc?cndencc of PN binding was clearly illustrated in this st‘ady and w'is in

accordance with various other studies (3,4,5,6) which indicated that alkaline ecarth

metals were.critical for DHP binding. A Hill coefficient close to unity was obtajned ﬂ

+
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;'f:f - suggesnng thc ~absence  of ifcooi)eratlvnr betweexr the— DHF rcccptor/Ca”/PN*””:’f;
e f—ﬁnfcracfmrsfessmanfref dzL B)ﬁowcwmmmrmmmvﬂyﬂsww
- by Hill plot analyscs, bctwccn rcccptor/Ca“/mtrcnd1p1nc (NTP) m{cractxon whcn thc
"[Ca”] was varied bctwccn O.vlv and 1000 uM. The mconswﬂ;tcnt flndmgs \may l_ac_
"accounted for by the different ligands of the [Ca?*] ranges (0.1 to 1odp_uM and 210
5000 itM' by Glossman‘n et al. (3) and i’n thqé})rcsen\t study, rc"spcctivék:ljy.) employed. | |
| * Increasing extravesicular [Ca?*] to an optimum of 2.5 mM (Fig. 4), was
associéfcd with- an increase in liganvd binding affinit» V,d'cércasc K&)Q Vtht_ﬂhc‘r the
ir%grcasc,‘ ‘in‘ affiﬁity" was a consequence of ban‘ altcréd lAcin'ct:ic’.,assoc'iation (kl)"Ol'_

R

‘dissoéiation,(k_l) constan,t was not established. The incffcasc -in_binding affinity Was—
assoc:atcd with an increase in PN.receptor site dcn51ty (B ), su%gestmg ‘a binding site o

" altcratlon that may allow for a more accurate enumeration of PN sites. The hlghcr Kd
and-lowcr receptor site density cvxdcnccd at micromolar [Ca“] are consistent with

unsaturatcd llgand bmdmg (Fig. 1 & 3). DHP binding to the _sarcolemmal Ca2+ channcl

1S suggestcd by thcse observatlons and the finding that thc affxmty of the Ca"'+

¥

| channcl for Ca"'+ is < 1 uM (8) 31m11ar to that for the cation rcstoratlon of DHP
binding (7), upon GatIOD-dCDlCthﬂ. |
| Thg:'rapparent inhibition of PN binding' in the presence ‘of_czlllmodulin
antagonis;s, calmidazoliqm and TFP, is in ;ccorc_iqnce with Ja?is et al. (7) and. su‘ggcbsts. :
an involvement of calmodulin in the binding of DHP to thi\é,sarcolcmma. ",At, a

calmidazolium concentration of 1 uM and TFP concentration of 10 uM, inhibition of

PN binding was approxlmatcly 75"and, 25%, respectively. The former is comparable to

that 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 IC50 (conccntration at 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 foujld for other processes thought to be

ealmodulin-xﬁcdi;t}d, such as Ca®t-ATPase (14, 15,"7176) and phosphodicstcrase (17). The



b ndmg site (7), 51m11ar to that on calmodulm and calmoduhn bmdmg protcrns (18)

An mvolvement of calmodulm in the bmdrng of PN . was substantnated by the

n frndrng that the addltl.mh of 50 nM calmoduhn cnhanced PN spectfnc bnndmg by ,

‘ ’greater than 2-fold (Frg 6) Preltmmary evrdence suggesfS’ that the addrtron of

calmodulin increases the B_. wrth no apparent effect on the blndmg affrmty (data
\r

not shown) Glossmann & Ferry (3) however found that the a’ddmon ol' purrfrcd

caIm‘odulm t0' membranes had no apparent 'e’ffect on NTP brndmg -and '-NTP drd not‘

brnd to calmodulin in a direct centrrfugatron bundrng assay The d:f!‘crenccs may be a

R

consequence of drfferent lrgands employed or more Irkely to the sarcolemmal nsolatnon

‘technique use'd. If t_he sarcolemma in the above mentioned study, were not calmodulin '

depleted then the further addition of calmodulin would probably not enhance NTP

binding. Clearly, further. exper’rm_entation (including extraction' and quantification of
V . ’ ." /1 5 . M R 3 ‘
membrane bound calmodulin) is required to determine if the isolation procedures can

account for the inconsistent findings.

| GlosSmann & Ferry (4) als‘o found that DHP receptor sites were heat sensitivc
in contrast to the'finding that calmodulin is a heat stable protein le)l.Thc inciusion
of 1 mM Ca?", however, protected the drué re‘ceptor.again‘st heat_inactiv'ati'on (4). This
observation and the finding that the Wing. of the DHP, NTP, was actually heat

stab'le (4), suggests a possible Ca?*-dependent role of calmodulin in NTP bi’nding. The

former observation is in a'ccordan.ce withthe Ca?*-dependence of calmodulin binding

observed in rat brain microsomal fractrons (20). Ca?t- dependence of calmodul.nn ‘and

PN brndmg was apparent but therr Ca?t-sensitivities dnffer by several fold (Frg. 7),

questioning the extent of calmodulin involvement in PN binding. The p}es'ence of

“either an optimal extravesicular Ca®*-or calmodulin concentratior&was associated with
' L3

an increase in total and a decrease in non-specific PN binding. The similar effects of

g



—

Ca“ ‘and calmodulm ‘on. PN bmdmg 1mpllcatc an 1nvolvcment of - Ca -depcndcnt

b
'calmodulm m PN bnndmg and would parallcl thc observation that calmodulm isr

7,rcqu1rcd for full actlvatlon of the Ca2+ channel- (21)

1f in factv calmodulm' is mvolvcd,m the bindiﬁg of PN to myocardial

saréolcmma, it can be postulatédmt‘hat' a loss or alteration in calmodulin during the

. - ’ . ' .
cxpcrimcntal 'procédurc would ,dccrcaAsc PN bmdmg. This would pr0v1dc an

S

cxplanatxon for thc comparablc spccxf:c bindmg of PN in thc crudc homogcnatc and

|solat10n proccss may cxrcumvcnt thc loss of calmodulm

highly- punf:cd sarcofemmal figctlon f‘ound prevnously 9): Thc addition of Ca?* to the

U

- The . rcsults of this study prov:dc furthcr clanf:catlon of the in vitro

Y
sarcolcmmal DHP receptor site and rcqulrcmcnts for PN bmdmg Ca"”r dcpcndcncc of .
ligand binding and thc possxblc mvolvcmcnt of calmodulm in assocnatlon to the
rcceptor site are consistent with - the postulatxon that binding of PN is to the

sarcolemmal Ca®* channel. ‘ ' e : N
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Fig. 1. Ca%*-sensitivity curves of PN200-110 specific binding as a funicitiiorr; 6f ’iigaha
and PN200-110 concentrations

concentration _in highly-purified sarcolemma. CaCl,

were varied between 0.002 to 5 mM and 0.15 to 0.5 nM, respectively., Buffcr
 concentration was 50 mM and the mcubanon time was 90 min. at 23°C.
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Fig. 2. Specific PN200-110 binding as a function of Ca?t concentration (cxprcsséj as
pCa (-log[Ca®*]) and ligand concentration in highly-purified sarcolemma. CaCl, and

PN200-110 concentrations were varied between 0.002 to 5.0 mM and 0.15 to 055 nM,
respectivelv. Extravesicular buffer concenfration was 50 mM and the 1ncubat10n time
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Fig. 3. Scatchard analysis of equilibrium PN200-110 binding to highly-purificd
sarcolemmal preparations where Ca?* concentration was varied between 0.002 to S mM.
For Scatchard plot analysis (B/F (specifically bound PN200-110/free PN200-110) vs {
specific PN200-110 binding) where PN200-110 concentration was varied between 0.15

to 0.5 nM. Extravesicular buffer concentration was 50 mM and the incubation timc -

was 90 min. at 23°C. . , : , ’ L
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trifluoperazine concentrations were varied between 0.05 to 2.0 uM and 5 to 200 uM, -
respectively. Extravesicular buffer concentration was 50 mM and the incubation time
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[Ca?*uM n r?
2 112 0.92 ,
| | J
100 ‘ 114 0.99
500 - . 0.82 0.96 -
— 2500 "7 084 - 0.97
5000 : 1.15 0.98
[ ’ V \
Hill analysis of PN200-110 binding at varying Ca2* concentrations "
~ . _
Table 1. Hill plot analysis of PN200-110 equilibrium_ binding at varying Ca%*t"
concentrations, where log[B/Bmu-B] was plotted azgvainst -log[PNZOO-llO]fm. The Hill



CARDIAC SL

DHP Binding

0.28

TISSUE ~ REACTION caLmip . TFP
- R L IC, M) L 1Cy, (M)

RBC (14) Ca/Mg ATPase - - 30

RBC (15) - Ca/Mg ATPase - 0.35

. | Ca Transport __ - 2.00
 "RABBﬁ/stt(16)»s1tearﬁmakc R 3040 -

BO_ViNE BRAIN (17) Phosphodlestcrasc | . ' 10 .

DANSYL BOVINE (22)  CaM (I mM Ca) s 10

(present study)

\

Table 2. The IC, (conccntration‘ at which specific. binding inhibited by 50% at
equitibrium), In Vanous tissues, of the calmodulin antagonists, calmidazolium — —
(CALMID) and trifloperazine (TFP), on calmodulin-mediated processcs. Abbreviations:

RBC (red blood cell); SKEL (skeletal musclc) SL (sarcolemma) SR (sarcoplasmic
reticulum); CaM (calmodulin).



~endurance exercise training’induces adaptations in myocardial sarcolemma which may
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CALCIUM ANTAGONIST BINDING TO MYOCARDIAL SARCOLEN[MA
' ADAPTATION TO EXERCISE- : .

Introduction

The regulatory role of ca-;diac plasma. membrane (sarcolemma) in myocardial

function is well documented. This study was conducted to test the hypothesis that

, _ 3
account for the augmentation in contractility observed with training.

. In the myocardium, transsarcolcmmal calcium (Ca??) influx playsja. key role in

cxcitation- contractlon {E- C) couplmg (l) ThlS is consxstcnt Wlth the fmdmgs ‘that

cardxac muscle contraction has an absolute extracellular Ca2+ rcqu1rcmcnt (2) and

contractlhty vanés as a function of cxtraccllular Ca2+ concentration (3)

Although cndurancc ‘exercise tralmng has bccn shown to enhancc cardlac.

, pc_rl’ormancc (4), thc mechanism of this adaptation is not fully understood. Wc have

prc‘viously postulated that it m%fy be attributed to an altcratiori in ,myocardiél'

ammals havc CXhlblth a) lowered sensitivity to La3+ (5) (an agcnt that acts on the

sarcolemma to uncouplc excitation from contractlon) (6) b) an increase in thc

" predicted numbcr of sarcolcmmal calcwm bmdmg 51tcs (7), c) prolongatlon of thc

"'contractlhty as a consequence of sarcolemmal adaptatlon(s) Hcarts from trained

_action potentlal (7) and 4d) substantiai altcrauons in thc Ilpld composmon of thc‘

sarcolcmma (8). In thc lattcr study the spcmfxc sarcolcmmal contcnt of phosphohplds

and phosphatldylscrmc were increased 23 and 50%, respectlvcly. Thesc‘fmdmgvs,arc v

consistent with an increase in transsarcolemmal calcium influx that results from

training producing an increase .in myocardial contractility. Nat/Ca?* exchange is



”enhanced with exercise training,- likeiy as-a- rcsult of an increase i the ﬁfl‘mily

(LowepedK )of theexehangepfon%%
ihvestiga,tc the hypothesis that myocardial sa‘rcolcmmal"Ca’L*; ichan'nclv vocnsity is
modifiod in responsc 'to exe'rcisc training Calcium antagonists in paiticulai “thcali4-'i
dihydropyridmcs (DHP), are thought to bmd spccxfically wnth the sarcolcmmal Ca2+ 7‘
7 channel (10) A new labellcd DHP [SH]PNZOO llO (PN), has “been cmploycd in thlSi i.
- study smce it.1s: availablc in its activc cnantiomer form and binds with a ‘high dcgrec -
of specificity and» pf)tcncy (10). | |

The Ca” current in heart is r'e‘gulatlcd by two distinct channel types, L and T
which‘givg rise to slow,kand‘. fast Ca-2+ currents, respectively (1 1). DHP block ,,onl,l,y,, the
L-type ch.anncl (12) igand can - completely inhibit ‘tcnsion ’ production (13)':
Electrophysiological studies illustrate that theﬂL typc channel is the ‘major contnbutor A

of Ca?t influx during the ventricular action potential (11) and thereby s thought to

. play a crucial role in the regulation of contractility.

S . ’ o - ‘ ¢ - - e e o e

Methods and Results

’ Animal training and body charactc'risiics'. Sixty-six female Spraguc;Dawlcy rats

were randomly’ dividcd into exercise-trained and sedentary control groups. Rats were
. ™ N < .

housed in cages of four, in a temperature an’id:'light controlled room and were fed ad
libitum. ' : N _ -

At the complction of the 10 week trcadmill rcgimcn the ammals were _

SaCl'lflCCd by dccapitation at the same time daily to c:rcumvcnt possmlc circadian

- —- ———— e — —_ -

vanations (14). At the time of sacrifice, thc thorax was opencd quickly and thc hcart

was cxciscd and p&:rfuscd rctrogradcly 'through the aorta with homogenizing. medium-

(250 ‘mM sucrose and 20 mM MOPS to maintain pH 7.4 @ 37°C). The hearts were then

trimmed of connective tissue, blotted dry and weighed (14). *



Sarcolcmmal 1solation and characterization. The sarcolemmal isolation

"tcrchnirquc"(VIS) Eol‘lows that o»t' Bers (176) as modificdvby’Philipson et al. (1‘7) and

homogcnatc was dctcrmlncd by thc method of Bradford (19) using bovmc scrum

albumrn (Slgma) as a standard Thc activity Qf thc sarcolcmmal markcr cnzymc

K*pNPPasc was measured as we have dcscrlbcd ‘previously (20) I

'————r———ﬁ‘m?moo-rro bmdnrgﬂirrrdrnrof PNﬁwarrmfasureTtZ?fj in fch crucﬁ:

homogenate and thc subcellular fractlons (F2 F3 and F4) in trained and control

Llncar rcgrcssron analysrs of PN spccnfnc brndlng (at 04 nM) vs. K*pNPPasc actrvnty

. R . ) R R . - . . R - . T - . . S mmen o -
subsequently by Tibbits et al. (18). Protcin' content in all of the fractions and crude -

“was pcrformcd for the tranncd (R?* = 085) and control (R* = 0.84) (Fig. 1) group. A

srgmfrcant (p < 0.05) dnffcrcncc in thc slopc was found bctwccn the rcgrcsslon line for

the trained vs untrained, illustrating an increase in specific binding in the trained in

the absence of increased sarcolemmal purity. Specific bindiné (homogcnatc,_ F2 and F3)

~ was statistioall'y (p < 0.05) greater in the trained than the control (Fignz;'FZ) ScatChard,

0.05) binding affinities for any given preparation, wrth the exception of F3‘. .

Fl - . . . . .. %“,'
) ) . s
ELE
. > -

(ﬁt by icast-sduarcs‘lmcar rcgrossion) plots (Fig. 3) of equilibrium binding fo'r the

tramcd and control group provxdcd values for the maxlmum bmdlng srtc dcnsrty

. ,{ . - B
( ) and the brndmg drssocnatlon constant (Kd) (Table 1). The trained rats cxhrbntcd

significanvtiy (p < 0.05) greater (~ 50%) Bmax valucs than thc controls and lower (p >

Discussion

R

Saroolcmmal adaptation. It is clear from this study that endurance exercise

traxnmg mduccs adaptatnons of the sarcolcmma In preliminary studlcs (5, 7) using thc

same trarnrng protocol, an augmcntanon in myocardial contractility was found

independent of ﬁypcrtrophy and alfcrations in myofibrillar ATPase activity.
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- feﬁi—a——m—wﬂt\a increase —in—the- densny -of Wsa:eelemmal—calcwm%aaael& ;s—s{mngly—

suggcstcd (p < 0.05) in the Scatchard analysis (Fxg 3) of PN bmdmg which rcvcalcd an -

,approxxmatelyf 50% mcrggsc_ in the maximum density of DHP binding sites in th_c'

-

.‘-(
trained rats. The increase is in agreement with a previous investigation in our

laboratory using ahothcr DHP, nitrendipinc (23‘); ghd was found in ‘the absence of a

significant change in the™activity of the sarcolcmmal markcr, KtpNPPase; or protein

yield. Dxffcrentlal vcswular mdcdncss does not account for the dll‘fcrcncc bccausc the -

- vcs:clcs ‘were loadcd thh an- rsotomc *mcchum and' then diluted into an- opnmaHy“

hypotonic solutlon (20) causing the vcsmlrcs to rupture and allowing access to both

__sides of thc vesicle. ‘ ‘ - -

-~ The sarcdlemmal agaptation to exercise training is apparently quantitative
rather than qualit'ativc although the 'binding affinity of PN in the trained was

generaHy lower than in th—e'untr;iin-cd as evidenced, by an increase in the K, This

| finding may be a consequence of -an alteration‘in the DHP binding site with tréining."

Phosphollpxds have bccn shown to be an unportant combonent of the bmdmg site (24)

and excrmsc trammg has bccn shown to altcr the mcmbranc phospholnpld composmon

" {8). An altcratxon in the composmon of phosphohplds assomatcd with: thc PN bmdmg* —

site may ultimately affect the al‘fxmty of thc rcCQ{)tor for thc DHP molcculc The
Iowcrcd bmdmg affnmty, cvxdcnccd in the untrained, would serve to undcrcstnmatc
'the difference bctwccn the traincd and uﬁfraincd, shown} in Fig. 2 &, 3, at a lngand

concentration of 0.4 nM. o

~ Evidence is available to suggest that there may be some parallcl,in the nature

of a physiological stressor, such as exercise, and pathological stressors. Wagner et al.

-

(25), in cardiomyopathic hamsters, found a substantial increase in the number of

cardiac DHP binding sites. Fu%‘thcfmera%essnitzer—e&a‘k426y£md4hemmmﬁon%

of Cat in cardiac' myocytes of cardiomyopathic hamsters to be clevated and a

prolonged action potential was found by Rossner and Sachs (27). The latter has also
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’**’*."”*Dtcrr dctc?:ted m ﬁeartswﬁ trmneckratsi?)’*ktthmrghﬁpr}physrotogrcarcffectyof these T

that mducc the adaptanon and/or the strategxes of myocardxal adaptatxon

Thc adaptatlons obscrvcd in this study may still be a consequence of ‘other

sarcolemmal component. altcratxons.yvadcncc suggcsts tha-t DHP bind to.thc=“carlc1‘um~ -

channel or to a protcin‘closely associatea with the chémncl, as sdggested by.'Towart'

47;741'“1 Schramm M) Lalmodulmﬁha&bccnﬁshowmtcpmomﬂpDHPdem#(w; MLsi

rcqmrcd for full actlvatxon of the Ca'“’ channel (30)

Sarcolcmmal Ca channel dcnsxty 1smod1f1ed m'response to cxercise training,

S "*WW Stfbs*tanﬁatmg the— rmpormr role—of —the Tmmemmrﬁn—myocamralif
,functlon. and the procc’ss of adapﬂ.g;m The evidence prc’scnted is. cons‘istcnt with the
notion that exercise training increases Ca?t channel density (approximately 5.71

~channels um-2 (21) vs 3.55 channels u_m‘? (20) in trained vs control). This increase in B

Ca®* channel density is in accordance with enhanced myocaidial contractility (5,7).
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PN200-110 binding vs K*pNPPase activity in the trained and uvntraincd

Fig. 1. Rclatlonshlp between PN200-110 specxflc bmdmg (pmolcs/mg protem) (PN200-
110 concentration = 0.4 nM) at equilibrium and specific activity of the sarcolemmal
marker enzyme, KtpNPPase, in trained (T) crude homogenate ( 4 ; n=8) and subcellular
fractions ( ¢ ; n=20) and control (C) crude homogenate ( 4 ; n=8) and subcellular
fractions (@ ; n=20). Buffer and CaCl, concentrations were 25 and 2.5 mM, respectively

and the incubation time was 90 min. at 23°C.
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PN200-110 binding in_t'rairlcd vs control as a function of PN200-110 concentration

Fig. 2. PN200-110 specific binding (pmoles/mg protein) in trained (T) vs control (C)
as a function of PN200-110 concentration (nM). PN200-110 concentration was varicd
between 0.1 to 0.4 nM, buffer and CaCl, concentrations were 25 and 2.5 mM,
respectively, and the incubation time was 90 min. at 23°C. Bars represent + SEM.
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Fig -3. Scatchard plot of PN200-110- SpClelC bmdlng to a hlghly enriched sarcolcmmal

fraction (F2) in the trained ( O; n=6) apd control (@ ; n=6) group.
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B
| max
- (pmoles/mg)
HMG 0.288 (+)
: 0.015
F2 0.418 (+)
0.025 :
F3 0.285 (_)
: 0 016"
F4 0.047 ()
' 0.002
Table 1.

Maximum binding site density (B

K,

0.160 (+)

- 0.011

0.360 (+)

. 0.021

0.280 (+)
0.029

0.264 (+)
0.014

CONTROL

0.005 o

Bmax - Kd
- —rf(pmdles—fmg% W*ﬂﬂfﬁf{ﬂ‘ M}i ffffffff -
0.186 (2) 0.138 (+)
0.006 0023
0.282 () 0.305 (+)
0.011 0.020 o
10.210 (1) 0.298 (+)
0.006 - 0.015
0.033 () 0.208 (+)
0.012

u) and dissociation constant Ky

determination from Scatchard analysis of linear plots of PN200-110 bindin ro
homogenate (HMG) (n=8) and subcellular fractions, F2 (n=6), F3 (n=6) and F4 (n=8)

for the trained and control groups

i
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It. has been demonstrated that exercise training can induce a number of
ddaptation‘sri_n the mybcardiUm. Many of these alterations lead to an incréased stroke -
volume and thcr‘efox;c an improved o*ygen' delivering ability »of»,the“gardiOVasc»lrilar'
system. These adaptations ihc’lude homeometric changes that enhance the contractile -
ébility. of \the" myocgrdial fibér. Among the .mechanisms postulated for this
enhancement is an increase in vcalcium-ltransport across the sarcole‘mh)a, partiéulafil);

&

through the calcium channel. - } . .
| Dihydropyridine binding sites weére enumerated us;in_g a radiolabelled calcium
— ~antagonist, PN200-110._:Binding of_’PN?.OO-ll'O, to highly-purified sarcol—éfnma,' lw_as
charaétcrizcd ;ind provided evidence to suggest that this ligand binds to the calcium
channel. Therefore, PN200-110 was used as a tool to gain inforrgation about the
density of the calcium channels in response to exercise traiging. .

There .was a substantial increasge i.n receptbr'gite density with exércisc training,
cquivalent to hn increase from 3.55 to 5.71 sites per urp2 sarcotféemma. With thc
‘assumption that PN200-110 bihding sites .rcfle?ted the density of functional calcium
" chann;:lé, the dpparcﬁt inércase with ¢xercisc‘ training supports the hy»pothésis. The
ink;rcasc ir).conrtractility could be a éonsequcﬁée, therefore, of enhanccd calcium
current density during the plateau phase of tl}e myocardial action ‘po_tgntial., This\
inturn would incrcélse stroke volume énd account for cnhanced cardia¢ pcrrformaincgr
with training. To substantiate that this increase in rbinding site densityr.rpararllgelsw?n
increase i‘n functional calcium c};anncls an clcétrophysiological analysis should be
,_undcrtéken. |

Another finding of this study, that deserves further investigation, was the

apbarent involvement of calmodulin in the binding of PN200-110 to sarcolemma.
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Evidc~ncc_gathe_rcd suggests that calmodulin may be lost or altered in the isolation and |

purification procedure employed in this study. Fhrthc/rychcrimcntatfi’ornmis required to
cxplairi tvhe role of endogenous calmodulin in the regulation of the sarcolemmal

~calcium channel and the effect of endurance training on this protein.




