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‘ X
inotropic at 2.5 mM [ca ‘]o.

"

T~ | -
< ABSTRACT
- ) d ) b | S

-The effect of calcium concentration in the bathing medium ,

[Ca++]0,°n the Tension—Frgquéncy_(TfF) relationship and:post-stimglatioﬁ

preparation of rat myocardium, Above_ZQS =M [CaH]o a negative iﬁotropic

T-F ‘response is obtained and "'PSP is absent. Decfeasing {Ca++]° bdlow

) poteqtiationr(ESP) has been investiéateq in the isolated papillary muscle

+2-5 oM zesults inx~d positdve inqpropicGT—F response -and PSP iS\EPtaihable;

The cardiac glycoside OuaBain is inotropically active (1.37 x lOfsM.)”-"'

. - N + + . ‘
only when effective ca ]g is reduced below 2.5 mM. A decrease in the

pH of the Tyrode medium by changing to 207 CO, from 5% CO is analogous

2 2

SO o s -5, -
to a decrease in fca ]o and”Duabain (1.37 x 10 "M.) becomes positively

-

-

L

u

Co . . - - ! ) ' -
" The effect of’[Ca ]o on the T-F relationship can be interpreted.

in 2 model of calcium movement in which a2 tension determining calcium pool

(Caf) is recharged between stimuli from two stored calcium fractions (Cas—l

<

and Ca ;2):-
ey

1Ca ¢ -y TENSION

—=Ca] — T

L

I~

This is based .upon analysis of tension recﬁvery between successive,

 rested state contractions (RSC's) in which a dotble exponential function

-



T ST RO YT R
|

High [Ca ] decreased the half time for transfer of ca’’ from Ca

contribute to the double exponential. ~— . ot

-~

was fltted to RSC recovery Thrs recovery 1s—characterlzed by.a

fast phase (t% 1-0.5 seconds) and a slow phase [t% -2 0. 5-10 seconds)
-2
to Cart Furthermore the proportion of calcium donated to RSC recovery

by Ca 1 rncreased along Wlth an increase ‘in [Ca } Although‘a '

double exponentral could descrlbe RSC recovery Our data suggests that ¢

a sigmoid shaPed relatlonshlp between RSC tensron .and - [Ca ] may

-
L]

_ ?he T-F relationship at high [Ca++] s C> 2.5 mM) can be
-erplaineéfby the fnnction for RSC recovery. However in order to

i

expla“-n the posrtlve 1notrop15m in the- T-F response at, low [Ca ]

the model predlcts 1) that srgnlflcant recycllng from the myofilaments

is dlerected to Cas-l_and 2) that gating of calc1um from,the external

caioium pgol tCaoJ with each stimulation will result in a redistribution
ofﬂrnternal calcium stores, mainly to Cas-l. '

The analysis of tension during‘RSC‘intervals also indicated
that ougbain (lilO-GM) resulted in an increase in the proportion

S i

cohtributed by-Ca -1. Thls suggested that ouabaln acts sznerg15t1call¥
with’ calcium in redlstrlbutrng internal Ca ' Our data also suggests
that-a Va /Ca + competition may be 1nvolved in the T-F and PSP response
of the rat myocardlum/

An ultrastructural complement to the model we 'have proposed

s

would dbe where:Ca represents termiﬁali&i%?ernae; Cas-z-represents~

,.sarcolemmal Ca brndrng sites, Ca »; represents longitudinal

o‘&,q -
elements of the T system ‘and, recyclrng to Ca 1 is performed by the

R
-

sarcoplasmlc reticulum.
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" Positive Staircase - a tenston —--frequency relationship where the .q§

Definitions

1
'
[

W . . o ‘ : T
Steady-State Tensfén -~ tenslon or force developed at a2 constant.

. 14

-
[

. h frequency of stimulation. N

'Tensicn — Frequency Relationship (T-F, Force_— Frequency, Interval -~

’ : ) Strength) The steady—state tension develoPed ,
4 ' . . . - i,
» ,b\ . H
. . at various frequencies of’ stimulation. N

I
s,

Negative Staircase - a tension - frequency relationship where steady—'

<

state tension falls with an increase in the

¢\_ -

frequency of.stimulation. 1 ' -

) - Noe

- . . PN

steady-state tension increases with an increase

‘Ue- : . in the frcquency of stlmulatlon. R

Post~ Extrasystolic Potentiation (PESP) - an increase 1n tension follow1ng

- a premature'stimulation. - ' S

-

Post-Stimulation Potentiation (?SP) ~ an increase in tension following
. . ! th . B

a number of contractions at a higher frequency.

Rested State Contraction (RSC) - a'contraction which is uninfluenced by

-

events preceding it.

Rested State Contraction Interval - the interval necessary to produce

v

RSCs.'.' - -

. Reésted State Contraction Tension (RSC tension) - the tension produéed @

at the RSC interval.

r .. ’ o 2
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i} Introduetion- ‘
: A \ ‘
It is only in the past Ve years that a knowledge of the

~ - ultrastructural blochemztal and physxologlcal characterlstlcs of . .

cardlac muscle/nave accumulated to the extent that we can begln to

\.\./ “ . LY v
answer ﬁhe question: ''How. does cardiac muscle develop tension?”
' ;P
(Katz, 1970 Sonnenbllck and Stam, 1969) _ Thls knowledge. 15 now being

+

applied to analyze the contraetlle benav1our of the whole heart.

A most fundamental questlon posed in cllnical cardlology is -
how to 1ncrease the work - performeq by heart muscle;l This is eSpec1ally -
true with dlseased heart where. the/load on- tne myocardium may be
lncre}sed by 1ntr1n51c'or -extrinsie mechanlsms.

There appear to be two mechanlsms whereby cardlac nuscle . : _?
contractile force is lncreased. The firstc is known as the Frank—

- _ 4
Starllng mechanxsm and 1nvolve5 a change in. muscle length it-is now

belleved to involve the stretchlng of muscle flbers to an optimum

sarcomere length ( z-z line distance). Thus, an increase in z-z ' o

- [

line distance-up to about 2.2)u prduees maximum deweloped ten$ion; ' . »
‘while-stretEhing cardiac muscle beyond the 2.%p sarcomere lenéth will

decrease develbped force from the muyscle. This sarcomere distance 'is

thought to represent myofllament overlap and provide optimum crossbrldge )
interaction between actin and my0511 fllaments (Katz., 1970; Brady, 1968; _—
Grimm and Whitehorn, 1968) o ' ‘ _ e .

The.seeond major intervention Rnown to control contractility

-, n

~ .
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is the Woodworth or Bowditch Staix:case'I in 1sometrically twitching
cardiac muscle an 1ncrease in the frequency of contrackion’will
produce am increase 1n contrattile force. Over a wide range of
_frequencies, this curve often has thre components a negative
inotropism followed by a positive inotropism .and beyond a critical
frequency a nmegative staircase. An example of this is stown in Figure
-1 for Guinea Pig ventricular papillary muscle in vitro.
In vivo, a physiologist would have very little control over
the Frank—Starling mechanism but the Bowditch mechanism can potentially
be controlled by pacing to produ:E,tﬁe desired frequency of stimulation

(Kedem, Mﬁhler and Rogel 1969; 1 -et al., 19715 and increase the

force of contraction, oT vel{gity of tension development.
An understénding of the underlying events producing the

Bowditch Staircase would thus be valuable both'td~the pure p siologist

~and perhaps to thé clinilcian in choosing an appropriate treatment for-

a failing pearc. '
7 eIn this thesis a study has been made of the interval—strength‘
relationship in isolated papillary muscle of the rat. ' ﬁat'heart has .
been referred ‘to as being atypical with respect to the Bowditch Staircase
.(Henderso et al}; 1969), hav1ng‘a negative staircase instead of the :
f 5£rZositive‘staircase of cther mammalian species. It was an

Intergst in this fundamental difference that prompted the following.

] _tudy. : . T . . ‘ -

e
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Figure I-1.

" Tension-Frequency Respénse in

. : o
o - |
'GUINEA PIG o~PAPILLARY MUSCLE
,[Cc‘f;ﬂa: 5.0 meq/L
100+ : - . )
. 801 : \ lko |
4025
'20- '
_' l'

' I —
20 40 60 80 100 120 140 160 180
RATE OF STIMULATION (IMP/min) =~ = -

/Isolat‘ed Papillary
Muscle of the Guinea-Pig. JcCa ]o = 2.5 mM;

Tmax = .68g. '
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Ultrastructure of Heart

b 130 B

The. structure of typical mammalian heart is shown in Figure

I-2. Rat ventricular heart cells are nokt 51gnificantly different '

from-the cells depicted in this diagram. They are cylindrical’in - ‘ -

-~

shape being on the average about 20 u x 100 2 in aduit heart (Michael,

‘personal communication). They contain all of the normal elefients of

cardiac muscle: actin and myosin constitute about 487 of muscle volume

- (Page and McCalister, 1973) and’ mitochondria occupy about 367% of cell .

volume indicating the signlficance of energy transformation in the

cardiac cell. The ultrastructure of rat heart has récently been well

; - _

described by Forsmann and Glrardier (1970). The sarcolemma contains
4 . /

invaglnatlons whlch protrude transversely into the cell, this T system

.
-

of.the rat heart has occ351onal longltudlnal projections to tFe reglon . b
adjacent to the sarcogLasmic tubules. At the Surface, T tubeqdlameter

L 1 '
begins at 1Q00 2 - 1500 R and tapers to a marrow 350 2 at thc'tips

. 1
of the longitudinal T system. - Horseradish peroxidase (24 x l?b ol

.

] )

entered the T ‘system 1nclud1ng the 1ongitud1nal T S}Stem but fas not

present in the sarcoplasmic reticular tubules.
The sarcoplasmic reticulum (SR) is seen as a continuous’
network of small tubules extending from sarcomere to sarcomere. It

appears as if the T system is continuous with the surface membrane

(sarcolemma) and forms a network through which the extracellular

environment can be extended throughout the fiber. hIhe SR of heart

2

-
-
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Table I~ I :
o . . .- N - ) =- . l_l
Composition of Myocardial Cells from Rat Left Ventricles* ./ -,
- Organelle . Percent of Cell Volume Prihcipal Fusctions *
Myofibrils - sr.6To7 Contraction and Relaxation
" Mitochondria ' 35.8 £ 0.6 “Respiration, -Oxidative
Phosphorylation o
T System & % « 1.0to0.1 ' Transmission of Electrical .
. C . : Signal at Cell Surface 4
‘Into Interior of the Cell ] ' N
Sé.rcotulv:ule‘s - - 3.5.,.,i OQ Control’ of Relaxation, -
' v Contraction by Regulation
\ : . - of Ignized- Ca '
. - . T + N 4. .
Terminal Cisternae 0.35 £ .02 Store Ca ~ =2nhd release it
< . S o into Sarcoplasm
Rest of Sarcotubular ) :
Network 3.15 * .02 Collect Calcium and
) s : return to Terminal
Cisternae o -
Sarcopia_sm (cirtoplésm-) '
Nuclear and other e
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' Table I-I1I- '
~ Membrane Areas in Myocardial Cells-frq;f Rat Left Ventricles*)"
L LI ' ) R ) ‘
T _ . .o ~ <
F o T Membrane Type . Membrane Area : . - Units
"." _ ‘ o Q .- i

T Plasma Membréne ~'%:-, o 0.30 Oﬁ
External Sarcolemma

Nl

.. PHZ Merr{brane Srea -
— o o ’}JMT.Cell volune

o

F3

. External -'Saféq_l'ezzx‘ma . l .39 2 .02 o Toowm T .
- T system T ) . * > : R
C . - .~ X . n ."-_ - . i . d
Mitochondrial Cristae’ : 11 - 1 R .on : e (
- C . - - .t Y. : \\ . - - .

Sarcotub;xle_sh (* 255:') 1.22 t 0‘_‘05 o . g
N 2.5 + .08 _}AMZ Membrane area
- o ) . ’ S - _MAM2 Myofibrillaam

. E . ~:.,.T:~~ voluze /
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muscle forms junctions with the T system in the region of the Z lines.
. ’;‘ ) . ~ -

These areas may constitute points of law resistance between the two -

tubular aetworks (T system, longitudimal T 'and SR) and hence‘may be

. Amportant’ in excitation-contraction coupling.

) As well, the SR appeﬂrs to approach the areas of the close : {/¢ -
Juncttons of the intercalated disc the c0nt1guous area between one - -_'
n © I -

mscle cell and another. (Sonnenblick and Stam, 1969 McNutt and
A

Weinstein, 1970). The disc area may also be 1mpcrtanx functionally in . 'q‘
N

the transmission'of the-wave of depolarizatlon fr0m cell- to cell, since

it is considered. as a low re51stance pathway between cafdiac cells
ffchNutt and Weinsteln,‘1970) Page and HcCallster (1973) estimate that-

the T system ana SR -occupy about 5% of the cell volumeiof rat ventricular-

A

cells. It is also estimated that t4z of the exteﬁgal sarcolemmal-area '

is involved in diadic complexes with underlying cisternal areas.(Page' )
et al?, 1971). The T system (transverse and lateral) accounts for enly’

1.22 of the cell volume. - _ a ' ' ' " oL

Role of Ions in Activation of Cardiac Muscle
At rest, ingracellular sodium concentration is kept between
27 - 30 mM in mammalian ventricular tissue, compared to-around INO - o .

150 m¥ in the interstitium yielding a [¥a+]o / [Na*] i ratio of\

(Ccnﬁﬁand Wood, lQSS). "It now is apparent that this gradiemt'is \\

. malntained by an active extrusiom of sodium from the cell in;spite'of
- a’perieability o sodium in the cell at rest‘(Page,'1962?.' The active

q : -
(’ ‘ .
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pump for sodium transport out of the céll has been identified as a

membrane ATPase (Schwartz, 1962; Potter Qharnock aﬁd'Opit 1966; and

- Auditore, 1962) . The ATPase has be n found to be an assymetrical
e

AW

"(Lee and 'Klaus, 1971). T ' A _l .

‘g;inca‘pig'vcntricular-fibcrs (Corabdeuf and Vaséort; 1368), i

1
JE R S P

enzyme with the outer Surface stimplated mainly by K and the 1nner‘
surface sensitive to Na (Page, Goe e and Storm, 1964) ih'red cells .
the‘enhyme is aIso inhibited at the rﬁaéﬁrsurface-by-Ca‘+. (Dunham acd .
Glynn, 1961) _ Page (1963).also demsTistrated that cardiac glycosides
c0u1d inhlbit this’ enzyme only when the drug wae‘applied to the Outside "

of the membrane. A elmilar specificity is assumed for cardiac cells

] “

Sodium tran5port at rest in cardiac muscle is therefore
- -
++ + + . \ e s
dependent upon a Mg dependent Na' and X actxvaged enzyme which is

also-lnhlblted by Ce+i'and cardiac glycosides. ;2
a

_N ’ .
The depolarlzatlon of the membranes ‘'of excit tisswes has

+

been shown to be dependent upon an abrupt increase in Na' permeability.

This occurs. in all’ exc1tablg tlssues such ﬁfinerve, (Hodgkin and Huxley*\\
1952) skeletal and of course in cardiac muscle (Brady and Wbo?bury, - !

1960; Johnson‘and Tille, 1960). This 'sudden increase'in‘sodium

conddctence'(GNa)lf%vﬁﬁﬁught to contriEEFE'to'the spike phase of the

action potential. Tetrodotoxin (ITX), which decreases GNa, abolishes

the rapid inward current in Purkirje fibers, rat ventricular fibers and

Pt "

'Deck and Trautwein (1964) found that GNa in cardiac Pu%kinje

1



fibers declined with a time constant of about 100 msec. ‘during the

second phase of-the action potential and that at 300 msec. GNa was

3 (
still'4 times .the resting value; the first rapid_increase in GNa may be

followed by a slower‘inward Nat movement. Dudel et al. (1966) | » -

.

dEtermined that'a slow inward current was meaSurable after the first

rapid depolarizataon current, which was not altered by the absence of

calcium nor by the presence reased calcium in 40x concentration.

-

The plateau phase of cardiac action potential has been
linked to an inward ‘caleium curren follow1ng,the first rapid inward

sodium ion movement. This work was elucidated in voltage clamp studies
. . -

- -

. . ' : o .
in_cardiac tissue (Beeler and Reuter//1970a; Beeler and Reuter, 1970b).
In the absence of sodium an inyard current was deScribed which was

. sen51tive to charges 1n[Ca*fL thgeshold for tension development was

—35mV Braveny and Sﬁ/tera (1968) demonstrated a correlation between
e

_action potent1a1 duration and the time to maximum tension (TMT) which

\

was affected by calcium.concentration. _Electrophysiological studies

have shown that tke mechanical threshold in mammalian heart muscle is

=Y

dependent upon activation of an inward current which is slow in\ztnining R

on" and which can be attributable to calcium. .

At this point a word about the voltage clamp technique is in
‘order. The voltage clamp technique is used to measure the current' ’
required to hold potentlal acrogf a prescribed area of a cell membrane

at a known value that is unifoﬁéiwith respect to distance ‘and ‘time.

c

'™

o

,
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. may not be uniform from the edge to the center: of the fiber, ‘dependent

P Vo
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/‘ . ' . . )

This should allow the instantaneous change of potential at such a rate

o,
it

“that the electrical iOnic properties of theemcmbrane under study does

not have time to change, a110w1ng identlfication of the charge carriers

'

across the membrane, and thus the instantaneous voltage-current relation-

ship for the membrane may be determined. Voltage clamping ideally should

be carried out on single fibers, however, cardlac t1$5ue presents probloms

beyond this. Ly cardiac cells are only IO—I%Iain dlameter maklng multiple

electrode pcnetratlons dlfflcult. 2) the number of flbers in a test

» "

area is large. 3) the adult cardlac cells are connected in.a sync1t1um.
e

The tecyﬁiqne which has been used 1n an effort to overcome these

~ anatomical characteristics is the single or.more recently the double

L

. sucrose gap-voltage clamp. : ‘ . .

The sucrose gap is used in an attempt to 1solate and deflne

‘--..,_‘-h

.an area of membrane w1th the delonlzed isotonic Sucrose replaclng the

o

extracellular fluid and providing a high resistance pathway in the

interstitial space. .

A recent review article by Johnson and‘Lieberﬁan'(IQTl) is
Y - -

‘extremely crltical of the results gnd interpretations obtained with the

sucrose gap’ voltage. clamped cardlac tissue. They point out at first the
s . ! .

small size of the cardiac cells and secondly the effect of sucrose

~itself in creating an artificial node.

It appears that a) nodal formation by the sucrose solution

"

..
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upon fiber dlameter b) hyperpolarization of the membrane in the internode

. -~
occurs because of a.local circuit current between the nodal membrane

»

and the test side of the membrane gnd ¢) on increase in.the internal’
. . . * ' . .

&pngﬁzuainal ;esistancgﬁgg the fibe;s of the gaﬁ preéumably due to Kf

. .

ﬂfakage into the sucrose solutiom. - C ' -

- —_—

™\

" In a’'typical voltége clamp experiment using &5;diac tissue

Lo

,si (say‘on rat papillary muscle) pone would have a preparation conéisting

of.§hdrt cyiindrical.cellél(15-2?»& diameter, lO?}Along) arranged in |

= e
nal )

‘ . i . ‘ i o4 \’.‘.( \
' long columns which extend the length of the muscle. The frequency and \!

- q

+

distribution of low resistance.connections between the cells, either
end-to-end or side-{Prside should be sufficient so that if currept were

. injected into the memprane of a single .fiber in the current poél of a

L
ary = .

sucrose-gapped preparation,- the currént would uniformly distribwiz;and

reach all fibers in, tHe test comportment on the other side of the ‘ap.

However, Johnson and Lieberman (1971) point out that with the space
constants used in typical preparations (Beeler and Reuter, 1970a), it . ~t

would be difficult to achieve control over membrane potential; as a
. memnz . _ -~

rule of thumb they suggest a nodal width equal to individual fiber ! o

diameter. FKougier et ai., (1968) used a nodal width of 100}; in ‘their

" double sucrose gap method; this is 5-6 times greater fhan required to

. i . 1 - .- * : 1-;
achieve perfect spatial and temporal -control over the membrane. K -

+ .

Because of these difficulties in t;chnique Johnson and

! _ o
Licberman argue against the experimental suggestion that the Slow
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ttansient inward current in cardiac muscle is due to an inward*Ca‘
. ‘

movement. Instead they attribute the currentﬂvoltage relatlonship

meaSur dulth the voltage clamp in a variety of preparatlons to the lack

of spa ial and - temporal control over the membrane. Furthermore théy‘

suggest that this artefact results in a separefion of the "control” into

-

a fast response and a slow response; the fast response being due to the.

"¢lamp" on the peripheral cells in the cardiac muscle bundle aedjthe

slow response,. attributed to 'Ca’ T

movement (Beeler and Reuter, 1970a,b)

-,

due to less accessible fibers in the bundle.. . :

“Their criticism indicatihg a lack of control over the membrane- .

- a

L o . e e
for the fast inward current make sense. However, their criticism of

the siow second transient are more vulnerable ln-ehe llght of the ex~ R '
perlments of Tarr (1971) which were publlshed after the Johnson and
L;eberman article. It appears. as ;f there would be Sufficent spatiel
.ana‘temperai control over the membraﬁe-to measure_the second or -slow

inware current. Tarr (19715 demonstrated euite cotvincinglf'the
'separatl;on 0;3 rhe fadlt (Na+ carrying) and slow (Na and Ca icarrying)
-1nward currents by treatment of voltage clamped frog atrlal fibers with
sultable comblnatlons of TTX hé+ Cé++'nd Mg containing solutlons.
Although Tarr presents no d&ta to verlfy 2 homogenelty of voltage
control, these experlments-ean‘be 1nterpreted as pr0v1ding ev1dence for

the separate inward currents. It scems that with the present-teqhniques

'quantification of the currents$ is not justified although a qualitative
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evaluation is. PFurthermére;‘Mainwopd Cber$bnal'éommunication) was able

N

to demonstrate a calcium semsitive inward curfent in voltage clamped

rat papillary muscle jin sodium free solution; in SPite'of the short

» [ - “

‘action potential duration ( < 50 msec.) calcium-inward current is N

‘. . - 2
detectable in this Species; _ S )

The descending phase of the action potential is attributed

-J. B

to depolarlzation of the cell and outward. movement of potassium (Lorber

LI B T -,

et al. 1962) Direct evidence for K+éff1nx was fpund by Haas' and

L

e
[

Kern (1966) in - voltage clamped Purklnje fibers; above - 40 mV gK

‘became signifiéantlﬁ greater than at rest and efflux was increased

greatly. : S L. Ce
The action potential recorded from single cardiac cells can

thus be divided into. three-phases 1) djspike‘(phase”l)_which'is the

~result of a sudden increase in GNa. 2) slow phaif_2 whiéh has ‘been

shown to be due to an inward calcium current and perhaps a slower NaT"
. o T iw_, ‘
current and 3) an outward K' current (phase/}). ﬂs___;ﬁﬁ -
‘ . . N :
In the absence of calcium in the medium no mechanical event
can be elicited from isolated cardiac cells. Recent evidence suggests.
- & ’ - '

that calcium entering dqying the action pbtén;ial does mot detgrﬁine
contractile strength di;;ctly;.Beelﬁf‘and Reuter (1970b) found that Ica
: w;s not related to contractile €orce:’ Simiiag”étudieSbe New and
Trautwein (1972a, b) fOuﬁd no correléeééﬂ’betweeq slow inward current

(58cribaﬁle to Ca) and contractile force. These data strongly suggest

'

. -

N
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the. presence of a cellular pool of Ca, which 5u§plies_cQ;ciﬁm fo the .

myofilaments and therefore controls contraction. This calcium may be

-

. divided into two classes. 1) that calcium which enters with cach A.P,

r

and may Eriggér Ehg release of 2) angored calcium poai; Much evidenée
has:been presented for the Qaréoplésmic:reciculum and the reticﬁlar
'ﬁeﬁwonk as a Storage:siteéfor'galbium (Nayler and Merrillees,'lébl;
Schwarti 1931' Rothstein, 1968)." Iﬁdeed it is now'agreed that éR

:vesicles can rgduce intracellular calcium from 10 SM to about 10 M-

~ ‘ ' .
by bindlng and uptake. It is also agreed that ultrastructural o -

characterlstlcs'pf mammélian.muSc;e Such as a) a negative charged layer

of mu:cpolyéacéharide bn,thghlining pf the ?{tubular sysfém‘b) T tubules
of up to 1,000 X; diameter andhdi$tribution of tﬁé T system provide
clues to' the movement, storage and possible rele351ng sites for calcium
(Lapger, 1973), from the Surface thrOugh the branchlngs of the T and-

o

longitudinal T system.

Thexe is an abundance of .evidence that indicates that calcium

i . . . . % -
ion-plays a significant role in controlling and maintaining muscle
contraction both in skeletal and cardiac muscle. Calcium ions are

believed to be involvéd in both the coupliﬁg.gr0cess between excitation

* -

and the contraction as well as in the degree of activation of the

w—_ myofilaments an individual muscle cells.
;. Molecular Basi Contractiocn. : -

a - _ ‘ L ' .
\ Recent research has accumulated to indicate that the molecular

o~
v F

A Rl

-~

>
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basis of contraction in both heart and skeletal muscle are similar and

differ only guantitatively (Katz »-1970). - . _—

-+
.The rather simple system proposed by Davies (1963) is now

Superceded by a more.complicated model (Figure I- 3) 1t must be-.

emphasized tha this model by Karz (1970) is intended only as a schematic
nd

representation a at the precise relationship of the modulatory
‘ ' L.
proteiﬂgffo the actin and myosin is still a matter of controversy

(Huxley,' 1973; Ebashi et al., 1973 Drabikowski et al » 1973; Julian -
b ‘ N
et al., 1973). Although all of the details have not beengworked out,

this system would appear to operate in the following manmer: In the

top of this figure the situation at rest is, obtained when in the

i N

absence of C'+*'the Actin-Myosin interaction is 1nhibited by ,the intact

- troponin-ttopomyosin system. ~ In the presence of C'++', cat biJLs to
troponin and the modulation is abollsned “the AI?ase and physioco—

chemicak*re&cthn between Actin and Myosin are i t ated, an active
ni o an

~— state i1s established and the muscle shortens. The relationship between
%
the affinity of Cé++'for the troponin in the troponin—tropomyQSin

. "
v =

complex has.been well established (Ebashi and_ Epdo 1968) as well as

-~

other investigators (Ebashi, Kodama and Ebashi. 1968; Arai and

Watanabe, 1968; Fuchs anda Briggs, 1968). It is now widely accepted

that the relaxation of actomyosin is caused by the binding of MgATP to - - .

an inhibitory or relaxing gire and what contraction is controlled by the

modification of this inhibitory interaction. It.is believed that the

-~ -
-

4y L}
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-‘Q_ troponin-tropomyosin complex without calcium favours relaxation by

facilitating MgATP binding to this site, whereas the formation of a

-

calcium-troponin—tropom}osin eomplei has the- opposite effect i. e., it
favours contraction by interfering with the}hinding of Mg-ATP at the

relaxing site (Stewert and Levy, 1970).

5

The neximum shortening velocity of the muscle is believed to

(..
be determined by the rate at which ‘the Actin—activated myosin cross

-

bridges hydrolize ATP. This is aISO Supported by early works of Weber
and Portzehl (1954) who provided evidence that Actomyosin-ATPese is
directly coupled with muscle contraction. There is evidence that tH;\\\E _
ATPase ectivioy of the Actin~Myoein spstem (Myofibriilar ATPaee) would
indicate a)the activity, of the'interactiig sites and b) Ce++'activation
under conditions,where ATP, é* and K&'are not rate limitiné. The
act1v1ty of the eTPase system is shown in Figures I-4 and I-5S. . -
Maxifwum tension ybuld be determined by the number of complete‘
: ) ¢ . : .
interections between actin and myosin (Ratz, 19705? .
The movement of celcium betneen excitation, contraction and
relaxation may be called the calcium cycle ef\the cell. The role of
calc1um ion in the regulation of contraction and relaxation appears to
be the same in both skeletal and cardiac muscle‘(Fanburg, 1964), but
there are differences in the role of calé%un in the coupling process

between excitation and contraction (Langer., 19Y3).

| /) . In skeletal muscle, it is generally thougﬁt that the calcium

]

,

e
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-responsible for activation lies within‘the muscle cell in association

with the SR and is released upon excitation cauSing contraction. In"

bl
!

cardiac muscle, the cellular calcium also contributes to ten51on

-'deyelopment but calcium influx during the action potential may also

contribute to the calcium utilized in tension devdlopment (Katz, 1970)

Ny
RSN

Although the‘mitochondria occupy about 362 of the cardiac

cell volume (Page and McCalister, 1971 and have been shown ro have the

ability to bind and take up calcium (Patriarca and Carifoli, 1968), this

-

organelle has largely besn discounted in prOViding a dominant role -in

—

calcium movements involved in exCitation—contraction cOupling e\cept as

a reserve for calc1um over long intervals (Langer, 1973)

] u

In simplest terms, we can see that a calcium cycle ol cardiac

muscle would involve a movement of caICium grom a) the extracellular

¥ - - - .
Space to ‘the myoplasm b) release of qélcium from the sarco plasmic

reticulum to the.myoplasm c) chelation of‘calcium by.contractile

. -

apparatus d) release of calcium by contractile apparatus- and re—

N ——

'sequest§ation of calcium by the S.R. and e) efflux of calcium from

the dell. An understanding of the kinetics of such a cycle would help'
-r\- 'T
to elucidate some properties assoCiated Wlth the. mechanical

- - - >

i - . ' ~

°

* . ) ] . ’ - B
Calcium Distribution in Cardiac Muscle A B o,
' N - P ++ e . e
Tne concentration of Ca ' in mammalian blood is estimated

b}

at 2.5mM/L.,_while'tne'concentration in mammalian hearf is about the
: A L . .

- ' V ' ~
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- Ssame (Ditmert and Grebe, 1559) However the dlstr1but10n of calcrum .

wlthln the heart is not conszdered to be homogeneous Evidence for

N

- this is provrded by calcium exchange studies 1n gulnea-pig atria
(Wlnegrad and Shanes, 1962} in dog papillary muscle (Langer 1964) and
'1n rabblt ventricular muscle (Shelburne et al., 1967), where at_least . -

‘klnetlcally deflnable phases were obtalned in washout studies. .Table
» . ‘l

f III shows the results of Langer's (1969) experiments on ddg papillary

muscle. Of partlcular interest is- the phase 2 component havrng«a L% _

-

-of 6.0 minutes. In their Studles, this frac 1on correlated well Wlth ’ : .

n

. ) - _ %
the change in contractile tension and has been tentatively assigned to. xd%

*a membrane-bound, portion (S.R.?).

AJ/f Since there is abundant evidence that the S.R. can accumulate = i

o

- 2™ in vitro (Inesi, 1972;Palmer and Posey, 1967);Katz & Repke, 1967; ..

© Weber et al., 1967) it might be interesting to determine-if this
: organelle is~ capable of relea51ng and accumulatlng enough calcium to
support contraction in cardlac muscle Based upon the computatxons of

Langer (1968) it 15 possrble to estlmate calcium exchange in cardlac p

tissue. Palmer and Posey: estimated three types of ca1c1um accumulatlon . -

. o
*in ¢ardiac S.R. representlng a) transport and storage b) transport ‘

wlthout storage- and c) true bzndlng accountlng for 40 s. 1 and-0.8 umoles . 2”7
of Ca” /g of retitular* proeezn respectlvely Weber et al.y (;967) : . -

» —~

estimated Ca blndlng at about 0;25 uM/g\of muscle. In order to acﬁiéve,

- J oL s
' relaxation, Webexr et al. (1967) estimate that 0.05 pmoles of Ca =~ per g

e

-~
a
1)
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 Table I-IIT - : oo
- v N ./
'Calcium'Exchaﬁge in Dog Papiliafy Muscle
Kiné%ic Rate Constant . t# of Exchange 2 Tisépe _Probable
Phase . mn_“‘l _ Min. . Calcium - Origin: . _
. ‘ l,J ! -
0 - 3.5 1} . 0.2 'S Vascular
T 0.59 . 1.2 | 25 Interstitial -
‘2 T role T 6.0 25 Membrane-bound *
o, . - (SR)
. - ’ 1 . R .
3 ) .021 s 33.0 25 , | Intracellular
4 Ca  .004 170.0 o <20 Intracellular?
. E T Connective
- . - tissue?
" After Langer (1968)
) : -
[+
i
' ¢
~ .
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. of tissue'would have to be removed from e’ contractlle protelns ’://

 This is only 20% of the Ca++ aCCumulatlng ablllty of SR determlned

l
Langer (1968) also estimates that the enefgy required for

by Weber et al., (1967)

rela§ation would only requize 6.5% of total energy developed when the
S.R. was working“a; 40-50% efficiency. As far as the time-requigéé
<

to éccomplisﬁ Ca - b1nd1ng, Ohnzshz and Ebashi. (1964) é;tlmated that
binding wzthln aO nsec in skeletal muscle SR was sufficient to

explain the relaxation process. Slnce relaxation w1th1n ZOO-msec is
nornal in cardlac mubcle a banding system only 15% as, rapld as that

of Ohnlshl s -and Ebashl s skelet;l system would be Tequired (Langer,

1968). These data suggest that the SR has the mdjor qualities to -
achieve cardiac relaxation.
In 1955, Neideigerke was able to demonstrate that the direct

application of calcium with a micropipette into frog muscle fibers

produced muscle contraction. This was followed in 1958 by the classical

#

experiments of Huxley and Taylor who showed thdfllocal electrical
. ' - 1 . N . . . —
depolarization of frog skeletal muscle in the region of the

line produced a contraction in %ﬁé“single sarcomere, or adjacent

=

- sarcomeres. That calcium might have been involved;in this process was

demonstrated by Podolsky and Costantin (1964) whe thén applied ca'”

o oaptte 2

soli?ions directly over several sarcomeres and obtained contractions,

-
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o Giilis (1969)'demonstrated through iontoohoretic application
: ¥
of Ca+*-that maximum activation was achieved at the level of A-I band

_Junction in glycerinated crab myoflbrlls and that activation threshold

was related to myofilament overlap. )

These experiments strongly snggested the possibility tnat

electrical depolarization in the region of the 2 lines, and hence in

the T system would result in passage of a~wave of depolarization down

the T system to the reglon where the T system juxtaposed with the S.R.,

and rele351ng enclosed C'+4: This proposal was supported by the

‘experiments of Lee et al., (1966) who were able to show the release of
SN

Ca 4¥rom both)skeletal and cardlac S. R. fragments in vitro by: electrical
stimulation. Furthermor%aggostaﬁtln and Podolsky (1967) could obtain

contractions.in skinned (without sarcolemm3 frog skeletal muscle fibers

o

by electbﬁcal sLimulation. 'They interpreted their results as. the
depolarization of internal membranes by the electrical pulses.

i

- These results indicate the S.R. is capablé‘ofaa) uotake of

+4—b) storage and  fransport of C'++'c) true binding of Ca++and d)-

possibly electrical;y stimulated release,

e

Active State.in'Cardiac Muscle

3

The term active state is generally meant in the purest form
-4 J' ~

to be the force developed by muscle at constant sarcome}e or element

length. In this cohdition the duration of the active state is believe&"-'

to be determlned by the time. perlod during which the Ca++1evel in the

P
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myoplasm is sufficient to maintain the troponin binding sites cat+
saturated (Brady, 1968). Presumably during an isometric twitch the o

contractile ef%ment 1ength should stay relatively constant, but changes
in contractile element length as great as 8.1 have been recorded in the
isometric conditlon (Brady, 1968). The problem is to obtain an index

of the state of'contrfg;ion which might reflect directly the events.
. \;...,> . :
occurring at the Actln-Myosin 1nteraction If we make several assumptioms . °

| T
it is p0551b1e to derive one or more indices of contractility (IOC) which ‘ !!l
R\

may be used in assessing cardiac muscle performance.
B R .
}we must assume that contractile element léngth is relatively
.. /S
constant. This can be assumed if we base a study on isometric

contractions at the peak of the length-tension relationship. In this -

condition, the changes induced by the Frank-Starling relationship are ’

'wemoved (Katz, 1970; Brady, 1968) We must also aSSuﬁe that the
o .

ayailabllity of comp0unds for contraction are not llmitlng. Thds would
T i -

r

apply toﬂATP Mg*f; and to the biochemical transformers involved i1n

energy production and transport. In these conditions we can predict

that the active state intensity would be reflected in“the peak of the
derivative of tension deverdpﬁent (dT/dt) the duration of the active'

state in the time to peah'tension (Th;) (3QCcino et al., 1967),andvthe ' '\
number of activated sites by the peak tension;(T) (Ratz, 1970). hach
of these can be used as an dndex of the'contractility ?f the muscle

. . <N
keeping in mind the assumptions which have been made. Many attempts

-
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i . -

have been made ‘with cardiac muscle tOJderive a value for pure active

! " -~

state intensity (Brady, 1968). &S : e ¥
| ’ AmOng the indices use t

o qetermlne contractility are a)

S contractile element veloecity (V ) at, peak stress (Gault et: al., 1968;

i Ursehel et al., 1968) b) peak-V (Mirsky et al., 1969) c) V 5 at zero

f . stress v ax), (Sonnenblick. 1962 Urschel et al 1968- Fry et al.,

‘ 1964; Hugenholz etual » 1970) maximum dP/dt (Mason, 1969) and force
,(Sonnenbliek 1965) In clinical studies Vﬁax,Athe-maximal, no—load

3 S A
velocity for the contractile element was found to be correlatable with

the clinickl state (Falsetti et al., 1971). T
! - .

Hugenholz et al s (1970) have shown thatf the sxmultaneous
plot of: dT/dt against Tension (phase plane plot) can be used to estimate
the eontractlle element velocity. The phase Pplane plot permlts the
comparlson of contractions for dlocernlng the relative magnltude of the
active state at a given nalue of tension (Taylor, 1969) Thls is also ' ?
based upon ‘the assumptlon that the active state magnltude 15 proportlonal

to the concentration ofathe activator-muscle complex in the muscle. If

we interpret the activator-muscle complex as the calcium activate

-troponin-tropomyosin, then the activity of this complex is dete

by its interaction with the concentration of ¢alcium liberated frol

‘storage sites during stimulation; Hence the level of tension and the i’
— '

rate of ten51on development would be proportional to the calcium released

to the myofilaments. ThlS is corroborated by evidenoe .that changes in _

rd

-
.
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the amount of calcium available to the cardiac proteins would modify '

only the number zf’active interactions betneen actin and myosin but not

e

the rate’ at.which each-interaction proceedéd (which would alter Vmax)'
(Katz, 1970 Teicholz and’?odolsky, 1970) and hence the maximal
developed tension would reflect the number of active interactions

betzsen actin and myosin (Barany, 1967).

fhe Interval-Strength Relationship
Several terms are used in the literature to describe the
relationship between the interval between beats and the strength of .

contractions in cardiac muscle. Among these are Interval-strength

;

relagionship;_Forceélnterval Rclationship and-Ten§icﬁ—FréqUency_

Relati??shic."Thesé can bc'cced interchangeably. f. - f\\.
| Much attehtion has centered upon the importance of the

lnterval-Strength relaticnship of cardiac muscle as a determinant of

cardiac pefformance. -AS‘Koch=Weser aad Blinks (1963) ipdicate in their

: comprehensive review, this fact was recognized as early as 1871 by

IR 3 o . / .
* Bowditch. ' Since'his original publication, the intervdl-strength

-

velationship has been.identified as being very much identical in most
mammalyin species including the dog (Kruta and Stejskalova, 1960;

Siebens et al., 1959) cat (Henderson et al.,’ 1969), guinea-pig (Tuttle

and Farah, 1962) and human (Blinks and Xoch-Weser. 1961). This relation-

ship is characterized by an increase dn contraction force with an increase

-in the frequency of contraction within certain frequencies, and referred

-
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to as the Bowditch staircase. The rat is an exception;-a negative
staircase has.been said to be present with an increase in frequency

\ . ‘ : .
of contraction (Kruta and Stejskalova, 1961). Koch-Weser and Blimks

aEtriSuted two opposing‘fofces.within ca:diac musclé as being . o8
resp&ZSible for the tfi&ﬁa;;c sfrepgth - interval relationship (Koch-
f_Wesér and Blinké,‘l963). These.are thenﬁégative and fositive ;notropic-
effects of activation (NIEA and PIEA). _They believed that at rested

state contraction i tervals‘boty NIEA and PIEA were absent but as

the interval was decteased cumulative effects of NIEA and PIEA could

~

belexpressed with changes in frequency. Unfortunately, these factors _ .

. -

were not identifiable at the time.
It is to be stressed that the changes in contractility in the -
¢ :

Bowditch phenomenon are not associated with the Frank Starling

mechanism of the hearct. (Brady, 1968; Sonnedblick and ‘Stam, 1969;

Langer and Serena, 1967; Langer, 1971). Neither total tissue calcium,

or the rate of calcium exchange was found to be affected by alterations
<« 3 i 3 . -t - -

\ .

in‘length-tension relations, muscle shortening or work performed : _'_ P
. {Langer and Serena, 1967).
An earliér comprehension of the interval-strength relation-

ship was limited by an ignorance of the'steps in excitation-contraction

coupling, and the production of the active state in cardiac muscle.

e,

However, due to oﬁr_increasiné'knowledge of these phenomena in the last 5N
year or so it is mnow possible to piece together some factors which may. - _ -+ -
. . : . - - ' (. L
- .



be responsible for this relationshio.'

| It.1is clear tﬁat talciom;plays the central role‘in de-
termining the strength of conrraction. It 1s flear as well thag-“
calcium may also be involved in the coupling prooess A review by
Langer (1968) outlines the various ionic changes thought to occur in.
cardiac musecle at rest"and during an abrupt change in frequency. Two
hypotheses are: put’ forward to explain the T-F relationship ©a) that

+

. a Na [/ Ca++ competition takes place at the sareotubular ‘membrane.

During an abrupt_lncrease in the frequency of ¢ontraction more sodium

accumulates at this surface due to a lag in the sodium pump. This

increase in sarcotubular [Na+]_displaces more[gé**jleading to an
increased temsion development. /;'

~ _ :
The final tension. (steady state tension) would then be de-

termined by thi Na® / C'++'ra;io established at the ﬁembrane.where Nat

exchange takes place. With high frequencies of stimulation more Na+
h Pt .

&
~t

would bevéxchanged and so Ca*+'exchange would also be expected to

increase. This indeed is ohat'$helborne etcél., (1967) found in + _ N

.\‘{

assessing'Cap;oxcoangelin ther Bowditch stairoasa. They found that the

staircase was detaroined by tho-calcium in phase 2 (SR caleium) prior
<ifo an increment in stimulation frequoocy. ‘Siaco Langer (1968),o;oposes

that SR Ea++1 is ha dependent- ‘they sogéestsd that an in;rease'in ﬁﬂé

rate of contraction was assbc'ated with a shift of NE* inside the

membrane displacing Cattwifh positive inotropism on successive beats.

-
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the sarcotubular system would only bind and store calcium during
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: Béiley qu Downie (1970) fpund a similar'péol‘in.che gas perfused cat

heart.

Glitch, Reuter and Scholz (1970) suggest that internal.sodium
: !

’ N . } .
concentration INéﬁi; influences calcium influx. They found that even a. -

slight,increase in [Né+]i above the normal 10 - 20 mM in guinea-pig

auricles could be expected to increase calcium influx appreciably. They

also described a Hypothetical Na-Ca carrier system which would keep

'[Céb+]i at a low'level during normal contraction rates.

These two systems are similar in that a Na*'#ﬂcér+competition

- .

at the sarcolemmal 6r sarcotubular ﬁembrane ié involved. Both would
lead to ?g increaseq [Céffﬁ when Eﬁ?if was increased. R

. . . . . . L ' < .
B) Langer (1968) suggested an alternative explanation for

Né+,./ C£¥+'compe£ition-in the T-F relatiqnship.' He proposed that the

Caijcompetition alone, and that

-~

sarcolemma would be the site for Nal /

! :
relaxation. Langer has since rejected his previous proposal and believes

that the alternate hypothesis is more valid (Langer,-  1971):
. <% . .
Calcium in the interstitial space would be the socurce of
r-4 .

calcium on the sarcolemmid binding sites and the T system; this calcium

is controlled partly by the infracellular to extridcellular sodium

o

0 ) ? N : ‘ .
gradient — an increase causes an elevated influx to the mycfilaments.
Relaxation would be accomplished by binding and storage of calcium in

the sarcotubular system; this stored calcium then exchanges through the
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" extra syétoles or beats (in PSP), would contribute:to the contractile.

~Fre§uepcy Relationship to be an intergral part of the same, basic -

- in cardiac cells. o i " . ' p

CTRTL ST Ty

longitudinal T system to the T sjstem'proper. !

This has alsc been used as an'explanation for the phenomena

of‘?ostextrasystolic potentiation and post stimulation potentiatiom

s

(PESP and PSP). Presumably the extra caleium géted_in because of the

calcium ﬁool.. Most investigators consider PESP, PSP and the Force-,

. 0

mechanism (Hendegfon et al., 1963; Johnson and Xuohung, 1868; Tﬁ;tie and ~

Farah, 1962).

. i ' ‘ . ‘ :
In essence, Langers hypothesis suggests that calcium movement

in the cardiac cell is involved i a relatively closed loép. I1f indeed

calcium ion is the primary Substanﬁe controlling cardiac centractility, .

it would be appropriate to construct analogue models of calcium movement
- . . - - \ ) .

Models of Calcium Movement =
< . ! ( .

Based upon the concept that caleium within the myocardial cell

o . . : . 19 . : : =
may move in a definitive c¢circuit, several investigators have attempted

._u

“to model the characteristics of myocardlum such a$ the Bowdit¢h Stair-

o

case, PSP and PESP. (Entman et al."1969 Balleyiand Dresel, 19&8 Wood

4

Hepanr and Weidman, 1969; Legato and Langer “1969).
E%- A recent model is presented by Johns%p and Kuohung (1968)

based upon the relationship between peak tension development and the e

"
-~

pattern of stimulation in the isolated papillary muscle preparation of

R t

~y
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rabbit. Their model encompasses'four sité® or compartments which have

varied abllltles to bind and store calclum (Figure I-6). Compargpent 1
(“'-_-—

is accessible to[Ca ] o. On stlm&iatlon the calclum in 1 1ncreases ~
; Suddenly by a constant amount and after a delay decllnes. Calcium in.
compartment 2 inoreases on stimulation by an amount equal to that which
remained in compartment 1. just prior to the .stimulus, and then this

“calcium declines. On stimulation the calcium if™ compa:tment 3 is ejected
! -]

and determines the peak tension developed. Compartment 4 represents a

store of calcium which can be lo from compartment 3, and apparently
does not figure in the overall response of the system except in abnofmal
‘behaviour of the heart muscle. A _ .

The system described by Johnson' and Kuohung was able to

deSCribe short term changes in interval-strength relationshlp ~

satlsfactorlly and was able to mimic postsystollc and posc stlmulatlon

potentiation.

However. it can be criticized for the following reasons: a), &

change in" [Ca*™] o Was eifected solely by 1ncreasing the galn of the.

System. .As we know, the T-F relationship in rabblt paplllary muscle

;I

(Teiger and Farah, 1968) is very sensitive to [Caf*] and changesthe
o

shape of the steady_state T—F response.

-

v . b) We also know that some recycling of calcium takes place
wichin cardiac muscle. This isyeffected.throughlthe resequescration of

calcium by“the.S.R. (Langer, 1971; Sonnenblick and Stam, 196%9). ,This is
: -l

L

R\



35

lD il — ” o - 3 -— !_ - - ™

: ; : _ il ,
- o A. |§d . ] Do -
. R .Iinw\u..l - ' :

io-
. - .
- B A

]
L3
| )
- c : b,.i : | m
7, |
A iy | T T a5 ==
. ‘ . g . ’
. . " )
o ,_, - .4. .__.u_. .
- . . ‘ - . . . .
) . s - ! — ﬂﬂu..h;hw.ww. " ' - - r o Al .
e Lousmit ; Iﬁu- i = o : i~ '~ . : .
! of X y 25 0w . = ,
. . PN t .

) . ot . . on.__ w N J .
N.lﬂ..l rm s e -3 XX K 2 T .\I.u..lun!ht.l.uru.-rh.anbukut e wmea L eo nm_.. - - . \

ﬂ!rnu!.-rn.ﬂ..l ] - _ f . -
<} L o ’ ' v/ = o . \\\\\\x LY

| - S 2t e o

ammnt “ o . .m . .

-
i&x n
L

—

-

-2,

Model of-Calc
(Johnson and
f

3 . . . v
. - . d
AN ‘

-
T
_Figure I-6.

D Loty ) - . : ‘
- ) [ . . ) L .
/ . R T R DU I i SR PR SNUE E O SR G 18 5.



eag e

v v e

N - 1‘ | 36
rot taken-into account in'the Johnson and.khohung model of,éontrqctility. . e

2

Although the modeljappearé to work in the sense that it can aiSPIay ,. o '

‘certain known characteristics of“qérdiac muscle, it fails in that the 7
. . , . . R . !

physical analogue in the real cardiac muscle cannot be iden;ifiea.;'o
A second.modél has been presentéd by Manringfand Hollander

(197;). Figure I-7.gives a schematic diagram of the modei: In this

N

model it was assumed that caldum used by the cohtractile'mechaniémais

released from a single compartment '(nl)'. A constant fraction f is ‘
: - " : - R\

.. ) . R
released when the muscle is stimulated; "f is.dependent upon the frequency
but constant’ at a given frequency. After release of caleium from the
. . * L M .
actively resequesters the calcium, and

: { - . g -
‘During an action potential, calcium enters, : o

myofilaments,coﬁpartmen;_nz

returns the calcium to .

o, through.Ji. Passive éalciém influx Jr is balanced by an active calciem

-~

pump Jio ?emovihg calecium from the cell.
) o ”

Again?'this model was. able to predict,the interval-strength

relationship in guinea-pig atrial muscle. - This model was able to-

o

. ’ o . [ -~ . ’ ’ -
describe qualitatively the patterns of stimulation responses-
corresponding to a) sudden changes. in the.périod of stimulation b) a

_ fol ’ : .

‘constaht interval between stimulations ¢) a rest aftér a ’regular train

of contractions followed by another train of contractiogg and d)

-

posﬁextraéystolic potentlation and paired-pulse stimulatidn. ' While

Manfiﬂg%éﬁd~Hollander were able to duplicate'thé experimental phenémena

Q

1o ’ .
. mentioned above. by the—analogUE‘model, using a calcium loop as the only
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determinant, they are” quick to point out that other ions particularly

" sodium would affect the kinetics of thedr proposed model However. they
'suggest that' the influence of' other ions would-remain fairly constant

in a medium containzng constant-con;entratlons:n‘This is rather simplistic

_since Langer (1968) indicates that ionic changes, particularly [Néﬂ

may control the T—F responses. N . ) - , ™

ki

This model therefore does not go beyond the step of utili21ng

more than one [Ca**} 1 predictlng the- 1nterval strength relatronship

behaviour of this model. (Glitch;”Reute 3 QZO;ELanger,

v -

.1971a).

Manring and Hol;ender also point out that the existence of

-

" more than a single'storage comportment is not‘jugtified by ultra-

structure. They dindicate that while nl might correspond to the SR.,
. FO . : &
n, has no structural basis; it has a computed decay constant of about

0.5 sec . g

B Tﬂus-the Manring and Hollander modei is one :step closer to
motching ultrastructural calcium nool'details'to an analogue mooei of
the strenéth—intervei reletionship in memmaIian card%ac moscle.

.A similar nooel'is Suggeoted by Bailey et alk; (1972j based
‘ upon studies :&o_f the gas perfueed cat heart (F:Lgure 1-8). The’pathway

for calciumiin this model involves (2) uptazke of calcium from the - e
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Figure I-8. Model of Calcium Movement in Cat Eeart.
{(Bailey, Ong -and Queen, 1972).




| vascular space (Ca )'(b) temporary storage in Ce

- to the contractile elements. Relaxation is accomplished by active

N thought to

11

represent the" sarcolemmal inner Surface and (c) release by depolarization
accumulation by Caiii F'the S.R., andfremovai of'calcium from the cell.
It is to be noted that this model involves a looped movement of calcium
in the cell They’ determlned that Ca11 Tepresents contractile-calc1um

- S

since it'corresponded to calclum 45 washout from the tissue and can also'

" be called activator-calcium since it might cqntribute to E-C coupling.

They determined that the movement of Ca thfpughfeach stepﬂin'the cyele

_would.be determined ty‘first-order rate constants forg{, B and Zﬁ.

Bailey's_greup has not progressed beyond this model to

simulate interval-strength changes in cat c¢ardiac muscle. However,

Eailey has determlned that Ca changes in concentration over the

1

11

positlve component of the force-frequency relationship. (Bailey-and

Downie,‘l970). , . . : o

.

s . -

Statement of the Preblem _ fe -

-Preliminary experimentation and @ review of the literature

k]

had shown that the isolated papillary muscle preparation of the rat

appeared¢ to be different from other mammalian.species in several

important characteristics: Potentiation of force was virtually absent, .

N - -—

except at very short intervalég(Kruta and Braveny, 1960); the reaction

to cardio-active drugs, Such as Ouabain, was not positively inotropic -
(Berforado, 1958); the action potential and the plateau phase were
" & - , (‘J‘J»

—
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eSpecially short in duration in the rat (Katz, l§72; Coraboenf and
Vaé;sort, 1968; 'Lee__-et al., 1970); _an‘d the fr@:n-cj st‘aircaser was found
.to be negative (Kruta and Stejskalova, 1960; Henderson et al., 1969)
5}1 of the, evidence cited above tended to indicate that ihe rat
papillary'muScle and the rat heart could not be considered as re—‘

presentative of mammalian myocardium, making comparison and extra-
. polation to other species, especially man impossibleg '

v m)

This raised the folldwing very basic questions: a) is the V ‘

rat myocardium totally different in its behaviour from other mammalian

species?

7

“

-~ b) can these differences be_attributed to-a modification'in the

-

Excitation-Contractlon Coupling response, or in the handling of the
ions known to be responszble for contraction coupling (eg. Ca )9

c) can the mechanical characteristics of the rat heart musdle be

" modified? ) ' : , )

v

~d) can a model of the.infiuences.on'rat cardiac muscle be proPosed
frpn the known and derived Pr0pertie§?

A clue as to what may be respon51ble for the reported
dlfferences is indicated by the fact that in other species.
a) the action potential duratiqn may be modified_by ICa+f]°
b) [Ca+f1; appears to he related to the effectiveness of the cardiac
glycosides tLee and Klaus,. 1971). o) | .dﬁ

(-

'.C) the shape of the Bowditch curve may be affected both by glycosides

——



e

(Tuttle and Farah, 1962) and [ca™] . (Teiger and Farah, 1968).

T

b

It therefore seemed possible that calcium ion was in some .
e " x . ‘ : A
‘manner.involved in producing the observed characteristics in the rat

. heart and that an alteration of the calcium mileu vould have a Profound\u/fh\}

effect on the isolated papillary muscle of the rat.

Several types of experiments have been utilized to answer the

above questions.- For the sake of claxity, the reSults from these ex~-

4 : .
periments have been divided “Into 3 sections. - In Sectiom III, the effect : ,!
“of [Ca++] on the TenSLOn—Frequency (T—F) relationship and Post—

Stimulatlon Potentlation (PSP) is, descrlbed. 'In Section IV, the inter-

action between [Ca++]

and the cardiac glycoside Ouabain, is investigated’
while Section V presents results from experiments describing the relation-

= . o
. + . . ..
ship between [Ca+ ]o and rested state contraction tension and.lCaf+]o

"and the recobery'of-contrectility between rested state contractions.

-

Each seéction also contains a brief discussion of the results in the

-

section.. From the results and discussion in each section a tentative

model is described which would provide an explanation for the observed
: : . ) o .
characteristics of the rat papillary muscle.

\\;

. . &y
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" MATERIALS AND ‘METHODS

Animals: Male Sprague Dawlgy Rats (2%0—350 g,Body Weight) were obtéined
: - i . ‘
from BioBrgeding Laboratories (Ottawa). The rats were malntained in s

gITOUPpS of 4 in plastie dgges and stored in the énimal quarteré of the .
Faculty of Medicine. All animals were fed standard,énimal feed. and -

water ad. libitum. Guinea ?igs'(300-380.g.Body Weight) were raised iﬁ

.

the animal quarters of the Faculty df:Mediciue and treated as were the 22

rats described.above. .
. o ~

Papillary ¥uscle Preparation

Animals were satrificed by a sharp blow to the head. The
&earé was quickly removed from thé.chest_aﬁd'piaced in ice-cold Tyrode
solution. The atria were dissected away from the heart and the 1ef£

ventricle opened to expose the papillary muscles. Using iris scisédrs,‘
~ the anterior papilléry zuscle was dissected free from the ventricular
—_ *- - ‘ : . .

wall aﬁ@‘;he teridon cut at its attachment to the valvular area.-~ The
papillary muscle was then placed in a small dish containing cooled
Tyrode'solﬁ;ionggnd carefully trimmed gor extraneous tissue. .

The muscle was handled as little as possible to avoid damage.
< - - -
The muscle was tHen clamped in the muscle bath Tontaining Tyrode : .
o . - .

solution at 26°C and bubbled with 952 02/52 co Figure II-1 ghowé

27
the experimental set-up. B

-

Tyrdode Solution _ .

-

———
P

The normal Tyrode solution ﬁéed in all experiments was of the

™
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Figure II-1. Schematic Diagram of ESOmetric
System.
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Tension Recording
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EEE. ﬂ : . . e e
following-comcositio; th): NaCl ll;f:;gfggz? 1.2; KCL, 3.5; Mgsog;_. _
3. l, haHC03,_23 ;'éaClZ, é.S;Iand'glucose 11.1. Calecium concent:htion_
was altered by chang£ng the concentration of calcium chloride, Changes . -
in aod;pm concentration was performed‘;; replaciangaCi. with sucrose to
. maintain'oamolarity. tH‘in the’T&rcde was maintained at T.Ababy
vbdbbling with 952-0;/52-002. The bath was kept at 6°¢c by.a water /
jacket.attached to a thermoetatically controlled ciiculating‘pump;

. . . A
- . . )
(Haake, Model ?J).‘ N | o i 7 D ;“\

Isometric Tension Recording Svstem .- ™ _ P : (

e e

- a - ‘ .
The papillary muscle was Suspended with plascxc ¢ips in the

muscle batn. One clip was attached by a stainless steel wire.to- a

.

Statham UC-2 univerSal force transducer.‘tThe cther c;ip was attacaed‘to
a rigid plexiglass rod ttotruding to the bottom.df the bath. Platinuh
plate "electrodes were attached to the plexlglass rod and were placed
parallel to the_muscle. The muscle was stimulated through the electrodes

.

from a Grass (S-4) stimulator maintained at 507 above threshold voltage

tﬁrougﬁout the experiment. Stimulating square pulses of Smsec. duration
were applied. The stimulator was controlled from a Devices 3280

Digitimer through a Devices SI.U used to step—up voltage from 12V. to
T . r ' .

30V, "so that the S-4 could be triggered. .- Lo - .

The teasion SLgnal from the force transducer was, ampllfled and

dlfferentaates‘througn a circuit wath appropriate time constants .

‘e

(Figure II-2-1). Both tension (T) and the rate of tension development - *

L)



]

\Y

+
.
i
.
.
.-
s
.
® .
-
-\
' -
i
=
’ »
. L
s
>

-Flgure II-2-1.

.
. .
b .
-
.
o '
- * " N *
. s
o
e -
o)
. [*]
‘ .
- ‘
! 3.
- ‘,
‘E @ “ -
5
o
1 H
X v
e =
- ~
b ™)
-
-
. .
- . )
N e - . -
a3
L
PRI

Amplification and Differeq
used in Recording Isometri

‘.'__g N
, ~
'
-
o
)
'
-
-
-
. ,
o

tiating Circuit

¢ Tension. 2=

o

ft}



[a}

;w.éﬁﬂ.& )
af__

\Gr

- “.\.&Sm._

|
|
|
|

N

.

)

S _
!

‘ . .Mcmm

=AM e

Aol

i
i
!
L]

Nty

ELEE LI | s(./\).\nkuuun

Hoeg

= H.M.ul.)\/\/\.ﬂn."ll

eIt YT T e Ty

Andyy

wa*ﬁrzum.w ua ﬁc:.w ’

-



v

-

A

\ | 48
dT/dt) could be dlsplayed o1 a storage oscllloscope (Tektronlx 5643)
or on paper with a Grass Hodel 7, 4 channel polygraph. Tﬁé?.
ampllflcatlon and dlrfereatlarlng circuits were calibrated wlta a

b fuactlon generator }“wlett Packard 33 4) usang a trlangular wave.

—-_

"' b .. , A .
Gain on the-second operational amplifier was adjusted so that 1'g. , =¥\\\'

of force at the UC-2 resulced-an an output of volt. (:1gure 1I-2- 2)

N

The record rron the storage oscxlloscope could be obtalned

LY
.

.with a Polar01d camera (Teatronlx C—QIu'al crnatlvely on 35mm film wich

wne

-

"t a Grass Recordlng Camera (C—A) rrlggered by the S 4 stimulator zhrougn‘ L
| o . .
S

a relay coatrolled by a logrc unit. The relay also advanced a pulse

I .

. - -

counter to monitor frame number,on the camera film. .
--___ | .

For Phase—plane tracings, a dual beam oscllloscope was used

(Tektronzx 502) The time base was disconnectealand beam 1 Substltuted

- ~ |
D

-"'"t .

so that one 1npuc c0uld be plotted agalnst tne s

écond input.. | o -

I
‘An- equllibratlon perlod of 90 mlnutes was allowed for ‘the

-

_muscle.‘ Muscle lengtn was adjusted laltlally sd that no: restlng‘lbnslon

was produced Durlng the equlllbratlon the muscle was stimulated at a

Y

[ .
rrequency of lO/mlnute. At the ead of the 90 minutes, muscle;length was

extended to the peaa of the 1engtn-tensmoa CurVF and the stlmulus rate-

‘ |
was reduced to 2/m1nute. When rested state contractloa ten51on was

. . . | -
obtained (uno change in temsion Irom oeat to F) the experlmental :
' |-

)

procefure was initiated. -
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'Figure 11-2-2. Calibration Slgnal from Ampllfying and leferentiatlng
-~ Circuit used in Isometric ‘Tension Recording.
) ' Lower Trace: Tridngular Wave Signal from Function
- Gerierator ‘Corresponding to Qutput. of 103 /sec. rise
o - time (Time to peak tension). Upper Trace: leferentlated ’
- Signal of Lowér Tracing.. Apparent time constant ~-.
PR approxlmately 10 mSec. :
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Calcium Determimations L o . - »

i O

Calcium concentratlon was determined by 3 methods.

L}

v L. TotaloPlasma Calcium - . - B ' T

.o Totaltplasma célcium was_determiﬁed'By atbﬁic absorption

5pectroscopy according to the method Outlined by Hunt (1970)

2., Ionlc Plasma Calcium.

Ap iég:spe@ific élé;trode utiliziﬁg a.flowrthro;gh systém.
. s:aﬁodeIQD—O3 Oﬂ)wag'used to determlné'ionlc caleium ! B
] - ﬂ'ngﬁm. \Tﬁis mephod‘reéuiréd‘only %pOJul'of.sémpie.. o ; . }\
3; Total Mg g.Calcium’ o : ' ) | o -¢J;L' o :
Total calciumfin:papiilary mﬁséles was determined ﬁy 5‘mgth§d
" similar to the one d_evifsed; by Borle and Briggs (1968). using
;ww_a flﬁorometric tit?étion. ) 1_fl;ﬁ k
Muscles wére\carefy}}y removed from the bath follow1ng the
e\phr;ment blotted°to remove surface fluld weighed on a torsion. "
bal ance (Rqﬁler ~Smith) to nearest 0.1 mg and placed in. zhe bottom of :
cleaned Vycor (gpartz) cuveftes dgsxgned especially for'the fluorometer o X¥

1

‘iandrconstrpcted by Expert se Glass (Mbgt;eal, P1Q.): Ihé cuvettes were

round- and flat bottomed, 90 m long,.7.5;mm bore with 1 mm wall thickness.

Samplés were dried overnight in the cuvettes in a.vacuum drying oven at

-

80°C,'and_théﬂ placed for 24 -hours inwa muffie furnace at 600°C to be

ashed.  After cooling to room temperature the calcium content of ‘each
. : - ’ !
cuvette wds determined, @y the fluorometric titration methoed. .

' -,
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€ Lo ~

1oodp1 of 0 1 N HCl was added toathe cuvette and a Teflon

-

stlrring rod introduced. .The, cuvette was placed in the fluorometer

R

and che ash allowed to dissolve i} the acld. SO)ul. ﬁf.£resh Calcein

Buffer—KOH was . added and total volume in cuvette adJusted ‘to 2.0 ml.
<

“with top—quality distilled wafer._ Titratlon was carried out with 0.25
mH EGTAtand extinction of fluorescence followed on a Sargent pen

recorder (Model SRL). Eich pulse from the Lamda pump was registered
on the chart by an event 'marker triggered from the pump drlver. Top . >
quallty dlstllled water was obtained by passlng double dlstllled water o

from the department s dlstlllatlon system through two mlred bed re51ns

EAl . i o
and a cation exchanging resin connected in series: This water contained . . H

in a reservolr was rec1rculated through the resin sgstem by a centrlfugal
_pump (Cole-Parmer Model 700) _ T
All\chemlcals used were of hlghest quality and obtalned from "
— ;‘ reputable suppllers. Calceln (Fluoresceln-methylene-imdeedlacetlc acld)

was obtained from Slgma Chemlcal Company,_St Louls -Missouri as was

. Ouabain (StrophanthinﬂG)



~ SECTION 'III
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The -Tension-Frequency Response and Post Stimulatiom

Rat-?apiilary Muscle. ° !
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Introduction:

P

e

. The review of the.literature sugges;ed,that,calcium ion
—— - F
»concentratlon both withln the cardiac muscle and in the SurrOundlng

" “

fluid 5pace might affect the mechanical response of the muscle. Hence

-

the affect of ICa**] on the isolated papillary muscle of the rat. heart

4

" has been investigated. Two ‘indices of contractillty have been used in

.

this section: a) peak isometric tension, T and b) peak dt/de. The

former is thought to represent the number of* interactlons between actin

.and myosin (Katz,.lS?O) while'thé latter index night represent the

intensity bf the interaction (Brddy, 1968). The value. of using these

. indices as comparable reflectlons of the active state in cardiac muscle

-

is also indicated in this section thrOugh use of the phnse plane ploq.

.- . : P
>

Cter ' ‘ . " *
e .
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The Tension—Frequency (T-F) Relationship in Rat and Gulnea-Pig

Papillarv Muscles. o ST ' i

0
]

‘Figure III -1 shous the T—F relationship of the rat (closed

czrcles) and guinea-pig (open circles) papillary muscles when eﬁternal-

-

calcium concentrafion, [Caf+] is 2.5 mM U Between 2 and 10 stimuli/
minute the guinea-pig displays a negatlve inotropism changlng to a

'positive inotropism between 10 and 100 stimuli/minute and a decrease in .
'ten51on\above a stimulation rating rate of lZO/minute. Over the same

frequency range—the rat muscle preparatlon has a negative inotroprsm

matimum tenslon (Tmax ) was always observed at a stlmulaflon frequency -
Tur
f .

of_2/m1nute. , L ] - o

”

The Effect of [Ca™] on the T-Frelatiomship =~
T =0 -

"-With;the rat papillary muscle preparation an increase in'

'[Ca++] g/‘\b'mM to 5.0-mM. }1elded-a—small lwcrease -frr peak tenszon

F

. at a frequency of, stlmulatlon of 2/m1nute (Table III- I), but the shape

‘of the T-F relatlonshlp was identlcal to that seen- at 2 S mM (Flgure III- .

é—l); A decrease of [Ca++] below 2.5 mM ehanged the shape of the T-F
__oorve dramstlcally. As ICa**] was lowered below 2.5 m? peak een51on
. b 7 B
at the steady‘state 1nterval (rested state c0n:raction)q3f 30 seconds

fell: and a positive component to the T—Farelatlonship developed (Table
' III—I Flgure III-2-1). This positive 1notr0pism peaked ar0und 120

| Stlmull/mlnute, close to the peak observed in the guinea-plg papxllary
mLscle at 2. 5 mM ICa**} - The p051r1ve component beoame 1qcreaszngly.
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RATo & GUINEA-PIGo PAPILLARY MUSCLE:
TENSION-FREQUENCY RESPONSE " -
. [Co"‘.'"'.'L: 5,0 meq/‘l_ i

100-0
x
. o
' 13
N
|\‘_r
. o
204 ;’
! i 1 .I 1 ] i l. i I . ‘
. 20 40 60 . 80 100 120 140 160- 180 5
, RATE OF ‘STIMULATION (IMP/ min). :
. ) ﬁ - _ . R .

Figure III-1. TensionQFrequgnlcy B,e‘J;r'at:qunship in Rat .(cloSed c.;i;rcles)'

and, Guinea-Pig (open.circles). -I.CEaH]O = 2.5 M.
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RAT PAP]1 LARY MUSCLE TCNSION FREQUEI\C"
. RI—SPOI\SE
100~
) . [Cc+'ﬂ°mcq/L .
' 5 0.5 - 9 x
E. £1.0 .
3 2.0
3500, 10.0a
—T — i - 1 -ﬂ o o .
20 408 60 8G 100 120 140 1604380 - Y
RATE OF STIMULALION (iMP/min) -

Flgure 111- 2—| Effect of [Ca*"'] on' the Te_nsion—}'requency-'Resi)onse of

&at Paplllary T"Iuscle .
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"IN

prominent as the [Ca++]° was lowered-ﬁflow-z.s mM. . A: 0.25 mM. a

'2 III-7—3 IIT-2-4 respectlvely.

-n..':j." : o

13

=]

‘response_ closely macchlng that obscrved in the gulnea-pig could be

.elic1ted in the T—F relationship The posltlve inotropic phase of the

ﬂ.
T-F response could be obtained at any point in the experlmental

_proccdure by:ﬂowerlng [Ca++]o below 2.5 mM. A negative'inotropic

'rcsPonse was zlways obtained in rat muscle at a [Ca++]o of 2 5 mM or-

greater. Oscllloscope photographs of the T-F relatlonshlp 19 rat’ naplllary

muscle at 2. 5 mM; 1.0 L, and 0. 25 oM [ca? ]o are shown in FJgures III-2~

-

\
N

Post—Stlmulatlon Potentiation (PSP)

<
= ‘

Post-stimulation potentiation was tested in several ways with

f b&.- -

the rat papillary muscle preparation. Figure I1I-3 shows the'e% ecy of -—«\\;\
: ‘T

a chaage in [Ca++]o on dT/dt when the number of stlmulx-apoiied in a two

second lnterﬁhl were varied.’ The dT/dt. after a two-second rest 1nterga1

L]

was measu;cd and.compared to the rested state contraction dI/dt. This

: . ¢ ++
indicated that. potentiation of dT/dt was most pronounced when [Ca %

was below 2.5 mM.~ Potentiation waS‘obtainable but not significant at

Ita++]‘ above 2;5 mM. At low [ca” ] 1ess than 6 pulses actually

decrease dT/dt after ‘the tus'second rest, but a 10 pulses in. 2 seconds

(200 msec pulse-interval) potentiation of dT/dt is-most evident ([Ca ]o

= 0.5 mM). In a sequei mp this exgcriment, Figure III-4 shows that

potentiation of T anpears to peak about. 30 seconds after'twe\fppllcatlon

’ of a rapid stnnulus traln (10 pulses at 200 m.Sec pulse 1nterval) Based
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Figure.III-Z-z; Tension-rrequency Response in Isolated Panilla-

Muscle of the Rat. [Ca**] = 2.5mM. Frequency
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Figufe IIT-2-2. Tensioanréquency Response in Isolated Papillary
- 't Muscle of the Rat. [Ca**] = 2.5mM.  Frequency
of Stimulation (Imp./min,S. o
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‘aTHe phase-";.qne Plot and Post SL;wulatlon Potentlatlon-,.

- . x . , L . s "
upon. these results, 'a-standard test for PSP was instituted. With-a'

~

basic strmulus interval of 30 seconds a train of 10 pulscs was anplled

at 20C msec. intervals followedlb} a rest 1nterval of 30 Seconds and a

S
il
l'. . &, \

sinvle‘stimulus. The ;ension_a'd/or dT/dt measured at the end of the.

rTest period was compared to the control tension and/or dT/dt dcveloped

before ‘the™ pulse train, thls is called PSP

-

30" 7

Table III~II shows the- effect ef Ca +] on %SPBOﬁ in a rat
papillary muscle preparatiqn; 'The yA PS?30"'increaSes.as (ca*? ]5 is o -
. - . - 2

decreased below'2.5 mM, .and PSP disapoears aeove'[Cat+Io.= 2.5 me

Y

30"

That -the llmlt to: obtainable potentlatlon is coinczdent w1th the tension -

[T - o ¢

. r. ++
jobtagmablc~at [Ca, 1 arownd 2.5, mM is best 1llu5trated in the followxng

oy __‘o &
LY ..‘—.q__._'_- .

- . - . - . 1

experiment. o S e U S , . . .
“ - ' ) " ) T . . .

-PS‘ o mas tcsted over a w1de range of exrcrnal calc1um
codkencratlons and' with a wlde nsmbex of “stimuli- precedlng a 30" rest
period. fhese results are grOuped in Table III—BE and 1llustrated in

c/ o
,Figure III 5.% It is clear that the limit of potentlatlon obtalnable

L]

! €
from isolated rat papillary'muécle-is practical}y the same 25 the

maximum tension achieved by increasing external caleium concentration
. . e . Al . Ny o, N

in the bathipg fluid. The greatest_ptoportional increase of tension

' : [++;.'
w*tn PSP is obtained when Ca - = 0.2 mM

30" . . - : s

“

In the precedlng rc¢ults, pc1k 1somctr1c tension (T) and

the pezak derivative of tension developmept. dT/dt, have Doth been  *



Table ITI-II.°
o Ra; Papillary Muscle

. S 4+ .
Effect of.[Ca ]o on PSP

30"

.-

PSP. . - PSP dT/at

30"
gf L _JTLfg,/sgc.

PSPAT/dt

’ ‘g./seg."

/»

Control

C1.7

0.4

2.5 §9°  32.5
2.85 .. 95 . 36.0

2.7 .« 159 . 20.

-.1.957 488 5.0

.
-

130.0

31.0

I3

.21.5




lEffe'ct oﬁ'[C§++3o and Precondition

66

"‘ 30"'.
™M) Tension # Pulses | PSP 7 PSP
. mM . _g- R " g-
: 070 1 _
. .-070 2 075 107
L .070 4 .10 - . 143
RN 3 .070 '8 12 L A171
L .08 15 .13 186
- .080 25" 155 221
075 S0 w19 271
.07 100 210 386
Co3es -1 - _
o L3600 - 2 . .370 ¢ 100 .
Co . L340 - 4 TUAss S 146.
0.5 .330 . 7 .705 214
R - .320 15 1.01 *316
S A 5 1 25 1.330 415.
S .280 SO . 1.35 421
250 - 100 1.40 * 437
- ..83 1 s ’ E . b
~83. 2 co9y . 110
Lo .83 4 _1.34 161,
1 0.3 .85 ... o8 ©2.25 265
: .75 15 /. 270 360
.75 - 25 2.70; * 360 ‘
.70 50 | 2.457 350 4
.60 » 100 2.32 361 .
.w . . . ".‘ - ‘1 :
. 115 1 ) .
0.4 1.10 o 2 1.23 1ie
.o 1.12 X 5 2.28 206
e 1.05 . 8 2.80 . 1267, .
1.05 A A5 3.20 % 305, e
‘ 1.07 25 2.95 T 276
. * ‘lMaxigym potentiated tension. " -
e . . ‘ : o — e
, ‘:: . !— .
« H J
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Table III-IIT (cont'd) )
. . | t _7 H,. o e = .
Im*ﬂo Tension £ Pulse - | . PS? - % PSP -
o _ , . g '
‘ : - : ‘—\ - -
S5 o 1 :l' .
0.5 . 1.5 2 . .119
) . - 1.32 e 4 ' 2.30 174
‘ 1.30 8 3.15 242
A I - 15 3.13 241
. 1.3 _ 25 3.07 _ . .236
| 1.20 . 50 2.927 225
2.15 1 f S
.75 2:17 2 ©2.50 115 -
2.17 4, 3,12, L 144
2.17 8 ©3.40 . 157
_ 2.17 15 3.30.° 152"
o, - | T M
_ *2.63 - 1. . :
: 2.63 2 2.95 112
170 2.63 ‘ & 3.35 127 -
© 2,48 8 - 3.25 - . 133 -
. 2.50 15 3.30 < . 132
2.33 125 3.15 - . 135
L 2.35 .50 2.87 122
©2.95 1 - _—
145 2.95 2 3.2 108
. . 2.98™ 4 3.29 110°
2:97 8 3.25 109
2.99 - .15 3.17 = 107w
'3.20 1 ,
-2.5 '3.20 2 3.29 103
\ 3.22 4 3,22 ° - 100°
1 3¢23 8 - 3.19° 99
¥ Maximum :p(ﬁént'ated te'nsio_r}.. - d
/" ~
}_' ‘ - - e h
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Figure I1II-6. h ¢-Plane Traclng of Isomgtric Contractions ip
\ Isblated Papillary HuscIe of‘ the Rat. ‘Effect of
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plots for. rested state contractions and. potentiated contractions at”

-

2.5, 1. 0 and 0.25 .mM external calcium concentrations. Clearly the .

’

__—Rotenrxated“connractionfat_oo25 mM ICa+*] is close to that of the rested

¢

. . R ) ) -\
state contraction at 1 mM [Ca++] while the potentiated contrLchon aE

- -

1 mM superimposes upon the phase—plane plot of the rested state-

.,eontraction at ‘2. 5 mM [Ca++] The potentiation of tension at 1 0 mH“

* is shown again in Figure III-? with the contractlons at 460 » 60 and 90 TR

+

—_— s

seconds after the pulse train.’ Figure lII-S shqys the phase-plane P

——

—-r—-_._ﬂ_

“*plots of ‘the samerprocedgrenethp 25 mM [Caf+]

_—_

\.‘_‘__ ) 7 o ’ )
Effect of Frequeney of Stimulation on Diminutionhof PSP. oy
——‘\_‘_‘_; :
) PSP was produced in- the papillary muscle preparatlon and"hﬁer-

decay of potentlation was fOllOWed at various frequencies of stimulatlon ' L
following the 1n1tial 2‘second pause subsequent to the pulse train

. .
(PS?Z") At 2.5 M ICa*f] there iF .To potentiation observable and

Il

‘the potentiated" contractlon is’ below the control value until the

...c‘.-____-f

1nterval is 10 seconds (Flgure III-9). At intervais less than 10 -

'seconds the tension falls t6 levelg charncteristic for that frequency

L]
Lo .

accordlng to,Flgure III—Z—l However, in the experiments ‘where ICa++]

is below 2.5 mH'xend potentiation of tension**c\produced in the 2

P

second interval“between the pulse train and the PSP pulse, an 1nteresting

‘E phenomenon is observed as the_[Caf*]o 1s-lowered It appears as if the

T‘~

\dEEa}\of potentiation becomes independent of frequency, that is the 2nd,_ J

3rd and 4th coT actions are about equal in téension at frequencies of
T ’
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Figure III—9. . Dec:ay of PSP in. IsOlated Papillaxy Muscle of .the

« Rat.

Effect”of Frequency of Stimulation+ (Ixnp/sec )'

(@) l': (X} 0.5; (0)02 (D)Ol

Broken line indicates RSC tensiom. I C:a'“Jo = 2.5mM. °
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l 2 5 and 10 second pulse intervals. This is most erident at 0.25 nH

[Ca++] but still observed at 0.5 mM and 1.0 mM (Figures 111- 10 111 11
. . Y . . L
and TII-12), o+, - e ) -
s 7 o . S . P
Discussion ) - o - L o \ .

[

e .
- ) . M . . 3 > . . .

These experiments ¢learly show that external calcium

—

concentration plays an important if not a direct role in determining o 4
~ the shape of the TenSion-Frequency relationship.zzehéy also demonstrate

._that the negative T—F relationship normally associated,with rat

ventricular musale (HenderSOn ‘et al., 1969, Hof fman and Kelly, 1959;

_kelLy and Hoffman, 1960) caﬂ be modified to appear similar to that of

{
other mammalian species and show a pOSitive “inotropic component (Koch-

Weser and Blinks, 1963). By 1owering the;externgkqs:;c1um coaceéntration

LM

beloy 2.5. mM we have-been.able'tO'show the appearance of the positive

- . . } . - . . \- . ..

inotropic componént at frequencies of stimulation between 20 and‘lOQ/f _
r -~ . l- . ‘o “ . - ) s

shocks per minute, with ‘the peak in tension ocenring at the latcter

. / -

frequency.. Tbis peak is similar to that obtained with guinea—pig '

& L -

. (Fignre_ll —1) and cat (Henderson et‘al., 1969). That P~calcium ion plays 9
role-in the T-F relationship'has also.demonstrated by Teiger

a dominant

and Farah in rabbit heart muscle where lowering ICaH‘]° increased the |,
. - + o N - e T
slope of. the pOSitive inotropic reSponse and increased “chleium con- _

- v - I ¢
centrations caused a decrease in the slope.of the posxt}ve compcnent

° -

of the.T-F relationship. }n rabbit muscle the negative inotropic T- F

response-was obtained wben_[Ca++] approached 7.2 mM with the greatest -

7
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. _indicates RSC tens:.on. ICa"c"']' = 1.0mM.
o

‘,.'

_.Decay of PSP e :Ln Isolated Pal}ﬂllary Muscle of the
Rat. Effect of Frequency of Stimulation.

(Imp. /sec.)

(@)°1; (x) 0. 53 (0) 0.2; () 0.1. Broken lipe
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. Rat. -Effect”of- Frequency,of Stimulation (Imp./seo )..
(®) 1; (X 0.5; (0) 0. 2’- (HL) 0.1 Broken line.
indicates RSC _;:r-.jnsion, .
- o . -//-. a l -
- . P
|’ } . ) ’ >
t ) - ' - . | f " hd ..:‘ .
y . ‘ * ) | | 4
-~ - /.\’
- ¥ - . \-"_
- : ' e
> ¥ . - £ tl v
\\ : ‘ }
s }
- ) J .
-— ) N — O :
’ ’ l-f-
n " ’
’ v - ’
. : 3
4
. 3 >
2 ' v
. 4
¢ ,/ - F
- ®

l
ot
s



o ‘ ' s " - . .
+ LN » Lo . . )
b - .
iy > . L A 3
K i 18 s "o )
. . . . '#. ; - 77
’ : . M L4 . - . .
. ' ) _ ) | ‘
’ b - - - Al -
[ |
LH
M + - .-
. ST . [ QT
o JUSRETRE T
S RS I
: ' » -
; ST P Y
. [ Rining Sral
o - tammamr e : g .
L .
T e ]
. e v -
| e o e e mAme = o mam
S
.
P B
i R )
) 0 ¥ 3 L
) Ve e g g
% . s
- 1 :
T —aaw b --“‘\l... _4-.‘..—
PR | - e ———
| PR, ..._—_1....-_..
LIVV N .l M .,__.4‘:..._-.__
=

}- L S
B ,-.....;J\.;._-..'

. B ’}" :"'(vi‘::..':

- .
oo -
.. L
R R RIS
! . ...r
. ' Caea- .
[} . ) "1 - e -
. . R Ve o
i ol ]
' |
- ' ‘
. .
A v
. '
. r . .
] ? .-.‘
t
: . -~
- »
-, v ’ - .
’ ; .
o, - - ' ' .
’ ' N .
- v
//--‘ . . ; -
- " ,
- ! . -



E ?(-‘:)‘.

A

o

" C
. VP -5 '
L . -
B ot
n
r
. .. 8
R .
.
- -
W *
]
. - @ -
Y .

Decay of -PSP.,, .’iﬁi_ls_ol_ated -Pa:pil

'
N
wt fa
""‘{_ . by
TE {
) .
T2, .
.\
e ]
- .

.
lary Muscle -of ihe ©

- Rat§ Effagctof Frequency of Stimulation, (Imp. /sec .s

(@) L; (X) 0.5;.(0) P.2;' () 0.1. Broken 1in

iqdicates_ I_{SC‘ tension.

ICa+'+]° = 0.25mM.

- o o
. o : . ET Y .
.
[T |
oL o - - {oe " ’
] ) ! (.\
\o/ ’ !
" ) } 0
v S . ¢ [
- . . rl o
- .
-t
I | 0
° - Coa—
% .
- \\
» .
¥ |
i a L.
. - . N !
4 -
“r .
P
"~ . o *
) .
o
o e )_,
s
: {
‘.f‘ ; ,
-3 »
-
"
. ‘
. .
o« ¢
B r'
J : [=]
|
|
e
- - 5
';‘.“_‘.
° fraed o
. . . . N
o



i

G

-
v N
v.-.Il-il_l - u_..
— H
P ¢ M
: i
: .
. - b L
¥ - ' -
e e e e .
. - .
e :
i
- i
1
. ]
.

S

w

-

B i;
H
] i
i
_ N
I Sa B
A
i '
- "

H

T s el

I

'
)
!
.
}

.

3
|

L I BT

AR

B N e )

=t -

<




a
L

positive inotroPic slope occurring.at’ [Ca++]° l.8'mH. Our data with
‘rat heart indicates that we are. dealing with a similar effect although

. oL ’
the range of calcium concentration required to reverse the positive

inotrOplsm of the T-F relationship is less in the rat than the rabbit.

_As indicated in ehe review of Mommaerts et al., (1960), the relationship

between the stimulus rate and the force of contraction is thought to -

-

encompass_the'Frequency-Eorce curve as well as phepomena such as post—

L

extrasystolic pbtentiation;and post—stimulation potentiation. ‘Cur

' ol -

M'-'esult:s 1ndicate conclusively that PSP can be obtained from rat heart

. N -

mustle and that the degree of potentiatlon is related to the external

calcium ooncentration (Table III—II). A‘similar conclu51on was reached

by Teiger, and’ Farah (1968) with rabbit heart. Meijler et al., (1962)

~

~.and Meijler (1962) demonstrated both’ the §ositive‘staircase and post-

extrasystolic potentiation in'isolated isotonically‘contracting rat
heart, but did not attribute these phenomena.to_calcinm'ion.' Nieuwendijk l;
et al.,‘(l965) however, suggested that contractility changes originated
by intarnal changée are regulated:hyjcalcinm ion concentration. Our - =~ :
. readlts,indicate that ﬁn rat{papillary'muscle l) potentiation\only
occurs when [Ca++]' is lowereq_below 2.5 ny. 2)‘the maximnn pozentiated
tension attainable is the same as the maximun_igsted state‘contraction
- tension (Figure I1I- 5), and 3) that potentiated remsion is related to
‘) number of potentiating pulses b) the time interval from. the
potentiating influence. ' ) h&;;

v e ¢
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* " The last factor’appears to be the mast critical;l'EVen with a

Yarge number ofnpuISes, if the rest period following this is not )
5ufficiently extended potentiation will not be' obtained (Figuree’IlI -3, - '

111-4). Therefore, whatever mechanism or factor is inwolved in

)

potentiation, the ;Equirement appears to be that a time dependency'is

" included. At the lowest calcium concentration used (0 25 mM) a time

course of approximately lSseconds is. needed to express the maximum

LS

effect ‘of the preconditioning pulse train and thereafter the potentiated ' @
. 1

state is maintained for a fairly long interval decaying slowly compared

to the buildup of potentiation. " The "factor" buildup during potentiation:

must therefore exist in a relatively stable fraction (without stimulation)

to be mobilized as long as 2 minutes after the pulse train. Honever,

_ the intervention of stimulating pulses at various frequencies following°

the buildup during the potentlatlng period rapidly depletes this factor.
- At lower cafiium concentrations it becomes apparent that the removal of

this factor by stinulation at various frequencies is frequency in~ .. . ‘
: < : T

dependeﬂt, each Stlmulus remov1ng a fraction of the builtup conzfactile

ten51on. A similar result was obtained by’ Wbod Heppner and Weildmanm
(1969) in voltage—clamped sheep heart muscle where inward current during

‘the plateau phase was modified to create various 1notropic states. The .

[

decay of the inatropic.state created by normal stlmulation was found to’

be frequency independent. They attributed this to contractile calcium

»
o~

concentration.in the tisaue. That we are mOVlng up and dOWn wlthxn a .

. ':. . e : - K4 )

v
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. similar family of contractile phen\“ena with the change in externai
"calcium is 5est illustrated in the’ Phase plane tracings. The éﬁct

that a potentiated contraction can fit directly over a loop traced at

a higher caicium concentration indicates that .there has been no

disturbance in the overall mechanics of the mscle in time, and snggests

that we are’ dealing with a similar muscle at hlgh calcium ‘and at low

calcium potentiated'with ouretechnlque. These data suggest strongly

that changes in external calcium concentration are mirrored in internal |

changes of the same ion in the rested state and that potentiation and

the Tenszon—Freqnency relationship are in turn reflections of_the same

:changes over'interval dependent petiods, .

The observation that the phase plane plot of a potentiated

Ed

: c0ntract10n.superimposes on a plot of a contraction at a higher calcium
concentration may merely be coincidenta}. However, thelphase plane plots
-appear to reflect a system where the perimeter of tne phase nlot is'
determined by'the gain in the system, l.e., a greater gain produces.a
.larger plot with the overall temporal relationshlp between T and dT]dt
maintained. Again, :;is would suggest that the interventions we have
'used in altering the contractile behav1our, PSP and [Ca 10; ‘have
zdentical effects on internal mechanlsms of the cardiac muscle - at

least as far as can be ascertained by the phase plane plot. As with 1

. other heart tissues, the'inotropic effect of increased [Ca, ]o is

elicitea to 2 maximum - 2.5mM in the isolated rat preparation.- at
. .
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"0
nnrch poznt both potentlation and the positzve componen:ato the T-F~

'*elatlonshlp are no longer obta;nable. As a sequel to

b .

1nvc5t1gated the calcium goncentratlon in arterral blood of 4 ratsa

=~ \

is we

! 51ng atomlc absorptlon analysis rat plasma was found to contain

{
\ calcrum at 2.50 mM - considered as total calclum -jwhlle calcium

lconcentration measured with a'flow-- through&ibn - specific electrode

- "
1nd1cated an lonlc concentratlon of 1.3} mM aboufihalf of the total

calcrum level. Thls is comparable t01the 1on12ed calclum level found .

in otheJ speczes (Ganong, 1969) Most studies on the.lsolated papillary .

-

muscie of the Tat ‘have been’ conducted at bath calcium coﬁcentrations : K!Q

above this 1onlzed level (Henderson et al., 1969 Kelly and Hofrman, a

—

1960). Presumably, the level which tended to glve the greatest tension

- for the study of the mechanlcal activity was used.and carried over_from
& -
experlment to experlmEnt. If one\were to use the 1.31 mM im the bath
d ¢

.35 a model ‘'of the blood's concentratlon of ca1c1um one would then have~
the beginning of a positive_component w the T-F response as ‘well as.
Lhe presence of potentzatlon in rat heart muscle.

It must therefore be, emphaslzed that for the comparable data
to be obtained from lsolated\preparatlons of rat papillary muscle a. -
calcium concentratron of close to l.al mM should be used:_ Preferably,

l - 3 -
a wide range of [ca® ] between 0.25 to-2.5 mM, should be utilized in

conparlng in vitro with in vivo studles.

A Model to Explaié\the'T-F response and. PSP in Rat Heart Muscle

I'4

These\éxpéiimental results indicate that external calcidml



-
-y

. R a . .'/.
conceptration’ can determine the shape of the T-F response and tﬁe S

extent of PSP in isolated rat heart muscle. It is therefore possible

B A
_-that internal -Ca may also be involved in these processes.
RN o

If we are to consider tnat calecium jon may be_responsible

for the changes.obsenved‘in rat heart muscle'by altered concentratioms. .

L

within myocardial cells, then 2 simple mbdel‘may“be pronosed. Lee

'et al (1970) Suggested a model of calCium mQVEment within rat heart .V

tissue based upon their studies with paired—pulse stimulation. 1t might

therefore be interesting to-use thelr model as a base fpr more inter— ﬁ%
pretative studies and modification. Their model shown.ﬁn Figure II—13
Lee explained thelr model in the following manner:
"The action potential triggers off the telease —
of a rapidly releasable calcium fraction.  This
fraction (Ca_) is completely réleased by the . brief
action poten£1a1 and %% further release can occur
until the fraction is Pcharged from'another-calcium .
reservoir (Ca_). The recharging is elerated . = -
by. an increased caleium level and also by epinephrine
and by an .increased temperature . .
This nndel might also be approPriate to explain the results
we have obtained concerning the T-F relationship and potentiation in
- rat cardiac muscle.
—If Ca were the rapidly releasable. pool containing a fraction
~of the total stofEEﬂEaléium (Ca ) 4t rested state contraction, then at
low rates of stimulation, say 2/minute, sufficient time would elapse’ to
r*charge Ca f:pn1CaS completely between contractions. As the interval
between beats is reduced less recharge time is allowed drid hence Ca 3

- ~ . ) [



Figure "III-13.
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Model of Calcium Movemeny in Rat ‘{yocardium.

(After Mainwood and Lee,J 1969)
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_would be reduced at the higher frequencies.' If; at a constant [Caft%g;;..

' N
the same amount of calcium is gated into Ca _during the brief action

potential (gated calcium) the net result would still be a negative o
.
“inotropiSm with an increase in frequency. 1f we Suppose that at high

'.Ica++] (> 2.5 mM) that the system (Ca Ca ) would be’ saturated, ’

!

rested state contractions would produce the maximum obtainable tension.

-

However, if we suppose that a lowering of the external calcium‘
‘ concentration reduces’ internal\calcium stores (Ca ) and conceivahly
the releaseable fraction (Ca ), rested state contraction’tension would

be reduced but we would now have a reserve capacity based upon the

level in Ca at high calcium minus the level at low calcium. Similarly
a reserve capac1ty would exist in Ca hrtzeen the -levels at high and

low calcium This reserve capacity. would represent as well the capacit&'

4 .

ta potentiate tension in the’ muscxg. For the T-F response at low ’ -

calcium, a rested‘state contraction allows for the recharge of Ca from

.

‘Cas. An increase in frequency now also results in an initial dimijution

of tension due to the shortening of the recharge interval. But now, due

X
£o 1) the reserve capacity in the system, 2) the gated calcium, 3) the-.

‘necycling of calcium, a pqsitive 1notrop1c component will appear- That
this may occcur is shown in Figure II—lA illuscrating the beat to beat

changes occuri.ng at h\igh (2.5 wf) and 1ow (0.50 mM) 1c3++f] during 2

2

I-F exPerime £, At high calcium, an ‘increase in frequency of stimulation
. >
always.results in a decrease from beat to beat, indicating a negative

1
1
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inotropism in attaining the steady state. At low’ calcium, the negative ‘

[y
.«

component ‘0of the T-F response is illustratec by a fall in tension

-

during the beat to beat response during . the fxequency change' while the

positive component shows an’ increase in tension from beat to beat.. This -

Suggests that in attaining the steady state response’ with the muscles at

low caIEium We are dealing with a beat to beat fncrease of the potentiaé/ng

P

+ factor, conceivably calcium, while the opposite occurs at high [Ca ]

\

v “7
. This model would also explain potentiation in- these conditions.

At low eaternal calcium ‘the model predicts a reserve capacity in calcium |
stores. Potentiation of tension is produced by rapidly gating in

ca1c1um to Ca (within the cell) and. then allowing suf ficient time for
‘he increaSe in Ca to be expressad as the recharge ef Ca . Hence,

the 30 second interval reguirement to observe peak potentiatlon after

the pulse traxn.' The relatively slow decay of tension following '
potentiation Suggests that'the releaseahle fraction (Ca ) exists 1&‘%
relatively stable conditionionce it has been filled. Ca_ w0uld have |
to be stable as well. :' - - ‘g*/’#\” , o 7 )

= The experiments on the decay of potentiated tension Suggests

that a fraction of the potentiatlng factor is removed with each stlmulus.

~urthermore, ic- indicates that this fraction appears fixed and in-

dependent of the frequency of stimulation. An appropriate model for
th*s condition would be whete ‘caleium would be removed from,a large

reservoir - a fixed fraction with each stimulus. If we maintain the

f

! .
‘o

)
!



terminology of the model in Figure I1I-13,

appear as:
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\ ‘
This model eliminates the necessi€§ for a rechargeable pool, the '

"f._. . : . ; - R . e oo ‘ . q 'I_
é
'ﬂ

-

. :ension deternining calcium is removed ﬁrom Ca (stored calcium pool) ..

Birectly by a stimulus as a fraction of the calcium contained in Cas.

J R

Two facts tend to disprove this model a) an interpolated beat a short

: interval after the first ‘beat reSults in very little tension, at all

1evels of ICa++]A\EEE/:9'at low ICa++] it is necessary to wait

"vsufficient time to obtain.maximum potentiation after a pulse\train and
i : - %
at high Caff to return to RSC tension. I - ' '

W ~ ‘\c.’
L g

If we aSSume that the couplihg system, between excitation and

N

- ; _',, -. %)

contraction is intact at all of the pulse intervals stpdied these data

- | . -

uould 5uggest that 'we are indeed dealiﬁg with a System that can be ¢

3 o ' ~

"modelled as in Figure I1I-13 with a rechargeable process betueen the .
stored calcium (Ca ) and rapidly releaseable calcium (Ca ) (process 3).

Intuitively, this systEm must also incorporate at some point a . -
¥
non—linear portion so that both potentiation, and the nositive T-F ?-.
response can be obtaized,.i e. if all portions of the model were - 1inear
lﬂuevwould either ha#b a constant tension at all ireouencies of stimulatioﬂ

»

or a nagative ‘inotropic linear relatiOnship witﬁfa decrease 4dn the~

1nterqal between stimuli. - ';' C S
> ) The non, linearity might be between Ca_ and Ca . althOugh it :

- may be placed elsewhere. If this were so“an increase in Ca due to the
? -~ N

‘gating of calcium from Ca and the recyeling of calcium ‘from the

%nofilaments would be linear but due to a non—linearity of process 3
e ?

L]
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Y

e

ary

'positive‘inotro%ic response ydth an increase'in the frequency'of

contraction depending upon the level of Ca .°'

. 90.
in Figure Iliflqiiit_would be possible to obtain_beth,a negatiG?ﬂand .

O

4

If we acceﬁt that a recharge process is needed to explaln our

o

‘model the reSults on. the decay of potentiation-may be explained in the

rollowing manner. In the potentiated state Ca_ is built up to a<1eve1

LN,
higher. than normal for :he particular Ca_ by the'gating ofﬂcalcium
- Y

This would mean. that the dfiving force of calcium from Ca to Ca is'ﬁ

: &
likcwise increased._ Since we shpw that the.buildup of potentlated tension

"r--

takes up to 30 seconds, this would"Be maintained over a fairly lpng Ve

i g e o a4 ) :
—— "

1nterval. In the stxmulated decay condltion we would remove the increased _

, N g

calcium in Ca_ through Ca . T ‘ ~ e

.

The’ model‘now must be tested expermmentally to see if-it can

quantitacxvely explain some eharacteristics of rat papmllary musale.'
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JenFroquoncy response and
‘. :-.~!'_!T..:‘y vadle. o The results

miscle might be

|'.';"(‘. tae

v

post—stimula;ion,potahtiatieﬁ‘in rat

. . Do a .
supgested that the responses eof the rat

controlled bybcalcfmm movcmgﬂt within the wuscle. -

cdrtia

‘glycosides,

Caltem Ton conceatration sud e} external pH.

alrseting cardiac musele are a)-the

o>

Tt has Leeny :,‘r*pm.il:cd that vob heopt

o

inotropically in-

L) ecxternal

-7 . - ’ . . -
~&elve lo che administzation-of cacdine glycogides
: : L )

-

L

feet of Cufhain is caused by an increise i

e e le fum.,
- 1\> L

, o S Y
Lo st ovicologic doses of -Cuabaln (10 M. -

PR I S I

| i

“preoted in the previeus
. - FS - >
Doimst [eat }0. Therefore, a

4 e sl

roeal ;‘..‘ o

casipivity to this

Trager (L2068,

coealon

N R o
ta Tuneecellular Naoo would result in a dis]

Coopton development prod

"

2l., 1970; Lee and Klaus, 1971) suggest
re ) . " ‘ I + ‘. |
fowever, previous studies on'fhe. sens

A ol relatively high calciuvm coiceny

sqch as Cuabadn 3

nofa pharancologle doses (Lee. and Klaus, 1971f). . Recent reviews (Tiee

r D
the positive inotropic

the level offintraesllular

sitivity of rat heart

’

-5 ' | : .
0 “M.) were perfAgied in the

rations ( 7 1.3 mM.)

goclbion, maximum rension appears at arcund

° T L : - . ..
deerease of the'calc%ép ¢ncentration might.

inotropic agent.

N

4 do L ,
1.070) has snggested that va' ions compete for
S . : '

‘ane sites with Ca

++ . . .
e proposed that on lncrease

1605,

N '_ql-+ . . .
tisplacement of Ca available

-
P

scing a positiv
2 — )

L

) ‘ .. - N i’-‘ ) . . i . . l . . .
r l Lo AN
. ; - A ‘
) R
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: . ~ A *
. Fd ~ L ) .
, y T . 92
I C A .
- s ~
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" S N s
| the previous section reported oni the. effect of [Ca™ I ‘on.the
j : : - RN

A5 we .

%

o imptronism.  Gpitch, Reubter -
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reen

v “\ol.«‘. (19/0)- suppe: _
- . . . -
CorTnonee on cnlclum_influx dur. coatraction of'uuino.flig arria. S
S L supgentod hen Toas and T ? o

© .

S A similare competition i :
3 oand Moore, 12665 Corvalha, 19066) on meabrones.
+

b on

- ' . ™oy
< tons (Rass oo
: . ]
. "
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N o .
- ihnroforg the effect'oquunbaih [Na T and pH]

e

sirdiod oaf the IHOldL d plpL]lary mu nclc pru?nraonn of Lhn rlt Lo
. N ) '- N _'/’/;
moehanienl Linpaamd™ o

‘lﬂln‘ 1£ these tntcr"*anonb p]ly 2 role in the
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»oihis cardiac tissue. )
N = r
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A“L]] d 3
ﬁfning -
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ilrnrt of On hain ia nlL
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The addition of.ouabnin (10

RN olution with 2.5 mil enlcium had wo «Lféet on the tension
0 minutes exposure to the diug. L

woloped by mtt uaoLlldry muaclos up t

.
St

nuwoﬁcr, a =light decrease in the rested
~ A " : .

L]
”pprovaJLuly 50 m'nuLL /;)/
ivdientes Lhe T-F relatlohship

STter

U +}
Coo conbenet lon de\'elol)ey"”ﬁ

of a punilla{§ cugele oxposed to ch“bazn (1.37
clativaship Bs not signifl L.'.-'f.'.‘.t.‘}.')’ aliw

ure., LY
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107> 1) for
K .
.ld by the

toamy

TS

sl 1t
30

The U-F t‘

: y . . 7 2 .
went with ouabain_and a nggalee‘lnotr0plbm,1s‘oobcrde over the

frocine !
isted. SLnl]arly,aLSPﬁou dOLS “ot ppear to have boeen
nent with ougabain uanuuﬂh RSC _nn:tcﬂ had f‘ILT?\‘Hs\//

irecuencies tést

cuned by tha treats
shily; e slope of the ?S?-O"fre5ponsc after troatwcpt with onabain
DTSR 3

i

lope without ouabain treatment.
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oolation uqntamnlngsloWg(O,Z% ) ealeium resulted In"a profound. - 8

wiropdbe effpetty Figure V-2 tyaces the tension ina papillisy usele 5
‘,’. . . .. § o ‘ . . . 5 . - I
aloled ut_%/anutc nftqr cxposore to suabaina (1.37 x 10 M), e
HLtnIn‘Z minutcs thoere n'mnukwd Inercase in ﬂu?plouud
oneten. - Inla 14 mintte erlOd (2 - 16 mlnuLub) LanLon rose from 0. 3 g
to 1,35 . aninerease in the absoluté teasion of $502. Only after 50 :
Jinabes expesure o] the drug did tension beaypin Lo declineg wnd ihen i

° ) "I . . ' - ' ) * . . . -.‘ - .’
cnly ot a slew rate. The cffectiveness of the drug chercfore 18 optinum

~Lhin 15 Lo 50 winutes ufter :dminigtrntion.' ThRis depes wled upna rhe

Jative sima (cruss .hctLonal acnd) of Lhc pan]TdL) wnncle used. Ta

) . a Ay
cilver couelas, \\PNlDQ Pfd\gd as early as 7 minutes and as. 1ntc,1q 70 ) K
. . : . _'l')' ‘ . "' . ..'
i alter ouabaia odmind=siratien (L.37 x 10 "MUY. Inocaselos wlieh
eadon ﬁlow Inotropic veupunse to vuahoin adaiaidrearion, ;'c_facruaﬁcd
- . . ' L \ - ’
naken MES-:WLnLllnPd over a curr"fzzdinvly‘lénw Teeind. :
‘ _ . - ’ '
Flgure LV 3 lj'uQLEdtuS Lhu effect o[ ovdbaln (1. 57 x 10 T.)‘
S assion and PSEHOh in'rat papillary musele.” At [CJ ]6 = 2.5 M,
oo R : : 3 ' A . .
' o . . n Vo,
o widhout ouabain (point a); potentinticn is absent. When [Ca ]0
W2 o . ’ ! .
“simuiieed to 1.0 mM, RSC Jensiod falls to 1L.70 g. (—352),and‘PSP30"
. N . . 0 .'. B
ao1247. A 0.25 s [ca 1), tension fdlls to 0.3 g. *(point ¢), 11% of
L 2] a1 ‘ .
! : . .
Letasien at LS adts PSPag. s aow {ncreased to 1.25 g. (4167).. - The
. S 30 .
T Ton ur uLdnqln (1.37 % 10,5J.) pow esdaaed gn laercase in the RSC
wion Lo 1.20 g- ( 400?) aLLnr 20 olputes of oxposure. By 30-45
. . . oo, ey ey s ‘_ . ; LTI taarle QD
Jomton (polin J) A5C tenasion ﬂr4hqliucﬁ at 1,45 g. (433%) but lf1302
’ o -
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e .' at ! o
1 ot Wldcnr_ (a) while at 1.0 my P3P3O.,.w_ -1367.; ‘Adcnlit.ion of /

- -3, o -
~?n(L.3J = 10 M) fqr 19 mlnutes re ulLod Ln Jn inarcase in rested
R qmnrrncuimq,ansibh {point e, 357% over control) and a decrease.
v / o ' ' ‘ : c . : -
et L ‘
‘actiw slopc of thc PSP J%caponec (APSP 106). ﬂa uunL;Cnl recponse

5 PJLd1ﬂLd 1ftcr &2 nlnutcs 6f exposure to. ouqbaln.

_';)y * Afzer 30 ﬂinuﬁes wnshout in ovabain-frec tyrode.comgaining J?{
o -ﬂ. . o
0.25 Ldlcluﬂ, RQC tunsion fell-to 0 12 g. and ISPBO" was most-evident

‘(nuuﬁ). \EtLr c:posure to ouabaln (1. 37 x 10 5%.) for 56.m;nutcs,

coted state CODCtJCthﬂ*tEQSlon had lanCﬂbyd Eo a-?S & but P5P30u

s r% vccd to ZOQ? o :_ Y ’
¥ Ilgure IV~6 shows ObClllOSCOpG picturgs of ‘the development and
. ' * ) - - . +
Quuny-of'FSPBOH in rat nnpillnry muuclc At 1.0 mﬁ.'[Cn ]6" PbP"O"
it Jr?b1ﬁpﬁd‘%y 20.: OLOHdb alter tha pul“n LLJLH (I. are TV-6-B).  Sub-

.“.‘"L contractions alicited -at 30 intucvnls ”rnuunlly Lﬂuu:cd the

Joteatisted LOJ“LDn.f By 2. S Tnutes after the stic u‘us train and-

-

:1atien at Z/mln. (Flgure IV-6- F),;thc tension has Htlll not fallen:
13 Lhe level of the anLLd—StdLL contraction (F;gure L”-G A). }1burc
in?'traccs the development of the incrcuse in‘thalon after the 1dd1t:on

0T enebain .37 % lO*SM.) at [Ca:+]° =1.0 mM.‘.By:?"ﬁinUEes'a'dcfinlte

. ) ' . N . . o “‘ . : ) -
siropism is scen (Figust IV~7-B). At 20 minutes (Figure [V-8-1) -
|8 . .
, .

Leanion had incrunﬁod_siénificnntly in the ruested state centraction and

. Co- - H : " | R
:SP-UF;“15 rioduend comnared. Lo the DUJ'llﬂ"af-O st ( sure TV-8-8).
. .
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| Figure IV-7. Efféct'of;Ouabaih on,Isometric Ten81on in Isolated
: - Papillary Muscle of the Rat.

-

162", = L.omr.

.- Exposure in'Minutes.

A) 0 B) 7; ¢) 10; .D) 15;. E) 40.

Upper Trac1ng dT/dt 1 d1v131on = Sg /sec.

{
Lower T{gc1ngf“ Tension (T), 1 d1v151on = 0 Sg

' Time Scalé: 1 d1v1sion = 0.1 sec.

Y ! !‘
/zn .
- N .
- ?
“
-
>
=%
!
o
L
-
"0 -
* b T e > ! . i
L]
~a -
. .



e

Ereh ey

rl

vo40 tieedns -xv

\

'l

T

i

PLIL

A

on¢~¢.¢¢o -J+o¢-tod-o
.

2 T e T

!

I

C et TV T
, '




(%]

»

figure IV-8. Effect of Ouabain (10-5M.) on Post-Stimulation

Potentiatign in Isolated Papillary Musclé of the
Rat.  [Ca ]o = 1.'0mM. Exposure time, 20 minutes.

A) Control ' B) Ppsp

30"
C) PSP, ¢ 30" D) PSP, + 60" -
E) PSP30,+90" P PSP, +120
™

. " . . ) . J N
Upper Tracing: dT/dt; 1 division = 5.0g./sec.
Lower Tracing: Tension (T); 1 division =-0.5g. . o

o

Time Scale: 1 division = O.i sec.

[+
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" (Figure IV-13-B).

106

At 42 minutes exoosure‘to ouabain (Figure_lVLB-A) rested
stqte-conrraction.tension was greater than withouo‘Ouabain, and the
same as that recorded at éb‘minotcs (Figure IV-8-A); PSPjOH (Flgure ,
V- 9 B) was not significant. o A -
At low calcium concenrrations ([Ca ] = 0.25 mM')-(Teble Iv-
11, Flgure IV—lO), the effect of ouabain (L. 37 x 10 H } is seen as a

M

decrease in /the slope of the poeitive component of the T-F curve. This"

»

Cis cvident'at 34 minutes exposure to ouabain (curve b) but even more
. oo , . - .

\.

pronounced after 64 minutes exp05ure {curve c); ‘Rested_state contracciOn-
rension lncreased from 0. 44 g. (without ouabain) o 0.85 g. at 34 ‘minutes

__and 1.3 g at 64 minutes exPOSure, an overall increase of 53Z. The

rnotroplsm is 111u3trated further in Figure jy-11 which traces the phase

plane plot of the contractlons followlng the ‘addition of cuabain (1. 37 x
10 2y ) with O. 25 mf calcium in the* muscle bath; oscilloscope tracings®

are shown in Figure IV-12. The inotropic effect is seen as an increase

r\ T n

in rested state contraction tension over the 60 minut® exposure period.

“Washout® of the bath for 31 minutes with ouabain-free low calcium

¥
.

(0.25 mM) Tyrode resulted in a fall in thé rested state contraction

tension (Figufe 1V-13;A) and the reestablishment of a_Significant P5f30n

Pffcct of Reduced Sodium Ion Concentratlon :
Ty

Figure IV-14 shows the T-F response of rat papillary muscle

at 2.5 mM calcium at normal (100%Z) and 50% sodium concentratlon. Sodlum .

"

”~



Figure IV-9.. Efféct of Ouabain ‘(10'-51{.) on -Post-Stimulation _
: POtEEEiation in Isolated Papillary Muscle of the Rat,'
lca™ 0 = 1.0mM. Exposure time to Ouaba:lfn,’lpz minutes,
' o e g I
‘ " 1 et -
. A) Control ~ B) #sP_ . L e T
. - B 30 P
A - wt30M ¢ .- i
= C? PSP30 30" D)P/SP;'LOP»VGO |
" C . w no° T ’
E) PSP3O.,_+ 9" . | F) ‘PSP30. 120 , | B
‘\ ’ , . . . . .. ol
- Upper dracing: dT/de; 1 divi:?‘ion = 5.0g./scc.
Lower T'racing: Tension (T); 1 %Mivision = 0.5g.
' .. - - "F . L3 .
Time Scale: 1 division = 0.1 sec. ' o °
- - \ ' Tl - :
L3 ( )
f
Li Y
v o
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Ten51on-Frequency R95ponse in Isclated P gllarv

Huscle of the Rat. Effeect _of Quabain (l ).

-

L w

++ - | - ‘- : Y
a) [Ca ]o _,O;ZSmM. )

.&j ICa++J

o

0.25 mM Ouabaln (10 M ) - 34 mln.
Exposure.

2'-[Ca++]q'

-
-

o 0 ZSmM Ouabain (10~ M ) - 64 min.
RO ExpOSure.

.vi'I -
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Figure I¥-11. Phase-~Plane Pipt of Isoinettig ‘Coﬁt'ractions of
Isolated Pa;}i_llary Mus_cie of the Rat. _
o :
ICa++] = 0.25 mM. Effect of ‘Ouabain (10 M )
— - after 0, S, 10 15 20 60 75 minutes e*chSure. _
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Figure IV-12. Isometrxic Contractions in Isolated P;pill'ary }ILnscie
of the Rat. . :Jca ]o = 0.25mMs 'Effect’of Ouabain
(1.37 x 10 "M.) Exposure (min.).
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AY. 0 B S
c) 10 . D) 15
CE) 20 * F) 60 .
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Upper Tracing: dT/dt;.l1 division = 10g. /sec..
Lower Tracing: :Tension (T); 1 division = 0.5g.

Time Scale: 1 .division = 0.1 sec.’
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Figure IV—f}.fIISOmefricEContractions in Isolated Papillary Muscle
.-~ v of the Rat. Post-Stimulation ggtentiation after
v - 31 min. washout from 1.37 x 10 M. Ouabain, lca * -
~- 0.25mM. . e
A). Control B) PsszO.,' €)' PSPy + 30"
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Figure IV-14.

Ty .
1
.
A
% B
e
. .

Tensmn—Frequency Respo §e. in Isolated- Pap:l.llary
Muscle of the Rat. [Ca ] = 2.5mM

S

(D) ‘[Nad.‘]o =‘100_Z;-”_(0) '.[-Na+] 0 = 50%.
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ta, replaced by sucrose to maintain osmolarity in the Tyxode. solution.

Lit le change in the T-F response curve is seen, with no significant

& -

change in rested state tension. PSPBO" also ‘showed no evidence of

potentiation at either sodium concentration. “When [Ca*+] “is reduced
.

- to 1. 0 oM, the T-F response at normal sodium concentration (1002)

produces the expected poSitive inotropic component (Figure Iv-15). 4—\4

Howaver, in 502 sodium solution, the positive component of the T-F -

A
relationship is not as prominent (curve b) with o significant change in

B

‘tension occurring after reduction of the sodium concentration. PSPBO"
also was not-affected by:this‘change-in sodium.concentration, {(Table >

IV-1II). ' . - -
. ) ’ -

a2

At low calcium'concentration, [Caf*]o.z'O.ZS'mng the;T—F“ \
response showed the complete.pOSLtive inotropism (Figure IV-16) (curve a)
Ten sodium ion concentration was, then roduced to lOZ of normal value,.
the T-F response appeared similar to that seen | at higher.calcium

'concentrations although rested state tension wab only 71% of the teansion

at 2. 5 M caleium. The addition of ouahain (1.37 x 10 M ) at 107 [La ] ////

and ‘0. 25 “m [Ca ‘% actually caused a decrease in rested state contraction
'tension'and no Significant change in the shape of the TJ% response, the .
negative inotropism still being apparent.

fect of pE Decrease on the T-F and PSﬁP " ReSponse

: The pH of the Tyrode solution was modified by changing from

a 52/952 co /oxygen mixture buhbled thrOugh the bath to a mixture
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' Table IV-IIX. - ° - \ , ji
) . - g
\ 3

iffect of 507 Na‘on T-F Response in Isolated Papillary Muscle of

the Rat. . . ' e o
Tré,qt'ment ‘ | Fre"q:/s't:lm. "l‘ . 7.‘1‘maxl-. :lT;/dt
Inp. Min.  £8&) ° . (g./sec))
-2 2,95+ “.100  27.0
; 6° - 2.70, " 9I5 25.0,
u 12 . 2.60 - 88.1- . 23.5
1. 0m [Caf:] 30 . s 2.65 898 . 25.5
«Normal [Na "} ° 60 " -~ 2.70 91.5 29.0
' . .95 o7 2.50 0 ~84.7. 30.0
o 120 . 1.70 57.6 - 25.0
o 150- . 1.55 -, 52.5  24.5
° . 180 . 1.30 4.1, 22.0
| L2 2.87% . 100 26.0
' . .6 - 2.35 81.9  22:0 T .
Lom [ca ) - 12 2.0 70.0 19.5
. PR - 30 . 2.05 - 71.4 21.5
5027 -fa ] - T 60 @ 2,23 . 97.7 . 260 .
T 95 2.200  76.7° 0 27,0 .
120 . 1.85 ° 64:4 .- .25.0 °
S 150 4 - 1.75 . 60.9 ©  23.5 - .-
. 180 1.40 . 48.8 121.0
. . 7 \ ) o w- (O - o ” ‘
Post Stimulation Potentiation =~ .o
(=] A . w \ . . N R
g : - ' : 4T
freatment . Tlg-) . PSP(g.) - %ZPSP  d¥/dt .fi’l_‘/dtPSP. ZPSP (%—t—-) e
. PO . g./sec. 'g./sec. : :
1.0m -lca, 1 1007%a. 2.95 3.8. 129 27 31.5 117 B
.o O . R . . . L
Lomr [ca ] sozna 2.87 0335 o117 26 30.5 1T
L% Tmax .
O" -
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contdiuing ZOZ/BOZ'CO /0 . ‘This-résulted in a pH drof from 7.40 to‘

f.73. FLgurc Iv-17 ‘shows the results of an experiment conducted at
.n[Ca ]O = 2.5 my.- After changing Lo the 207 CO

to 1.94 g.Q(wQZZ) afrer 20 minutes. While no PSPSO” was obtainable at

e
i CO
3

uLgr 60 minute LTpOSurC to 202 CO2 RSC tension had fallen to 1. 3 Basn

about .530% of the tcnsxon at 572 CO whlle PSP o now increased to 1344.

27 3

r

minutes RSC tension rose-to, Z,g.;(Figgre IV-17-D). PSP,

-

‘s not'oBtainable.'
The T-F response of the ‘rat pdpiilary-ﬁuscle preparation at

203 €0, is illustrated in Figure IV-18. At 20% €O é

- 'Q-

tropism normally scen at 2.5 mM calcium and 5A CO2 is chinged so that a

rositive component is pfcduced:to a peak at - about, 100 stimuli/minute.
N ‘ 2

‘M reduced slope of the positive.component in the inotropic response of -

the papillary muscle (Fijgure IV418—B).
ar A N.

Flgpre IV—19 shows oacllloscope photogr phs of the rested-

srate contractlons and PSPBO" at‘SA and ZOZ CO2 1n’Tyrodc'contaijing

2.5 @ [C;1+*]6.' No PSP

30u 2

utate contraction thSlon and’ 15P30” lﬂd1C2L0b a dﬂflnltc poLthxatlon.

Aiter continued bubbligg thh 207 COZ’ rested state tension falls

-5
luLLnLr (Elgure IV 2Q«k§> Thc addition of oudba;n (1.37 X 10 W 3 cquaLd

LF

Mt
~

!1

-

118
2, tension‘fqll from 2.5
2 _0 ninutc C\pOSure rQSulted in a PSP 0" of 108? (Figure IV-17~B).

At thi$ point ouabain (1.37'x 10 SM;) was added to. the bath:-.WJthln 50

at this point
the negative ino-— |
The addition.of ouabain at 207 CO, cesulted in an increase in the rested

( state contraction tepnsion (Figure 1v-17) and the T-F re}ationship shows

is p}cscnt at 5% COZ’_ 20% CO.,. reduced rested

1)

e
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Figure IV-17. Effecy of 207 CO, on RSC rension and PSP,

“ | A 570

* -

RSC tension, changed to 20% COZ.'j

2

B) 20 .min. cxposﬁre,

. . -5
4 C)" Ouabain, 10 "M. added,
- o o P o, o S el .
o . ' D) - 90 min. exposure to Ouabain., [Ca +]0 = 2.5 mi.
N . . . ‘ " o T
-
, S
& A -
. oS
o
b \
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" Figure IV-19. Effect of COZ on Post-Stimulation Potentiation in .

- - the Isolated'Papillary Muscle of. the Rat. '
lca™1 = 2.5mn. - | '

'4) Control = 95% 0,/5% €O,
B PSPy = 95% 0,/5% €O,

. .:0) control - 80% 0,/207 €0,
§ TN . R

‘D) Psp, . - 807 0,207 c0,.

: L S o g
Upper Tracing: dT/dt; 1 division = 5.0g./sec. .
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.. t0 exmert a positive *notropl sm upon rat heart fusele.

an .nhrcaqe 1n rested state contrqctlon thsxon Flgures 1V-20-B and
©IV-20-D (5, and 20 mipd‘;es ;eslnec;ively).
cafter 7 miuu;cs:cxposurepﬁﬁ‘Gﬁabain.

t:,fOLE of Ouabain in. GulnL1 Pig Pdp111ary Muscle

B ! —— A

quscle a
LChanging

ﬁncruasc
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t
o
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E R 123

rlbure 1v-20-C shows PSP 30"

Flgurc IVLZI shows the T-F respouse of gulnca pig paplllary

2

. - a
. .

T -
4- " s R

At 2.5 mM
the calcium cdhCLntratlon from 2. 5 to 5 O mM rQSuLLLd in an,
N r B

in the rebted—state contraction ten51on to o 68g".

2.5 and 5 0-mM calc1um. [Ca :L Imax = 065 g..

and thc T

,.u

.

3.) but did not cb*nﬂe the bloac of the pOsltch component of .

wax (.85 g

: i b - . . ¥+
the T—E-rusoonsc as dra&tlcally as a doubllng in [Ca ]0 had caus od in <.

LhL rat (Lg from 1.0 mM to 2 0 mM) However, thc.pddition'oﬁ Ouébuin_

++ o
(1.37 x lO SM } te the bath; containing T}rode solution with [Ca %a =

2.5 =M changcd the T F rebponsc of “the gulnLa plg from a qulthL to a+ .

-

wgatlive LnOLrOpiC relaLlonship ulthln 9 ﬂlnuLos.
b . 4
out after this run with- ouabaln-frue Tyrode rgbultcd in a ICVLIle of

(Figure IV- ?2) fash- -

the phenomcion. SPBO" rested bcfore qubaln c"vosure was l337 at 2.5 m
R / T . .
1Ca JD.' KHile'PSPBO" was rldured to 935 when onﬂbaLn hai bogn-kntro: :

IN-C). Washout with

_dncud KS the bath for 5 te 7 minutes (Thble IV

Cunhainﬁf“'e T}rcae rcestabllshe& PSP30“, prov,ded the. Ouabaxn was rot

in coatact with the muscle for longer- tHan 20 minutes (f“Dle IV IV~ -

sign . . ) : .
: : : .t ' @ |

e These experiments ¢learly dCHOWbEKTtQ the 1&&11t3 of cunbain
’ / 5 .
Ti{ls

wus ulso iy
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" experlmentally determ;ned 1nterval strength relatlonshlp (T -F response) \

2

Introductlon

In thlS sect1on we present the reSults of two cr1t1ca1 types.

0

of txperlments ‘necessary to«descrlbe the modél we have proposed for the

novcn@nt of calcium ion in rat heart muscle. N RIS .
N . : B
N
A) In the precedlng sectlons We suggested that the relatlonshlp be;ween

\

Ce ] pH, [Va ] and ouabaln were 1nter-re1ated e ce111ng of

contractlllty (COC) whlch was: prlmarlly determlned by [Ca ] “oreover,'

we suggested that the COC in Tat. hqa;t was., arOund 2. 5 nM [Ca ] In
! :

‘tnls sectlon we present results on the preclse relatlonshlp between

-

[Ca ] and RSC ten51on. We also conducted experlments to determlne the

L.

" relation between [Ca ] -and the calcium content of the preparat1on. :

B) In the prevzous sectlons we suggest that the tens;on-determlnlng

Ce*+ is derlved from a-pool of calclum that is refllled or'teeharged

betweem contractlons. In a3 series Of experlments we, 1nvest1gate S .

v

the ggak developed ten51on at 1ntervals less than the rested state -

/
cbntractlon 1nterva1. Thls would corresp0nd to the recharge of the -

k)

Ca_ pool from Ca g in our model (Flgure IV-2a) through process > ¢

\.

'3 From these data “we then attempt to build a complete model of\

the ca1c1um movement in rat myOcardlum that w111 account for the ' ;_ \

\

and related phenomena. - 'i Pl .

had LI

.
| N
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A. The Relatcou Between [Ca**] and Rested State Contraction Tension.

To determine the reﬁhtionship between external calcimm \\
[ \ \

concentration and rested state contraction.tension, the fo}lowing exs\

L ; ’ e Y S :
eriments were exr rmed R - 1 . Y
? : . . I A\
- - - O J ‘.

. - "

i '

The isolated papillary muscle preparation was set up as outlined,

-

in Section 1I, with the initial [Ca++] at 2.5 mM. After equilibration, '

tne bath [Ca ] was’ decreased in 0L l mM steps. At each step. teasion

was monitored until a trur rested scate contraction tensmon was obtained

i e.;-a steady peak tensaon was recorded. ' When [Ca ] =0 was reachec,.

" -

the bath calcium concentriﬁacn was 1ncreased in O. l mM steps with the

A’
RSC temsion recorded at_ each step. WInoa second series of experiments,n
the [Ca ] 'was changed to 0 1mmediately after equilibration and the .

" tension mcnitored until peak tensiOn was less than 10 mg.'ﬁgbOut the

level 0 noise in the system) . At this point [Ca T was’ increased ih

0.1 mM teps and the rested state coatraction ‘tension was followed after k"{ e
each increase. The calcium concentration in the 100 ml. muscle bath was
maintained at, each stage by replacing the Tyrode solution several times.

,‘I_-.

Tnis.was especially critical when we maintained [Ca ] at 0. ,Ehe Tyrode _

solution was' always made up with deionized double distilled water (pre—'

pared daily ), and the only calcium contaminatloncwas believed £0. be

~dbriyed from chemicals “used in’ preparing the balanced salt solution - (eg-

LA
A
3

Yaci, NaHCO,, ete.). | . - IR

~ Resuils

Kl

o Figure V-1 shows the rested state’ contraction tension as @
. : . . t . a . .
.':. . 4 I' . .

\

\
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"and 0. 5 m [Ca ]o' This curve was obtained at each [Ca ]o whén the. .

Tpaffcrcnce at 2 5 mM Iba Jo' Slnce we have chosen to UtlliZc the L.

Fl
Y
L]

- '.. . . . \ ‘
.o A N2 N ) kS 145 0
- . o ’ ) | . ' * - :' . ] ~
. functlon of [Ca ] ﬂ (solid poihts + S.E. M } The curve has a v CL e, ‘

'_cheracterletic S—shape w1th the steepest slope‘occuring between 0 25 ‘

-
’ -

Lwtcrnal calcxum coneentratlon was . anreascd from 0 ro 2.5 mM (ascending -

RSC. tension).

-

.. A typlcel etperlment in which both the ascending RSC-teneion

and dcseending RSC’ tension was followed at cach [Ca ] is illustrated

I - - v

in'Flpure v-2. Both the ascending tce;}on curve (open circles) and the

ra

~A

-

dLbCLndlng Lens;on curve (closed clrcles) have a 51gmoid shape. But the

il

by L-j

Lcni{on ‘at the start of the experiment was . greater than the ascendlng

REC tension at 2(5 mM n&a ] ‘at 1east 2 hours had elapsed bet\een these

A -

two readings.- As lba ] was reduced bOth the’ descendlng end atcerdlng .
- ;; .
tension approach eaeh other desaendlng tensgion was aluays greater.
- J ' [} —i . - -

The{e ‘may be. several factors contributing to the tension
a .

&

ascending tension curve as an 1nd1cat10n of the RSC ten510n/ [Ca ]

-

] 1L11t10n*h1p, it is approPriate that the crxterla for usxng ‘these Gata -

-

. are dleuSSCd ‘at this point. i : . oo

4

- v . .
4 ) -
.
. - .
. . o . -

We. have opserved that after equ111brat1en at 2 5 M [Ca++]-

-
M

wthe RSC tension remains’ stable for up to 5-6 hours.’ " However, after this

i , . . d L] » . . - .
period’of tlme, RSC ten31on falls by about lOZ for. every hour the )
- : . . .
jsglated preparetion is maintained. Thls occurs lrrespcctlve of the ~

‘eddigion of freshly prepared Tyrode to the-beth. ;Th%s:chﬂﬂsc‘can there- .
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fore be éttribute&,to;a'gcnefal failure of tﬁe'heaft muSClé'PfQPardtion.

Kl

lO»U¥Qr, w1th bhuep heart trabeculaL, the dncllne in toeblon 1ftcr h0urs'

. N Tt *
- of erquLOn has. bcun attributed to a grauual loss of ca ‘-by the tissue’

(s. Rcidmnnﬁ,-pcrsdnal communication). It‘is'tHerchre‘possible"thaL

thms m;chﬂnlsm may have. contrlbuted to the d;ffercnce ln the ascending

nnd dcscending tension maximas The E.C. coupling mechanism appears to

be 1nLact in- both the ascendlng and 'dedtending phascb at 2.5 mM fcd ]

-

since the TvF relationshi? and PSP appearcd 51m113r._ It may alco be

-

Qucghstcd that prolonv;d soaklng im ICa ] 0 Tyrode may have dama bed,'A°
some fldClS partlcularly Lhe most pgriphgral fleKb in the paplllary

muscle-bundle.- LOE [Ga ] has:been rcported to be: dlsruptlve upon

L L E Y
L]

ﬂgmaranes gcnerally (Rbthstc;n, 1963)

v
4

And finally there may have been a shift in.internal Ca

-

stores w1th1n the n)ocard*al cells. Since we walted until RSC tension
=z ) ’
w41¢hch1eVed at each [Ca ] in the dcqcenulng phase, we may ve re~ -

-

moved Ca*’ from very slow etchanglng smtes and traqsfcrrcd thuﬂ to faster. .-

. tension determiﬁing,sitcs. Indeed we found-that it took longer to descend

to hSC tens;on ghan to 1nci}3§e to an RSC ten51on stage.

In summarj, there are at least 3 pcssmblc rcaso fo;/thg

dxffurcnce in the asccadiE;}dCScendLng R5C tCnbiOn. 1) an J.rrcvchJ.bleb

oss of_Ca**'fron'the tissuij 2) dana"a to a po:tlon of the muscle cells

- — o h,._

T}rode and 3) 2 Shlft in internal Ca f'storcs.
- = " .
elicve that it may- be the third possibiIity.th:‘-is

\)




"14.8"_/'

occuring Since a) we hafe minimiied'the'tbne between:equilibration and -
.~

" RSC tension measurement and b) the E.C. coupling response appears to be

s »> '/:t

11tact. Hence, ascending RSC tension has been utilized in denermining
’ ‘
tht RSC tenSion/ Ca ] relationship. :

A ﬁghhematical Expression for: Rested State Contraction Tension (RSC- -

»

tenSion) as a Funttion of External Calcium Concentration
- t : 3
L A me.thematical expression to descr:.be the RSC-tens:.on/ [Ca ]
2

g rtlationship has been found. RSC tenSion is expressed as the fraction

A
"of maximnm obtainable tension i.e., the tension at the ceiling of _.

. - Ve . R . . .
contractility” (COC). ' - S ‘ . B -
/“'./, ' - s ‘n ) B - .. C
. ‘I;IS. Tf_""—' > K.[Ca] ’ ) 4 ) "

' . . ( . . '_ : R . K laCain -+ l . ". ) e w o.l
':b £ =" fractional temsicn (RSC tension) V.
- 7 i T “i'.. ’ l . '

[Cal is'the'calcium conoentraqion GnEqYE;j--

* where T

ik

L Y 3 . o K 108 .' T . : . . o
n = 2... - &
.This expreSSion provides the best fit to the expezimental data

e

(Figure v-1) by a szmple arbitrary matnematical expression. quation

-5 -

(1) is. a mGdification of the Hill (1910) equation for the saturation '
of hemoglobin by*oxygen and desoribes a szgmoid relationship. In our '
;usyStem, the values of n=2 and- K 1.8 were obtained by assessing the

it of the theoretical curve to fit over the experimental values when
L A
n was varied from 2-4 and.K ‘was estimated at 1.8 by puttlng [Ca] x k% l
/

| This gives thé value of K at the point where =% RSC tensioi} i.e.,

- [ I



TE:? Q.Si Formula (L) givcs a Curvc which fits dircctly over Ehe -

L - - .

~xperipental datd accurately. o fX%\H;\\

S
y .

Dbroken line in’ Figure v-1- and.huncc can bL conbldcred as descrlblng the

»

. . e .
The Relationship between RSC tension and Potcntiation

In an experiment described ﬁn séction ITI, we showed maxipum : .

. |A * e + 4+ ’ ‘ '
2sP O" as a.functlon of [Ca ] + Figure v- 3 whlch ‘the seme as

' -bmgurc III 5 traces PSPBO" potontlntlon nawima at L1C1 [Ca{+]°. Thé

) RSC t’cnsmn curve (sol%{ cerlG-S) is 51m1.1ar to, the curve’ in Firvure

V-1, thcvcr, the PSP30" curve (h's) indicates that thc c;llmng of

LonL11(t111ty 15 rcachLd at a louer [C& ] ; at. qround 0. 75 nM the
. ) . a

30
for RSC t.ension at 2.5'mM [Ca ] (Ta-‘ble 1II-III pp. 66~ 67)

P

" . i
Twin-Pulse Stmulatwnrand RSC I:cn'sion- " J/‘ )

. “

PSP, o thSIOn pcaks and plateaus at a level wlth the tcn51on celllng

.

As a scquel to the. above exerlment, the RSC tension at each

{Caf+1 ~was determincd and co1parud to the LCﬁSLon produced with twin-

sulse aL'mUlJthR, Lhe second stlmulus was ter rared 200 msec. af;er
. - o

. -

“the first. 'Figute_V—& indicates that the slope of the twin-pulse curve

topen cifcies) is greatcr7thah-theUSIOPQ_of the RSC tension curve
(clo%Ld c»rcl;s)

— .
The paircd pulse btlmulatlon was only effuct14c\bctuecn : W

1 . - . T4

-~

0. 5 nEq/Le (0 25 nM ) and 5 nkq/L (? 5 mH ) [Ca ] ‘and . aaizlth in
an 1HCIL3 e in ten ion in. rcsponsc to the sccond pulsc comp. ed to

’RSC\gepsigﬁ.-

N

N
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" The reSults of these experlnentb may be Sunmarlzed ag follo BEENEEE

a) fow pulScS are rcquired at hlgh lca” ]E\EEfbbtaln maximum potcntiatidn

of tepsion. o e - {" ; L L - ’ . . .
- == - . . " . R '
. . ++ P ' . R o . . ' . ‘1'-
) far ggch [ca ]o leviel, there is an optimum number of conditioning
‘?ulscs in ordcr to achicve maximum potentiation. - At hivher [ca**] a . :
o .

larﬂe number of ° condiLloning pulbcs may rQSult 1n no poLLntlatlon or a -
fall below RSC tcnsion (Table IXII-IIT pp. 66%67)

Ac) above O. 4 mid [Ca ]o the maximum obtainable tension (the sozcalled

. B : _____,.../—"'“-\._.-. ® -t 2 4+
< ceiling of‘contractlllty) may be approached by PSP; below 0.4 =M [Ca 0?
PSP36” does not reach this ceiling although cdnditioning pulses ﬁp to

100 stimuli (over 20 ée;ond period) were applied.

.-

4 ;i; the lawest [_c‘a”]o'used, 0.2 mEa./L (0.1 mY), the response of
'-pSP30".tcnsioﬁ tgthé ndﬁbérof,appliééJLQHditioning Stim&l% was'?lmosg

pcfféétly linear ﬁ; to.the maximum numberxof'sﬁimuli we applied (100 a

stinuli). 'Whén [Ca++]° is incfcagcdgto 0.4 ﬁEq./L.'(O.Z mM) , the lihcar
{jspoﬁsg in ESP‘ﬁés dbfained only td_?S stimuli; an inc;éa;éfin th?. - .

qumber of pulses pfoducég'no'fufther potcﬁﬁiution, buf:did.hét rcdugd'
'the'potentia&ion. However, ag [Cé ] 'gregtcf‘than 0.4 nEq. /L. (0.2mM),
PSP 30" was rcduced with an increase 1nlcondlt10nxng pulscs,. By 0.6 )
afq. /L. (0. 31'1}[) lca ] PSP

-

30" tension plateaued at 15~25 pulses, with

an increase in condLLlonlng pulses resulting in a fall of PsPﬁou t.nsion.-

-~

‘Decay of . RSC tcn51on at [Ca } : . - : : . o 'bﬁ

: ) ++ .
N Washing.out_muscic‘talcium'by malntaining bath ECa ]0 at 0

| B

-
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per *od. The chay of tenbion from muscles equlllbrnted at 2.5 M

L ‘. ‘ - . . ‘ -’
. Lo v - A o . ) S o t

afforded the 0pportun1ty to follow €he decay of tenblon during this

. ) . I
fﬁff]o and thnged°Lo 0 [Ca ] gonerally took cloae Lo l hou;s.

.-

L

CDuring this pcrLDd thc Tyrodc bolutlon was changud fevcral times to

. -

maintain calcium content in_the bath as close to 0 as possible.

-
a

.The change id gension was plotted on semilégarithmic graph
. ¢ . : .
) . ) '- .h - B . R ) - . L N N
paper. Inltlallyg the curve,was not linear 'howQVcr after 5~6 minutes

~ .

the tens decay was 11near to the cnd of Lhc ncaSureﬂLn: perxod (60

A

mimutcs - 90 anutes). “The lincar pdrtlon of this curve was: anal}zc&_x

.

“hy using a han" 600 minloomputor ﬁrogram for flt of a HlnPlL uxpnnuntial.

n

I8

The rLbults of this 1n1“ysis indicatcd that'xhc data ficted a cuyrve of

: ~Bt, ' |
the format ¥ = Ae ; the goodncss of flt was’ LndlC1L0d with a corxclatlon

.

coe(ficient of 0.95 or greater for all_of the washouts analyzcd. The

ty, for 8 washouts was computed as 5.8482ﬁ 9.803 minutes (S.E.M.). we

'ﬁy;lcéted the initial decay of tcnsion in’ estimating the tl value.

L ‘

- The Lt ‘of tension decay was also estimated in 50? [\a 15 Tyrode.
.02
Jthe t:L was deternlned by the same prpcchre used at 100?[h1 ] , Fc:ure -

.

V=5 shows the graph of ‘an "experiment in whlch bghh the L\perlnental

- - . 4
.1lugs (solid p01nts) and the computer determined best f1t line is o
<&
indicated. The tl for tension decay in 50% [\a ] is cstimated at .
. [ '_'.'.
about 24 minutes,'a'considurd%le inerease In thc-piqe rcqulrcd to Twash-

. = -
out" tension at 100Z "[Ma™ L.

EIMAIC Ci]L-uﬂ Contant

The total calcium”éontent_was determined 1n individual

X2
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line. té-é 24 minutes. " T is fraction of maximum.d.
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papillary muscles equilibrated at various [ca ]of Muscles were at
. 0 IRy ] . ) " ' c .
) . . ... o ; . b4 . } 7 )
first equilibrated at 2.5 mMalQa-_]o, the length tension relationship

o~ s : . '
adjusted ‘to pdxk tension and the muscles were stimulated at 2/minute.
The Tyrode solutlon was changed to 0 [Ca A]o and maintained at that

E) ’ 7 ) )

1th1 by - chdnglng the solution frcquently. When tension fell to-lch‘

Lth 10 RS- )th bath. solution was changed once _more to thc Eyrode
: 3
e _4"-.,
solution, w&Lh Lhc rcqulrcd {Ca ]o After 45 minutes of equilibration,

the 1uscle was rumoved from the lsometric rccording system by carqully

wntting thc musele pbrtion botwcen-ﬁhq plastic clips hcldinqjthc musele
The. total caleiwn content was detemmined according to the methods, out-

-

lined in Section IT. C o ' S o

- ) &F -o ' ‘ ." . TrmeTe
AT the'same—tlme that the muscle sample-was prcparc’? an:
aliquot of th; bath Tyrodc vas taken for calcium coﬁnbntratmon Lnaly is. v b
3
To guturmine a con:gctzon facLor for QvtdeleuiﬂqupJCL in dur ﬂc~ilus -

'-I.

A group of_musclés at cach [ca" -] -wcre-trcated as aoove, but SorbLLol s

. - i \

(H ) (\LW Egpland \ucluar) was ﬂdded to the Tyvrode 15 w'ﬂutes aEtLr_. '
| . -

-~ *

rqull;bratlon had begun. Prcvlous LVPEE1UCHC1C10H ‘had shown thqt 20 v
i Y T 3, -
minutes were required to reach an_equlllbrL m betwcen applied H -Sorbitel
R . . ’ . N " . - o ’ 3
and rat papillary muscle Sorbitol under sliifar conditions. The «H

. . . X -' ] 3 - i
content of these muscles was deternined by collecting the 17 frem the —

- . . 3. . :
suscles with a Packard Somple Oxidizer. This recovered 'L'.}H.': H™ in the

sesce L

and allowed HB-dctcrminatjon in a liquid Scintilla;ion’C0uqter
. . " - - . - | .
) Nu,aclr Chlc 20 - Yark 1);‘2—ch3nnel.di5crimination and - extegnal - e

Htandard-”LrL uch to corruct for QULﬂChlﬂu- ' -
-~ -]
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over the entire samplmg No s:x.gniflcan ference between t'ne samples .

.was d&emned w:lth the muscle different [Ca ] (16 samples)

e ' The reSults of/the experiments to determine calcium content

*

ire shown :Ln Table V-1, and illustrat_ed in F:Lgure v-6. It appears as B
if total calcium content does not increase above 2.0"mM [Ca ]o and : -
- plateaus at 5.25 mM/Kg. muscle weight. At the lowest end of the curve,

‘the muscle caleium contemt remazins constant at about 1.7 mM/Kg. muscle
. ++ . L . )
weight even when the [ca ] is‘i‘educed close to-0 (0 0477 mM). This - §

value of [Ca ] represents the zero [Ca 3 we have used in our ex—

perimem:s andg the calcium content from co amination of glassware,
) chemicals and handl:.ng. ‘The calcium content of the muscle rises swiftly
rom 1.7 mM/kg muscle weight to 5. 25 mM/kg. muScle weig‘ht between
iCa ] 0.8 mM and 2 mM. Ve can compare muscle calcium com:ent with
RSC tension at various [Ca ] by e:-:pressing muscle calcium (Ca ) as a ' -
xraction of che saturated value (Ca ). Tigure V-? shows Ca (broken . |

l:Lne) and T, (solid curve) as a function Qf [Ca ] ‘ S

Below 0.25 mM [Ca - o’ the RSC t:ens:.on ‘o...ars llttle relation:

f:o Ca . Above 0.25 1 mM however, both Ca and RSC tension increase

rapldly. RSC tension increases ataloWer.ICa ] o than does Ca ; the . :

e

/plateau for both Ca and RSC tension :Ls ag 2.0 M’ [Ca ]
Discussion . - o _ L o s

We have found that: RSC tension is not.limear wi:h (ca” ] over
yd
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kifett of [Ca++]$ on Caleium Content in, Papillary Muscle of the Rat.
. ’ . ' o ] ) ‘ T
[ca’"] | ‘_‘ o [ea) 'm* o K +Ca

i, S - S

£

0477 1773 0,167 (6) - m
3813 S« L.6LL 2 0.181° (6) - 292

pi)

4013 ' ST 1877 % 317 (8). . . .340

98 - . U 2.583 % .205 (4) . © 50 T e

"o1.976 o | T . 5.525%% £ 504 (8) . 7 .1'_0‘ . ] w

3.19° ' 0 5.524 % 1.028 (4) -~ S w0 -

. - R "; . . ' . X 3 . N .“'
% Total Calcium in Muscle Based upon-Sorbitol -H™ space of 43Z. IMean T
S.E.M. Numlbefs in .Braéiiets = .number O'X‘musclcs tsed in deterinin:ltipn.l

. ) : . . - . ..' . ..:‘. . r
C_s.F is Fractional Calcium Content based upon Maximum C.?.lc'lumeOnL(_nl.: in %

s xx ' L -t : PR :
Muscle.® : : o .
I

. T P ) L
Viysele caleium is ecalculated onm a weight basis {.e.), m¥/Kg. and oot on

-

ti_:':s{;c water. Batﬁ calcium 1s determined on volume basis (m_M/L.). ‘
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the range 0 to 2.

‘e
~..4-

r@é%onsciexpcct

S

. i . = . i
5 mM. The S-shape curve\is t)pical of the type of )'£
. Lo »

b3
» Ptl
d in.a ¢o= opcratlve S}ﬁtum dCSCfide in blochcmical ?

| - - L

te books uherc the addltion ot substrate fac111tatcs qud pOthtlntCS

“
“ -

fuxthcr subs¢rac3 rGQCCLon. Whélg therc nay be’ schral mqthumat1cal

’

L\prusblons to dcsc be 1}s relationshxp, a similaxr 51gmoid shaped

o

N
¥

Or

curvc is descrlbed by the dlssociatlon curvc of hemoglobln for ox}gtn.,

Hilk (1910) descrlbcs this relationship ﬂathumatically in the furm used

: Soh -
I o .
ln.cquatlon (1) as? } - - T . ' -

G

2 ) . . o " , X 4 ‘ - < e .
R S e xE T T \

b

-
]
w0
“H
[t/M
s
|

_.fractionalwsaturation-
B ' . Y

K - E'\{ 1 0. 5 and is the value of x at Y

0.'5‘; .

speculatlve to apply a~s1mi1ar 1nE$rprtatlon to

- - . s

the 51gn1f1canqe'ofﬂthis formula'in our sysﬁcm;beyond the fact that‘it

f/; Lamoglobinr it i'

Pl

~can describe RSC'tensionJ%f éach [Caf+]" Tor haemoglobln in cquatlon

2, an.'T value of 4 was,fOund approprlate (Hlll 1910) . Wé now know :hat

this vaLye_Corfesponds to ﬁheQSUbunit structure_9§-haemoglobip. Sirrce

we found a. value of r = 2 in dur forﬁuia fitted the expe}imentai points

- -

c’an speculatc tha; if an analégy can be drawn betueen hacnoglobin

.,

and our system, thac a.subqnlt structureﬁof 2 sit§§ is involved in the .

'rogulatioﬁ of the Ca - '1‘f relatlonship. This is interesting since a

_ reldtionship,of 2 ca’ /sroponin act;vation,has been Sugocstcd (Ebashi

and Fndo 1986 Ebashl et al., 1969) dnd poian to the non-lincarlty

. S P s L . % . ) . . - . . 3
L] —— . . .
“ " /: ¢ . - h < t . ’ ’

FA A
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residing 1n the contrattile ppoteins. Thcre is as ﬁell the evidenoé

of Habeelbach (1966) and Hclldm and 1“odols.ky (1969) nho thWLd thnt the

2 ol

b

oy

’on a IOgarithmic scale. L.

lca

-JUH”thing ‘that Lnternal calclum stores control nntiwdm attnlnable

f‘ S
ATPase and tension dtoklopment by m)oflbrils at’ var:ous ¥alcium con-~

nLrntlons follons an S"bhﬂDLd rtspOnee bequon §O and 10-8'M. ca™’

.

. S > R

SN
lowever . we must-again point out that an ultrastrgctﬁral

-

ngnlflcance to this equatzon must remain only Spcc larive bince we .

cannot at thlS point cstabllsh where the non—linear;ty in the rtlatxon-‘

+ [ -y .
H;p bLLwan fCa ]o and tonsion may ex;st.‘. ot

N

5. - ot

L]

e o _ .
- The relatxpnbhlp betucen-Ca andgT indicates;that RSC tension

o A ) -
can follow an lﬂLrCGbL in’ mUbClL cnICLum content anly 1\\the narrow:

L M i

]6' partlcﬁl .n:l} bnﬂlow 0. 25 m,

R e
Io range of 1. 25-1 SmM. At low [Ca

RSC tension appcars”to be oompletely independcnt oE the caleium content
- . . q o

+

in the- musdle. Thls caic1um would. 3ppcar to'ht «in p vcry btrongly bound

'form~51ncc it rcmalns constaft dber the rangg oﬁ£0 0 $25 mM | [ba ]g_and

4

'r.nltbents about 1.7 m/kg.- oé-muscle uelght.u If thls amount remalns

IS F.S . u
constant over the [Ca ]- range tested then it uould corrtsp0nd to a

; v

bOund frattion of 307 of the total musale c31c1um when the n&%cle was

saturated with calcium: Langef (1968) estlmated,that hlS phape 4

alclum thought to be tightls bgund intraccllular calcium wlth a. tl Lo

— @ - . .

of L\changc of 170 minutes, rcprescntcd about. 202 of the tlbsue calcl'

»

—_—

At the hlghcst [Ca ] s, 2.5-5. 0 M, both Ca and I reached a plame

. P - . kY

A

e K

¢
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tcn51on (the cexllng of contractlllty). In rabblt myocardrun, cellular

5 calcrum was related To ECa ]J °ﬁ1Y up to'3 - 4.mM, although 1nterst1t§%l

-

calc1um was 11near wlth [Gn }‘ from 0.5 to 12 M- (Shzne Serena and

Langer 1931)4 Thlsrqggdy also 1nd1cated a llmltatlon in the calclum

d“r >

1nrlux above 4 - 5. mM [Ca ] thCh suggests a saturat;on of ca1c1um
rcceptor or transport sites in or’on the cell membrane (Langer, 197:)

If such a mechanrsm were_present in. rat paplllary muscle it would be

saturated at a LCa +}‘ close to 2 mM Half saturation of Ca appears

L

around l 3 mM [Ca ] nhlle haif RSC tension occurs at 0.4 M. _It

-

anould be recalled that these muscle ca1c1um determrnatrons were

» |

obtained in electrlcally stlmulated beatrng paplllary muscles Grossman

‘)/_ and Furchgott (1964) fOund that the calcmum content of Gulnea-Plg aurrcles
R

.was practlcally linear betheenco 5 -5 mM [Ca ] buI was 1ncreased by
. —
S g electrically stlmulatlng the muscle However the dlfference betw&en

™~ ; =

‘ rcsted muscle calcitm and beatlngh\ cle- calcium corresyg§ﬁ$d~e£actly

to the relatronshlp between contractlle tension and [Ca . In ;he L

0

‘ rat paprllary muscle beatlng at intervals of 2/m1nute, a basal calc1um
content-of 1.7 oles/kg -muscle welght is found at zero [Ca ] compared
w0 0.4 to 0 9 mm les/Kg. Ca in guxnea-plg (Grossman and. Furchgott 1964

. 3 hlnegrad and Shanes, 1962) and- 0.3~0.7 mmoles/Kg in frog sartorlus muscle.
. P L

(Gllbert and Fenn, 1957 Shané”and Bran&hr, 1959) The 1ncreased basal.

~

calc1um level in the rat canngt dlrectly be attrlbutEd to the act1V1ty

.since ‘this value remalned conétant between 0 and 0 25 mM. . - \

. o | N

A word should ‘be said at thlS ‘point aboat the measurement of
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cam;"Wc have found that the extracellular space is about 437 of the

.
Te . *

'tissﬁe weight.H“This valuc appears to bb_rathcr high sincb nxtrabellulﬂf

utnlc (ILS) moasunemuntb in hvart tissue has beum Lopoxted to be about

20 - 307 of the tissue water. fhgre drc t

)-.

o maln 5faaonb for the

'dlacrcpancy in our rcsults: a) the'43z-}‘s reprc cnts true LECS +

_Lhc surface. fllm which was not rcnoved our.musclc samplcs all were -

b

less fhaﬁ;LO mg. and we therefore introduce®M error in weight. Since

" we were not really interested in'a true S value, but rather an indica-
t ion of how much extracellular fluid was contained in our samples, we -
"have accepted the 437 value as a correction factor for muscle calcium < g@a

N 4

- ' : ! . " ’ . A . v
determination. . - . o _ . . 4

Co- T : : o +4
Thiptensionldecay experiments in O [ca ']o' indicated that the

.tl of'tdnsidn decay was 5.85 minutes. Langer's phaée 2 calcium which

-

}uﬁ\gflncd as’ contractlle calLLun had.a t-L of “exchange of 6. 0 ninutes
b

(Lnngcr, 1968). We w0u1d also have expcctcd the té-to'jlcrc in 307 i

[Xdﬂ since as L1nger (1958 1970) sugpests, the Na*/Ca** ra;io would

J*Lernldc ca™t cxchange °1d deqrcase in the [ha ] would tend to . k

. 4
cl

2

retain lntraCLllular or cellular bound Ca f._ In'fact we' have qbsérvcd

+ S ' .
a ti’bf tension deqay of .24 minutes in'SOZ[Sa ]6 Tyrode. o g -
3 , ’ h . ‘ .

~

S:ulnr:la_z_:l L e X
1) The rclationshlp betwecn [Ca**] and RSC tension is not

‘1inecar. Aaximum tension is rcached close to 2. 0 mi [Ca ] The

poqe
v

~ignoid bbaped curvc ¢an be e\prgseed natbcwﬂtxc 11y by a wodification |



|

I . ‘ A ) 4 ' 0 !
2) The relationship between [Caf+]' and Ca_ is aISoisigmoiH

. - a ++
shaped, Below 0. 5 oM [Ca ] Ca remains constant at about l Tunoleqfkg

A‘Aoove 2. 0 mM [Ca ] Ca plateaus at 5 25 mM/Kg ‘muscle weight. Betwecn

0.5 = and 2.0 m¥ [Ca ]c, Ca 'rises practically parallel to the increase.

in RSC :ens;on.

'3) 'The potentiated'tension cudye (PSP O" and EQin/pulse

s..;.mulacion) shn.fts the poinr at which maximum tension is reached r.o

'lert on the RSC tensmon/ [Ca L;elationship. Wich PSP30", the highest

- point at which the plateau- is reached is 0. LrmM [ca ]

4) Tension decay in 0 [Ca } Tyrode indicates a té of 5. 85

minutes while the £y in’ 0 [Ca ‘j/;’SOZ [\a(ﬂ Tyrode was 24 minutes

. -

and indicates that a decreaée/in INa ]o tends to' maintain LCa; { at a

: N : , .
- higher level. - - .-\\\\‘ : T :

© B._ Tension Recovery Be:::en\Rested State Contractions .

_preparation between rested stace eontractions always resulted in a

Introduetion ‘

A single stimulus applied to the isolated papillary muscle \/

'copzraction producing less tension than the rested state contraction

tension. We attributef this to the interval required to fill a tension— .
determining pool frxom a stored calcinﬁgpool according to our model

(Figure N—23), this corresponds to og?recharge of Ca. from Ca .. If

g ; PR )
. ‘. Q '._JJI".. ¢l-
- 164
of the Hill (1910) equation. e
;:rf=.1s;c;q | _ o
. : .
| Lefeler L ¥
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N

dpply Stlmuli at measurud intervals buthnn rebted state contractions

e
. unfc

wo whould be ablé to analyze't@ié'procoss. ‘This assumes ' that the tension: 5

LS}

-
- Y

developed with cach contraction isAproportional to tﬁe]réléasekhlc ca’t

in Cu at the time of stimulatien. This nnalysis should ans swer the,

Lollowxng qULSthnS' o o i ‘
e . : . : LR

a) what rclatlonbhlp does tcublon have to RSC tension thALLn

“rested state contractlions?

b) does [CaH']0 affect this relationship? . .
~-<¢)r ecan a knowlngc of this rclntionship;nCCOunt For the
iDLtlwll"aLrLﬂ”th (T- F) rcle:ow hlp of "rat myocardial tissue?

-

Analysis of Tedsioh Recovery Between ACbLLd State COHL]l(t]OHb—

e o

ey e —

. J
4 + . : . . »
* -

The recovery of coatractility bctwccn the rested state - J
contraction interval was assessed by determining the ratio of the tension

proal ced betweén the rcstcd state interval (t) go the RSC tension

(Figure V-8) which is ‘equal to the fractional thsxon rocovcry,-Tf.

i N ) TN 2
cnc.TE was obtained ac.intcrv&ls of‘O;Z to 30 scconds follow;ng an’ RbC.

plot of log -t ) against the tlme of the sccond "meulus was ‘used /

/

to analyze the rcsults. The flrst ewperlmcnts were performed at [Ca }/

. i - J -““\
= 2,5 mM. thn thlb was analyzed on semi~logarithmic pdpcr ‘the plot \\jJ
/ -

putrcd lmnear'“ ggcsting a single L\OOPOHL]11 This daLalmas there-

fore anplyzed using a g 600 minicomputer pro-rxn for single ex—

.

sonential fit. ‘Ihis analysis indicated mn u~ucllent fit (T > 0. 92) : -
"apd the data from further experiments were analyzed in the Same mANAT.

: +1 ; ; cerved t!
Mowever, when [cat*] was reduced below 2.5 @M, 1t was ebserved that a
; o
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vingle L\pouentlal emprebsion could not adnquately descrlbc the recovery

of éuntrnctility betwdbn rcsted state contractions. At thlb pOLnt, all
- . ' ' » ' . ' B "

ot the data was analyzed with the Wang 600 minicomputer with a program.

to 1.~o1vL a doublc c“poncntlal This program_utiiizbd an” iterative

Hc;hnlquu to- rgducc the etror function in fitting a doublc Q\ponuntlil

.

vqthion tdithcﬂexperimcntnl‘data.(Cowan et al., 1973; Hctenyi ct al.

1973). . The print0ut-fﬁom'ﬁhis prbguaﬁ pnpvidcd a) the rate coastants
{and CGlLUl&tLd t:1 s) b) the sum of the area 's to 1nf1n;t} of the' ‘Lwo
:ITLL FDnbtdnLS (i.e., both oxponvntlals) and c) the proportlon of t%

Aren LDntflbUCCd by cach of two- exponentials (1 c., the cxronLnL#al

cocfficicnts).
) s

Results

CT ++ ‘
Figure V-9 shows the effect of [ca ]o on recovery of con-
‘ . T i . ;

tractility in rat papillary muscle. Fer the sake of'cldrity and :

>

resulution of the curves, the recovery, Ty s shown on 2?“ ordfnate as
. . : ‘ M -

- T.) against the recovery time in seconds. At 2.5 ‘I[Ca 1, the .

.

vecovery rate IJPLGKS nuch faster (curve C) chln ghe rate at 1.0 021 -

Le

lca ] (curve B) and 0. 25 mM (curve A)- &t 2.5 mM [Ca ] ,'Ehe curve

appears almost lincar. Aﬁal)SlS of the recovery by the 51nﬂle ex—

'

~o~nnttal computer probrdm indlcated that ahc t:L of tqr€1on recovery
€

s 1,29 1 .316 sccornds (Table V- II) whllc double c"pouuanﬁl analysis

showed that the curve cohld bpst be f= lvcd WLth Lwo ra tu Lonbtints

- l

vith z.1 s of 518 + ,059 secoiids aﬁd 2.953(75??’sccond' (TJblc V~III~A)

’ =t
At low [Ca ] » (0. 25 ), blﬂ“le LVDORLﬂtqu analysis: ‘of tension
o 7 :

- *
‘

~
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R : o1
‘.‘.\'.‘ﬂ.i': V'_II . : .' o ‘ - A 7 -
S RSC Tension Recovery in Rat Papillary Musele.
_ -'F._Efc.(:t, of Tc.ﬂ:pcrai:mirc and '[Ca” ]o on ty of Recovery. !
(S.T.ngil_l.e'.Exponcntial Analysis). -
- "‘\' o —
16°¢ 26%¢C 36°¢c °
- t, (se '
- é (sec.)

5 207 % .115 344+ 060 132+ .023
2.5 207 *.079 1.29 *.315 2.06 + .653
1.0 663 & .132 F.11 % .597 1.55 & .62

L. ) ¥ | ?
0.25 ; 6.63 *.083
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TRABLE V-11I

Double Exponential Analysis of Recovery of Contractility . .

. . .
(A) Effect of [Ca +Io
. ‘ !
(ca Tt £, -1 ty 2  Avea Y ."\
Cat ~ -2 Are ; ‘

Lt 3 1 T | D

mM . ] sec. sec '
s.00 . .08 7 456 75, 92 .8

.518 £.059 .

L7046 %.113 - -7

"o

0.25 s456'% 055

~

577

8.50 £1.87

10.12 24.39

298.8t18.9 .19 .81

90%7.8

536 * 117 T L077 .923

(3) ‘_Hffcct of Tompefnture i

4 0 . o o 7 g
[Ca ]o CT(C.) t% ~1 t'»} -2 Area :\l | -'\2
o - ‘ see soc. s
2.5 T16 . .499 849 %6 Ab . .56

.26 7 .518

.36 . 242

1.0 ‘ ‘ 16
26 .704
36 .30
0.2?’_ 16 . -

26 .456

489"

36 .525

90 " .42 . .58

42, .58

166 - 4G .56

298 . . .19 .81

266 a3 -87
78 ¢ .33 .67

L0077

583 .08 .920

(cont 'd)-

;923'_
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TAMLE Vo IIL (cont’d)
. . K t -

(C) ESfoct of Onabatn (0) (107OM.). | L

Tea ”Jo Treatment &
e

4

2 - 7 518 2.85 90 - .42 0 .58
2.5 Q.15 354« 30 0. 1307 .?a’// -

2.0 - 7 0. _ .251 2.74 59 ©.39 0 6L

2
w
i

-

to S- 704 8.0 - 298 Sag st o

e
e
[
)

461 2073 1sec .23 .97

0.25 = © .45 ©£10.12 53 - .07 923

0.25 o .G 574 6.22 - 520 a9
.(D)'aEEEecthﬁ [Xaf]ﬁo Z) ' o S

o : ‘ ° S G ‘ .
{Ca Io Treatment | té -1 £, %2 .~ Area A A
: ' ‘ . 2.

. + ) . .
wd i -4 ) seC. sec. 0o
1 . { a ]O_, - 7 ' ! ;

s = rmpmiam e e e Fmia - ¢ —— — 4 - e e

2.5 000 18 2:95 50 .42 .58
2.5 so .54 412 - - 752 o .14, - .86 - &

2.5 .10 .018 017 T ..50 1% S0

.0.25 100 . .456 7 10.12 536 077 . 923

0.25 10 o013 . .85 - I A o

0-25~ 10 - -O-..(l(_)_("}f.) .075 N 7 : 75 - -"17. . .83 E o .

BY -|"



- little change is seen in the first (faster) rate constant. The area to

;recovery indicates a t§:°f 6.63 I 15903 seconds while the double exponential ‘ _ ‘?L_ {

analysis indicated that t& s of.456‘ .055 and 10. 12 T 4.39 seconds would

£t the experimental points. The graphical data indicate that only at

high [Ca ] can & near linear relationship be observed in the recovery
.ﬂ- -
data: Therefore, thie dOnble exponential values are to Be considered as
’ +
~more deScriptive of the tension recovery. Increasing the [Ca ]0 from

- -

0. 25 to 2.5 mM mainly affects the Second (slower) rate conStant and’

N . : . 4

-4 .
iniinity under the curves also shows that the overall recovery is faster w

Y
at higher [Ca ] o A most 1nteresting aspect is the calculation that

_the coefficients corresponding to the proportional contribution of the

¢

'-fast‘and'slow Teg ery phases changes with {Ca ]
Thus-fwe may summarize Table V—III—A in the-following manner .

The recougry of contractility'éan best be deScribed by a double

: exponential i. e., 3 functibn having two rate constants. The faster

rate constant appears to be fairly unaffected by [Ca ] however the )

slower rate constant (Kz) is increased with an increase of [Ca 'o
. 2 .

from 0.25 to 2.5 mM. "The overall recovery time is decreased by increaSing

lea” ] -asoindicated by the calculateg/itea to infinity and” the relative

-

‘contribucdon of each component is altered by [Ca 3 - an increase

[Ca ] from 0 25 to. 2.5 =M changes the proportional contribution of
the fast component from 7.69%° to 4272 respectively

" Although tlie single exponenqaal analysis cannot adequately

describe the rocovery function, the computer analysis indicated that

1

e
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\perimcntal data with' a
correlation coct{1ciunt 0.90 VWhen the tl-d!Ld rnon th 51ngle
“a N . " r} “
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C © . . B ::4‘ - ’ .

”uu‘LlHLluJLC Lhc JLLUHl ty- Figurc v-11 shows -the.t, of recgvery of

. : 2 . 2 0, . ..

- i . ’ .
h - H
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expo wnt:inlf:mnlva (hblc V=1L~ ~3) and smple

conficmed by the double

-

coeni ial analysis of the dnta (Tnble TUUPUL‘lHl Lias 1ipc1c

on thesfast Tate CCoVery. but the tl of tha
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%n tomperature.
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in

e is ae hﬂll ne ch tnge’ in pl.portlonallLv 0£'0d[110DL on

e ovuly by LTP.
) 0

the TCCOVLry time By 50? by deereasiTiy the temporature to 16 C from

cnﬁuted-aroa rq infinity cereasaes Dfom 20 to

An cexperiment in which recovery of teasion bueween RSCYs

3 shows the
vouknLnal 'ly;is-of cxperine

*-phagc of recovery is not ' sipnificantly

ZlL"x‘SC in the

in propoctionality

phase contributing to tgnsion recovery 1s

& i Lo
seen at [La

Tha -J[-‘L UL""E“IﬂtHrQ recovery of

Lorn vested s contractions e anmmarLaoed
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1 ) . - \‘;\j.' ‘ [ . ) ’ .
' . A+ o AT .
A S "b) at 2.5 mM [Ea ]

. ! ) . . . - L . - - .
?;‘;‘lell Jdeerease 1u Lthe rocovoery Liney, but boih shanes of tenslon s .
recovesy Jdo onot e u“"‘-l;/r:&‘.'ith temperature, o "..‘ . ’ -
. . . ) Ly . : T
o . . P ] T ‘ K . . .-'

c) ab 1.0 oM [C.’l ]0 Aodacreane i ooperstnre ool faoa
deerease In the recovery time with the f st phiase astunming wove of
colesas the temperature Is decrensedy A similar effect &5 oboenved st

T o s . .
.25 2fflca Yoo o .
: o ‘ .
o : ‘o0 L ‘ :
-+ d) ac ,3.6 C, with- fca -]0 = 2.5,°1.0 and 0.25 =M, the slow
. . : ' T .
shopsof teaston rece r) tonds to approach . the an 1l Jor the fast phane
Fone censionky dlels, they nppruach a sipgle aacntinl.
¢)  the everall tension recovery time Is decrcored By B hoer
: ’ caledua goaconteaitlony this ls fadieand fa oo eater?ind e o
. ‘

intinity nader the vocovory oo s, Coe

) - e - . g Toa 13
Phe Fifect of Ouasboin vn ihe Reowvery of Toisien Solien SSCs.

e e - -5, .
At 2.5 lea ] , Cunbaln (1 x 10 "M.) decnd Lanes the overndl
. o | S .

sovewveoy e and btolh the slow and Fast plunes of teanim IS in
_ ' ' ' ‘ ’ . L. D VR

B e lenhle exponent '31 anelysis (Table V-T1I-C) 05 Jeesviteds Ak 1.0

- LR : N : . . . . . s P . 1 . - oty

2a 1 ouabaln .I:I::‘.e'.nistr:lt fon results in a significant deesasze inime

t, of tha.slow fension recovery phase -from 3.580 to 2.73 wrcoads.. Gl

*

i -
atn .

. -

! l- ) L4 cvawate '..
bl ohe overall rocovery time assensed bv 5
Teea 156 te 59.  thisols alse showa grophlezily ia e

l» & deerwense dn relperature results in an o

7 ; : . g T S BT
#3 undor the recovery curve s aieo doorented. Foowioalifeant
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. g earrithation of Uho olow ool ool phanos wera
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CFigure V-15.

RN

Ru_ovmy of Contractxl;.ty bett»een RQ.‘:LC‘.d bmr
Contracticus in the Isolated I’aplllary u"d
Rat. Effect of Quabain. :

2 leca ]o = 1.0mM.
' ‘ ++ -6 ’
b) lca Jo = 1.0mM. + 1.x 107°M. Ouabain.;
 he : . -6 : ‘
¢) lca ']o = 2.0mM. + I x 10 H. Quabain.
++ : '
) lca '] = 2.5my.
~,
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)
e
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0,25 mM [Ca fk; ouabain admihistratidn'primarily;affccfcd the slow

ppnsc of tension recgovery, with a decrease in the t§ from 10.12 to 6.22 .

.

seconds. - -

ch Effoct of [Ya ] on RuC Tension Rccov;xy (TﬁbIL V-1V~D) .
J

&t 2.5 mM ka ‘L, changing &a ] to 507 of the normal value

A .

resulted in a deurcase in thc tension recovery time. This appears to
be LIUde by the rLduction of thc value of the’ tl of the blOW phase of
N

tension _recovety to the level of the fast phase. That is)we now only.

Lave a singlc fast phasc of tension récovcry. This is true as well ac

107 k3+‘%. Jith 5dZ‘tNd?]6'and'[Ca++]é = 1.0 mM. The slow phase of
- _ : >

-

tension recovery is also accclcfatca,_ﬁhilc 107 [Naf] at 0. 25 mH

[Ca**]  resulted in a'dcércase-of the tl-df.the_slow_ph’“c to the valy
Jg TesULLE N

af the fﬁbt phdbe. The overall recovery times assesg d by the computed

- .

drcas under the CuIVQb 1nd1cates that. decre351ng the [\a ] o-incrcases. .

1
‘

Lhe rate at which tension -is restored between rested state contractiens.

.

b:zcn;~Lon'

7 As our analysxs Jhows, the recovery of contfactility between

rested stntc contractions is analogous to the recharge of a pool from a

5

storngL site and can be fitted by a double etponuntlal equation. TFosner

and Berman (1967) found that the recovery of contractlllty bctwecn

RSC's ia rlgh: ventrxcuquszpr*—s of the rat was also' des cr1b¢b1c by. a

~

cocond order differential equation. A later p‘;z'per indicated that the

slower phase of tension recovery was most sensitive to changes In
{Cn'+l (Powngr and Bermnn, 1969) .- This data indicated that thgir rate

]

R~ 2
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. constant; corrcsponding to“té -2 oﬁiyur cxpcrimental an1ly31s, changed. - ¢
by 607 with an increase of [Ca**] “from 1.1 to 4.4 m, uhxle the fastcf
_Tate co stqnt only changed by 352;-thclhulf—timcs.o£ écnsidn rcéovery ' .‘ ‘
_wégc b;th’dccrcascd by an increasg in [Ca++]°u . Our Qaﬁa-corroﬁornfcs

these findings, In that we find'éhe major effect of [C9++]° is mediated
. X . D _ . .-
through the siower'rate.cqéstaﬁt. ﬁowevefi ge'hivé found thatxéhe fastc;
ra:clconsfant is not signifiéaptly changed by ICa++]°. |
- :'. “ We have found as‘w;li‘%hat the recoveryoof tensién at. [low |
” ) - . R . . e

+ - . .
[Ca ]6 is. best fitted by a double cxponential function but as o -]

o
 is increased, tife. slow phase is B.C(.Ll&.l.‘att.d to the: u:tent that t, -2 ' %

approaches the value of ti -~ 1. This is cquxvalent to having a 51ng1e
. _ P

cxponential to deseribe tension recovery. We must also’ducsciﬁn-the, -
. v : ‘ . . ‘ B .
..very fast time constants determined by the computer analysis. The

i/

progran was designed to prov;dc a double exponential fit’, Lan 1f a

.*inglc exponential w1ll flt bctt-;, with the result that 1t may provlde

an analySLS of a double cxponcntlal with cqual rate constants. There-

* ++ ' . . .
] as being .a . .

fore, we may 1nterprct the rccovery times at hl?h lca o ‘ -

‘blngle Ltponential wlth a t% of 0 5. --1.0 becgnd Th%s.is a}so copfirmed
' ' ' > -
.by graphlcal analysxs of these data. = - Lot Yo ¥
_ . A . ,
Tt ﬁay'bc qUCSEﬁOHLd why a double gcponentlal fit was used to

analyze our data. Slnce Posner aﬁd Berman's (1967) an1lysxs suggested

‘that a.double ewponcntxal duScribcd tension rccovcry, we dld ‘ot procecd
beyond.this;"thc fit of‘the experlmcntal and cowputud data matched each

-otker. rhc valuub listed under the Area.g¢olumn in Table: VﬁE%I rcpresuut

M . - . “ . - )
\ .Y

3 -~
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the sum of the integrated areas to infinity for both components of the
curve dnd was' determined by evaluating the ratios: intercep; -1
. . : e rate constant -1+
S S v a
"intercept -2 - - = Arca, These arcas représent the contribution of Lo~
. rate constant. =2 N . ' , . ’
’ X . S A . area -1 .
eich component to the overall recovery. . Therefore Area ~ ©°F
area =2 \are the f€actional contributions {with respect to area to 0 ) <
. Area i ‘ . . a , ‘ o o
of cach phise.to the recovery- They were listed in Table V-III as Al :
- o - \| . - A q, o ‘ .
a A ) : . : .
nd!‘z o : - . - .
It -is appropriate, at Fﬁiﬁhifint’to introduce a model of the
. ] . _ < S
“system to ciarify the results weé have obtained for the ‘recovery of
contractility betwecn'RSCfSE Lo N - .

JFrom Figure IV=23 we have proposed that the rccovery” of tension

between RSC's can be modelled by the recharge 6f_C;r pool ﬁrom tas;
- ' T . . ' - ! : : - o . . _-.)
- (Figure V-16). )

: " Ca |- ’ o ‘ e
‘ Cast— ) i: T : o o o

! Figure v-16

Howéver,'our analysis'has shown that a double cxponential
‘- . . B ’ N '
" fdpctidon can describe the recovexy of RSC tension. This can he inter-

-

| preted as the filling ofhcar'from two pools which we may call Cas-l and |,

: : - N "1
Ca ~2 with rate constants K, and Kz and corresponding T;"s of,ti—l
S 1 e Z

g2 This is.shown diagramatjeally in Figure V-17..
;; - s

- ‘ f

o
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g ?as-l ':'. - Ki

. Figure V—l? . e
¢ . - ‘o ‘ ' ' £ ! ' - 'J»""-
‘ . . “ St

We have observed'that a) rate consrann (or ¢t -2) is altered by

[Ca++] and b) the propoxtion of contributlon of Ca —2 is modlfiea by

. -
[ca ] At high [Ca ] %-2 is low whlle the proportion of calclum

..'i ' »

rransferred to Ca is small compared to the amount of calclum dellvered

~”””Eo’5a from Ca »1 ,-l' . At low [ga } —2 is 1ncreased .but rhe

proportloa of calcium trana&erred through K2 to Ca rrom'Ca -2 is grea:er

/
- "than the Ca delivered from Ca, —l. The proportional contrlbution of

P K (A,) and,K2 (Az) at each [Ca ] tested is shown in Figure v-18. In o
an artempt to explain these reSults, “the following diagram CV-19) may

be ﬁelpful. This explanatlon "is purely spec ative.

Il ~

The capacity of Ca -2 remains const t, but the concentratlon

-

-+ in Cae-z changes.linearly uith [Ca }5. Thé pacity (broken line) and

concentration (solid’ line)°is shown diagramatiqally in Flgure V—l9-A.

-

" On the other hand the apparenr capacxty of- Ca\-:-changes with [Ca Jo

(rigure y. -19-3) We also ‘sée than the rate con tanq\for recovery of™
tension in Ca -2 is altered by {Ca ] and “the conrrlbution to cension
from Ca -2 is only slightly altered by [Ca ] (Fi re V-19-C) compared.
° ' . - ' . ‘\ . L
4 . S - 1.. - . . L .. - . N ) ;_‘
> a4, : .‘,, - T ' ‘l/f
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. . - contribution ¢f the fait and slow filling

. s
“

'comp_onén‘ts to RSC tension recovery.

: Qrc{ipate: }\1 (cross ‘hatched"area}:.-

~

i} . contribution of the fast filling component.
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*  Figure V-19.

' (Ca ) is. proportional to [Ca —l] and {Ca —2]

" Ca —2 Tens:Lon is snown as functlon of time (t) Ca

‘contr:.but:Lon at 1° and 2 mM [C L F:rgure D shows t:

' Tecovery between RSC's. Abscissa - ‘(time) This Li,,s

-Proposed‘Eff'ect of [Ce“‘] on Ca_ —l ‘and Ca_-2" pool:
their contr:rbution to. RSC tension recovery. ' i
A and B. s Ordinate‘- concentration of caleium contaJ.

-in stored calcium pools Ca -:L and Ca -2 AbSc.‘LSSa-.

external calcium concentration (mM) . The proposed

capacity of the pools :Ls shown by rhe broken l:.ne

contribucion'of ca” to fill the tens:.on determmm"

C and D “ Ordinate - Contr:.bution 1:o "fens:.on develope

J

the muscle 3s.a result of f:v.lling of Ca from Ca -1

releases Ca’ slowly and figure c shows the. '.I'ensmn

contr:.bution from Ca -1 is fast but because of the.

s

relationship show-n in Figure B., the tens:.on contribu

Py
is much greater at 2 mM than at 1 oM fca

Y

E - Ordinate - 'Log (-1.). Tf o:ﬁs the fractional tensi

@nes flgures C and D. At l mM Ea* L recover} i
C'a —2.f At 2 oM [Ca ] the recovery incorporates 'a gr
fast phase from Ca -1. Thus recovery at 1 mM [Ca 3

appears slower than - recovery at 2 mM.
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to the contribution to tension in Cas—l (Figure V—19—D) The race

constant of recovery of tension in Ca -1 appears simrlar (?1gure V-19=-
)

D). When we combine the recoveries _seen. in”Fig res V-19-C and'D; we
obtain the result seen 1nrfigure V—lB—E" At low [ca '] , the major
- ‘G ..\. N . o

_contribution to'tension recovery is from the slow phase. Conversely

at hlgh ICa ] (line V1;9 E—Z) the major contrlbutlon is from the fast

!‘ "
Loyt v

phase (Cas—l) i. e., we me35ure a ‘ast reeovery rate when [Ca ] is high o~

and a slow recovery rate when [Ca ]o is low.

o

Whlle the dlagram shown in Figure V-19 provides a reasonable

. ]

explanac;on for the experimental data on the recovery of contractility,

: \
it mast befrealleed that, it is only a guess at what may contribute to.

. . .

the recovery of eontraetility“between RSCs.

. We may summarize Figure V-19 in the following way: _- -

a)  the eapaolty of Ca., remains fairly eonstant; the con-

52
\Eentraclon‘of calcium in Ca52 is llnear Wlth [Ca ] .

-

) _ b) Cesz'--recharges Car via rate eonstant ¥, which is

o 2 .
1 Soe : . .
f__}{C352] )_ . . . _ .
. _ &) the capacity of Ca_, changes with_lCd+f]oi As well, the
| eoneentretion of calcium in Casl'is not linear. This results in pro-

portionally 1arger potential contribution from Casi to the Ca% po01'
o R o i . 1 T

vhen [Ca ‘]o is inereased. . .-

d) 'Ce s1 recharges Ca: wlth rate constant . Ri which does not

'change appreclably with [Ca ] . - A



_recharge Ca the reSult is: . 5
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. . - ' ' ’ -

. -\‘

e) when we combine the eontribution from Caml_and Ca é'to
- -0 - N S

- e+ ‘
;)_ at low [Ca %, ?;erall recovery the is alow since

-

_fethe magor porportion of Car ealenum is derled from

Ca , - L -~ .
s2 - - . ' ;“ .

: A + )
1i) at high fca ]o overall recovery time is fast since

the major proportion of the Ca calcium derives,from
[ ) |

La

, sl. J 4 ¥
fin Exﬁlanation for the Efflect” of Temperature on RSC xension Recovery

. Ve havé shown that a decreaSL in the bath tumperature gewera‘ly

resulted in a) the_reHeEEnen_ln ;-2 of recovery to a value approaching':

t%-l, b)Y a decrease.in the¢ overall recovery time and ¢} an. increase in .

. the proportion contributefl by phase 1. to.the recovery of contractilihy.

In our model (Figure V-17) this suggests that the concentration in Casi

Ca , is decreased. '
s2 .
- This may be explained in the following manner.

J/ - xﬁ : I' Ky - "__- .

4‘———“|Caszl ¥ . .
P 3
Ca .
O.f -Ca‘
. r
ULV _ :
2
Casl' -
Tl ?. JK1 ‘ .

. .' . Figure V-20
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In Figure V-ZO we have two: pools contributing calcium to Ca o

Ca, and Ca_ a2t We also Suggest that [Ca l] and [Ca ] chanSe with .. -
+ 4

[ca ]o’ Cas-lg///n non—linear fashion’ while Ca -2 chonges linearly.
- A
_Calcium ds exchanged between the,Cas pools from Ca vin rate-constants

Ky (for Ca 1) and X .éfor Ca-2). 1If we Suppose that these rate

' c

constonts are temperature dependent then when temperature is chongod
: / 7

both K3 and ; are altered If we then s pose that the temperature

r

cocfficlent for K3 is greater than the te perature coefficient for K&

[Cag ]would.change more than [CaS—Z]t At low temperatures,[,das—l] _
would tend to stay high while an-increase in tenperaturely0u1dlresuit
in'a decreasein\[Canlj;‘lIf this is true‘then>we_shooid bbservetf“

grcnter aoparent.capacity ;n'Casrl,at higher temperatures.. This §5n’

be teste byVPSP.Indeedrwe find that PSPIO"and'PSPsb"disfincreased as L
~the temperatnre is raised'from 161to‘3§°C: 4-” :f '
Effect of Ouabain on Tension Recovery ::: l'-* B, : o
o ) The effect of ouabain (10-6M35?vas not\so cléhrly‘definable

although the primary efféct appears to be:an acteleration of the rate

constant associated with Ca -2. The overall tension recovery tlme was | .

reduced by ogabain administration and at 2 5 mM [Ca ] o’ the rate,

constant associated with'Cas-Z'approached the value for-Cas—l; this is " -
’ ++ .o . i

similar to the effect of an Increase in LCa ]o o1 the system, i.e., the

recovery of tension can be described by a first order drfgerential

~ -~

equation.

-

» A similar trend is observed whenirec0very is measured at

LR ar
i



L e L L o ae

| IR L s . ‘ ; .
2.0'mM [Ca jL_in-the presence: of 10 FH. ougbain. The ouabain -effect

] . _ _ . &3 o ) .
appears to be acting on both of the Cas Pools; *in a manner similar to. an

‘ i i - . . T ‘1-\
ricrease. in E:a ]o I 2
The Effect of [Naﬁ __on RSC Tension Recoverf- Cr N ' e g

- . !

- The effect of decrﬁasing [Naﬂ is analogous to an incrcase in

: ++
TCa :L - the slow phase of tension recovery has been completely abolished.
Thls wlll have important 1mpllcations in the T-F relationship uhlch ve

w11l dlSCuSS at later point in the te\:. However, in Summary it appears TN

as if a single exponential (single pool) is mcre approprzate in Yefining =~ 7,

RSC tension recovery when a) Ca++] -is‘high _ _' ' S e _‘\~

——— .
I o
iy

- L.f."' ) [Na+] is low
- A _ o
¢) Ouabain is admlnlstered . : o

whercas a two pool model’ (double expoﬂentlal) would be more-approgriate-
in describiﬁg.RSC teﬁsion recovery when:

led ] is low ‘_: . e e

*3

“g) [Na is normal . . o
c) the absence of ouabain, -

In. between these conditions we would have a mix;dkcontrlbatlon
1!' .
of the two pcals, CaSl and'Ca'2 to tension recovery between rested state h
L;\ LT ‘ - cL
contractzons. u@his is shown in Flgure V=21 where the proportlon of the -

fagr phase (solld line) to the RSC CQn51on (broken line) is shown as

rb o
a funetion of~ 1Ca++] The effect of a decrease in bd”q or ouabain
R j . ‘- L
- ‘a&miniStration.is to shift- the fast phase curve (solid line) to the
S ~ B ” - “ C —
left. _ S . .
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. differential equation of thc form: .- - -

I A L7193

]

}mthcmatical Analyqis of the

Recovery~of Cdnttactiiityfhetwéen Rested

‘StaCe Contractions. o ' ' : : o

<

-

Cur ctpcrimental data has shown that the ICCOVLIY of

'contractllity between RSCs can be expressed by a second order oY

>
@

24 Q-e 5 4 a - e T RY @), T

' . . ' : . \ . . ;
vhere 'I‘f is the-fractional.recOVEry of tension -~ . -

A1<and Az ‘are proportlonality coefficients for the etponentlal terns.

- L
-

Kl and K2 are the rate constants of recovery
and t is the time of;recovery betwcen RSCs.

If we could translate this to a hypochctical calcium quantity

‘l_'

released from the releaseable calclum pool Ca _‘we(mlght obtain the '

< B . -

following ‘expression:
Ca_ = -' 14, (i-exltgj-A'(l;e )]
where Cat is the calcium released to the. myofllamcnts at time T

“from Car and'Cama is the maximum calcium concentration rcached

'

i lca**] ac ¢ =
corresponding to ICa o at t = o0,

We &an see from these expressioms that the tension recovery -
: it A ) : 7 ‘

. : S e+t T '
will have the same form at all [Ca ]0.' We know from our experiments

- . . +1""" “ . ~
that a) RSC.tension is non-linear with fca ]6Jand b) the rate constants

+ -

and coefficients are altered with [Ca ‘aé.;
We shall try to accocnt for thc_recovery cha#acterist%cs under
the various [Caf+]° conditionsby taking these experimental observations

into @ccount in mathematically described RSC tension rccovefy.

Iﬂhiigﬁi?.
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We know that the RSC ten51onl Ca o elationship-can be
1 ........ - -

described by the expression' o , o

o oo Leled 2 ST '(;)
£ 1. SICa] 2 -.bl ‘ | - . ..‘..

-

, ~ .
if we combine expressions 5 and 4 we can define the tension at any_point

T

‘on the RSC tension curve in time between rested state contractions.- We
aSSume that the release of calcium from Ca will define a relationshlp

such as seen in Formula (5) (Figure V—l) when released and proceeds.to
Ca. - ’ |
max.

-.'l'hus . Y ‘ ' . r -

T =1.8[.c:; (Al (1'-‘e'Kl’t)-:-A '(1-—e-'-K2-t))]2:

18 [Ca,, o (l—e-Klt)-l-A (l-e oty

\

In equation (6). we follow the -convention adopted previously 1n that Kl /

represents a faster rate constant than K2 We have shown that K2 is /

modified by [Ca ] and temperature uhereas Kl remains fairly constant. .-

For simple analytical purposes we will assume that Al and A2 are both
/ .

& . . ’f‘ .

the same and = 0. 5., ' f

Let us begin the analysis of this equatiOn by considering the

condition where.we appear to have no contribution from K2 i.e.; when

~

:re tehperature is low or [Ca ] ‘is high. Then equation (62freduceslto:

T, = l.8lcCa__ (Al (l—‘ _._ch)]z L ‘....(7).

= K-t . /
1.8l ca__ (Al 1 - 1 )] | /.
Now if we aSSume that Al = 1 since. kl is .the only contributor

*

.
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'

to recovery this expression should describe the recovery when {Ca ]

A}

is high. If we plot this curve when Ca nax = 2. 5 mM and 0. 25 mM wifh Kl

o - [}

rate constant eorreSpondingzto a ti of 0.75 seconds we produce the
curves shown in Figure V-22. For eomparison we plot a perfect single
exponentiei with the same ti This 1s shown as Line A . (broken line)

Line B is Formula (7 with Ca_ x = 2.5 oM while Line C is -ormula 7

with Cam'ax = 0.25 mM. Because the non—linearity in the RSC tension/

s - 2

++ . ‘
fca ] relationsﬁip is incorporated in this,expression the recovery

1- A
S

" does not Follow a straight line as shown b) the pure siﬁgle ciponential

‘;(Line A) but bends to the right during the latter time of tle recovery.
This is very.much like the introducrion of a second exponential term.-
When. 1lines B and C were anaiyzed for sinslg-exponential fit;iti's‘of .
0.5 and 0.8 seconds_were caieulated. A similar effect is observeq'
ohen'wepptilize gormula‘(7) but use eiti oiIS‘secon&s(Fignrehv—zﬁ),
-The introdhetion'ofitherﬁsc tension/[Caf+T7 relationship into
tbe recovery expression results in a devxation from the pure single

o

,exponential (broken line A). Line B traces expression (7) when

Ca_ _ =2. s mM while line C, is calculated with Ca_ '~ =0.25 mH.
Tmax T max. ,
.CeICUlated ti for B and < are 2 l and 5. 5 secondﬁ reSpectively. Bath

" -
> .

of these simulations indicate:

C N

: a) that even when we -may be3consideringva single exponential“'

as appropriate to describevzhe recovery of tension between RSCs,

.rl'

1ncorporation of the relationship betueen RSC tension and [Ca ] will

<
-~

.'_p'
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- .Figure V=23.. Simulation of Reco_ve'r'y‘ of Contract
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dmolved. . . oo T T

" particular anatomical or hypothetlcal 1ocatlon in our model 51nce we

.results in a marked bend to che nghq in the simulated recoveries, i.e.,.

‘the double evponentlal is exaggerated. .

distort this so that-it'appears‘that a double exponential may be
. . o

b) because of the RSC ten51on/[ba ] relationship a docrtase

L

-

in Caﬁ ax reSults in an apparent decrcase of the reeovegy time constant.

)

- .. _—

These 31mu1ations suggest that at least part of the recovery

of tension between rested state contraction may be-associated with

i
the non—linearlty in the RSC tension/{ta“ ] relatlonshlp. Ve tust
empﬁasmze again, thet we cannot attrlbute the non~linearity to any
. i ' . S *

e - f ) d
. -

can only meaSure {Ca ] and tcn51on. oot ‘ L

‘Let us now see if the- expression incorporatlng she non- ST
. o :
\1

11near1ty of the RSC tension/[Ca ] response and the double erponentlal

+ 4
can, srmulateaten51on recovery at low ICa ]o' Figure V=24 shows a plot

- -

of the curve produced by formula~(6). The values of Al and A have o o

been arbltrarlly set- at 0. S so that they both contrlbute equally to the

recovery of tension. Line LA describes a pure double expcnential with

[ _ _
5 's of 0 7 and 30 seeonds.. Llne B was computed with a Ca max bf 2.5 mM

whlle llne C was. calculated Wlth a Ca max of'O 25 mM It is evident

that 1ine B descrlbes a faster recovery phase than llne C. Furthermore,‘
+ .

_the 1ncorporatlon of the non-llnearlty 1n tensxon/lba ]o relationship'

S
A\

When foraula (6) is used with tils.of 0.7 and 3.5 (Figure V=

RN

- - -
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Figure v-26. Simulation of Recbvery‘of Contractility in Isol

: lPapillary Muscle using Fofagla 6.

td = 0.70, 30  seconds. - 2

Liné A - Pq;e‘Double Exponential.

P - - i
"Line B -~ Ca = 2.5 mM.
o max T _ :
Line C -~ Ca__ = 0.25 mM. .
. max - o : \ o
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25) a similar’ qu 1t is observed. Line A describes the pure double

exponentlal line B is

calcplaﬁed'WIth'a Ca . of 0-33 mM. The rate of recovery'of ‘line B

- is obviously_faster than line C and\line A.

. .
[

e abberation from the ttue

N -

It would be useful to quantify
rate constants of tension recovery caused by the assumptibn that the

RSCTten5lon/[ba ] relationship contributes in ten51on recovery

S

measurement.» ‘ ' SR f

P

~This was-done in the following manner: ﬁe'generated'tension'

. recovery - data using: formula 6.- This prov1ded us’ Wlth a 51mulated

‘tension recovery 1ncorporat1ng the RSC tens;on/ ka ]' relatlonship.

Slnce we belleved that the double enp0neﬁtlal recovery is- mosr-&ppllcable .

at 0. 25 mM [Ca ] we used this value of Ca- *.and since weqfound tHat

" the xalue of . Al was around 427 we arbltrarlly set the value of Al and”

~

'Az at 0 5 ’ﬁ\Jthen gf_/;ated ten51on recoverles wmth tﬁ 's of l l

‘l 2 1,5 and 1, lS—seeonds,‘these curves are shown in Figure V-26 and

" Iabelled A, B, C and D resPectlvely. We-then applied both a szngle -

'erponentlal and double cxponential computerlzed ana y51s to this data.-'

©, The reSults are shown in Table V-IV. When both ti were the same (1 l) :

the computer program could not separate them 1nto~two ti of the same.

value.- Instead, it calculated t§ of 0 48 and 98 So it under~ _

o

Ostlmated on a faSt component and computed one value correctly.
When té s of 1, and 2 were utllized (curve B), the computer

'PEOgram for double exponential underestinated by 252 on the fast phase

i
. , : Lt

- : o C A .
. . K — ' . . C .

e ‘

mputed w1th a Cama of 2. 5 mM while llne C is- -
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« "Figure V¥251
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Simulated 3ecover§ q£;Contractility-Eetween ?ested'
‘State antractions. [Ca o = 0-25mM. .Using Formul:
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td 1,1 seec. - S .

td 1, 5 sec.
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. Analysis (sec.)

. TABLE V-1V’

o~
-

Estimation of \Error in Assessing True RSC tension Recovery ti'é
. - L ¢ . ’ ; .

Curve v ' ' N : A N ) - B ) - . c . f . , D

Actual ty's esed .
' in Equation 61(sec) - 1,1 1,2 1,5 1,15

' ti's..calciﬂ.l'ated by . STl _ | g
‘Double Exponential 0.48,0.98 0.75,1.86 1.06,4.3 0.98,7.88 ‘ %
~Analysis (sec.) - : . . : )

ty calculated by - o
Single Expomential 0.94 ~  .1.61 . 3.2 5.14:
o L ' ‘ |

[

-

Lk kg2
T = 1.8[ca 0.5(1-e X% o5 a-e-T )
‘f, 3 AR Y

-

| 1.8 {ca_ 0.5 (1',.‘~e-.Klt)_. 0.5 (1'--'3'-1(2;)]2'-&1
SR - Lo (67) - =

wheie Ca - 0.25 mM (0.5 mEQ/L.).
max -~ o

c.
g .
. . .
a .
g
i .
* ,:'L. B :
1 &
AR



40° on the slow phase of recovery. N 3 : . ._. &

“Ca, -1 and Ca -2. B R

and -5 secondef the coopucef\eqelysrﬁbooly_hnderestiﬁeted'on theiglow

- - 1‘ - '. . - . - . ra
recovery of RSC tegsion, we must therefore take into account that our

- Summary - S . ;

204

and‘on1¥-7% on che Slqw component. However when the aCfUal't%rs Qefe . -

':component. With the’longest't% used (line D),‘(i" 15 seconds), rhe

computer ana1y51s was txue for the fast component but underestimated by

Cea

R

Therefore if-we assume a non-linearity is involved in he.

4

‘computer analysis woiuld be underestimating the ;rue“t% 's of recoveries

‘involving double exponentials with the magnitudes of time constants used

in thls exgerlment. Hence in any true quantitative ﬁodel of calcium

'smovement we must’ correct for true recovery time constants 1nvolved w1th

Y

. -

»

Flnally we. would predlct that a sxngle exponentzal would

-

adequately descrlbe RSC ten51on recovery at hlgh/[Ca ] (rzgure V-27)

_and a double exponentlal would descrlbe tensron recovery at low

a

[ca’ ]0 (Eigure v-28).- .,

-

o In summary we may make the ﬁollow1ng conclusions regarding‘rhe

o

-recovery of coatractlllty between reseed state ContractlonS‘

a) the - recovery of contracclllcy between rested state ‘

o

{_
contractions can be descrlben “by a srngle exponent1al term w1th
.ﬂ .
t% of around 0.5 seconds at’ [Ca ] levels of 2.5 mM “anid greater.;x

P

b) below 2 5 mM [Ca ] the recovery can best be descr1bed o

- . -
¢y .
.

f
¢

| 4 Rt R : S . T

A r.'li‘
~

AR



[ - ) - ¢ v ) )
o - - . .
) L
” ' - 1 g .
. ' v " N “a
TN v - . - .
= ¢ . v -~ } . .
.- ) - et .
' » . . -
* ‘, b X - N "
- ~ - . ‘ . . .
\- - —— . -
. L
* ———— N . . :
- / -
* + I - - :
. - . . - .
- . -
s . . R < -‘___\
"’"l . ‘ wr
.
- —

Figu;:e v-27. \Recovery of Contract:.l:.ty between Rested State "
ST Contractions [Ca'”'] = 2, SmM.

: - x(ée) Exper:.mental Data, (0) \Computed Data, td = 0. 75 s.oc
o us.ing Formula 6. - K , . 2

- N : ) . .
- T . : . . .
. . . -
. " . -«
- . . . .
. . ‘ :
- . . , .
t '4 B N * -
[ . N X
! I . - - - G
: [y A
K L - .
* ’ - U
- ) .
’ @ .r;
- ~
- e .
- L - N
’ L]
- -
) . LN o .
o b - N
- . - -
S . .
. - ( . .
Lo 1
. * N . -
et e eama . . - . .
- . .
) - - - .t -
-
.
{ e f ;
- P .
. . .
- . -
) - - & - -
. s ;
l.. o .
! - ~y -
" = .
- - r N
'
- ; ; !
- . . ‘. .
F . KE | .
Lo .
. s
’ : D ~
? + . . k
. . %
Pt © N
o ; g ‘
* . -
-~ .
! M - - »
- _ ‘ ,
- i
L ' ) . : - . .
. . .

—a




o et

-~




206

“Recovery of Contractil

Fz.gure V;és .

ot

;-

o

ity between Réstéd_Staté_,

AN

+ 4
]~h.'l=
.8

F

' ﬁﬂ;a

T,

~ptract':i.dns
- Line A (L), .Eicpé;:xfi?xner}‘tél Data

Y

. ~
- e

. i;ne BJCQ§7—'Cdmpufed ﬁata;;

\

L.

10 sec. using Formula &
|
!

0.7,

. t§._=

RS
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ast""ti of -0.5. séco‘nds "‘anc'i‘a"sloo

ti which fs éffiectéd‘w.

- ‘L . +
's;econds as [Ca ]

© texm - 1ncreases to approach 0.5"

' the East component (Al) decreases to a ‘very small value as [Ca ] is -
. . . .‘ LT . J . o . R
reduoed. _ .‘.‘ : . ot e T
) . s as ) . : . . RN -_l v
c) as the temperature is reduced the time constano for the J
-slow recovery pha.se is reducc;d 'and thc com:ributlon (}51) from the
» . T--
fast phase is increased. S ) -
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L.nsion (Ca ) 15 rcg ncratgd or_refiilcd by}a first brdor proe

ﬁuo.poolﬁ. 'One ofrthc5e~pobis (Ca 1)-fills‘Car wtth @ fﬂbt Tiate

Kl’ Nhlle the othcr pool (Ca —23 fllls Car with a °IOWLI rate canstant,‘f

- . - F r"" N -
Ké. C4 1 has the following charactLrlstlcs in the rc»ted q tat
;'."- R / ' v o

T § S € 4 deere 1505 more than Cdb -2 ns,[Ca ]

-

5e

o ;' “' The 51mplest hypothes;s=consmstcnt WLth thc fuCtS from thL

‘ara 1n the prcccdlng scctaon is that a c&lclum fLﬂCLlQn thLh dct

",\'J:.:S" r-;di:c el

- 209.

.-.‘

n

-2
e

eas_from

cﬁn tnntg

d

v

e conditionf

R L ' A 0
+) it'is rcduccd‘by.qn increase in Lcwporqtur (eg. from'16°C

. o ; 3
C e g i R i o :
CO 26 C) * B X L ' - \“ i . . . - s e ) e

7 "We hay JllLeratc ths dLavrnn Llcdll as: - P o
. ‘F . 3 )
. ‘ B . i . - " . Tt
. - 'l N . f ‘\ : }
.- ' I . I : U
S FCa - 1 - — - .
. .. ' L r ] / LT . . ica.’! _.._‘ -—-".’-,H_) L&‘_;}::;L\n '
’ - : . Il‘ . ) - .l - . .
e A | - . =z
‘w:.{ - . - “ > R ° . L -
. - - I. / - . :
- :i—,; ; . s - f . o . e
e o T /! J fl"ure VI l -
' . - : e - : ’“ v ' e 2

.

o rch -this ._,Lmk,lc modcl ([_JJ‘L[T’Q VI I} 3. tDﬂSlion—frcq‘Il.‘ﬂ_CIy"\",'_UIT}'Q

~_‘g B

.

e GTd be rLLonstrucLed/ nce at'filling time‘tr(TD thc't11¥1ﬂ§ ?f'sar can

C{l'

i

he calciym_ccnt:ibuqion to tx 15100 from arcse'%ools tnﬂn Jt 1
' o . - ! DI . . ’
E/ A B . i ]

R 2

. % .
* . - p
" ‘ ' ’ - s . d T C - -..".
. -~ o N ﬁ# n EJ e lkrwnt. ‘LﬂﬂtlfrCOUthy-
R ,owngre  p1s the 'L-'..;L. ('.Oﬂb—“:.‘u e . S

. X ’ s . S T P S ..
- COA ploL Af Lh&s world have the following chogacluiinelss oo

. . L. -
F .

f

. - e i3 -,\, is e bTuls! :.';‘..‘L‘-"..ti.'r o
(Figure VI=2).. fr-is clLar tHgL the. fast $illing ph se 45 mudt At

Che DLLdLCLQd fox boLRV%; -1 and Ca -2 gOAErlbutlﬂ“S.‘ if T _ represents.
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th | mICdl“ted undcr StLadY "tatc condLLLons at fréquencios above about - -

'._30/n1nutc 51nce thc r03p0nse oﬁ-T -ls not as honn in. F
b g "'C RS .

: . .o . . i ) L v
low [Ca ]o-lﬁturve‘?). We ﬁquﬁoqu'mwﬂSurﬁd Tenovery butwnnn rested’ s -

'Jur; VL—Z at

Lol LI . . .

stntc'contractiéné.‘{ﬁut we have;shbwﬁ‘than the shnpé of, t

e tension/

o o - U

[Cn _15 cnrvgﬁ are altercd from the SC tenslon/ [Ca++]' Lu;vé by a)an H ;.

[
R

.o /
lHLerbQ in btlmulatxon rﬁLe, b) thn pulbe quuleLoq ) PSP .- L
. - : U : y
L . . - - . .
R .f ‘"Flﬂurc VI-3 shows thc expected tenbion res pOﬂaL to 1ru;u-w\y
! 1

P

'(1) at 1ow (curve B) and - hlgh (curve A) calcxun bn Ld upon .SC thsion.

-,
i

'_rocdu@;y;' HowQVur ve cbscerve that we 4aLnd11y hdvc the -curve 5h§#n iﬁ‘ .
. N ,'.. < ,c . : o ._.".c .

L . - oF

C.'i.q.;-a positivu_inc; oplc rhunon>c. fh15 uusc be conLr'outﬁd D)

.

fnerease in, Lhe fabt Ilillng frnvtxon to LLu.,nf’;oolu 'Thrrgfnrc’ﬁc" -
. - Rt 7 ..‘ ’ L

p= ! L3

min ar: 3 e Ca - : ;nhldq: SR
! hL qqsume one faner Ch?fﬁPLLfLaLIC to the C1 1 L(uJ B el .

N . i ) - - i . . e * ) -.' . . o’ ’ d

concuntrathn st be 1ncrcusqd-by rgththv Aactivity. There ape soveral

ways in which.thiS'may-éicur:‘ ' L T
B o : ' - ° N N ' ' - . . ) " ! ot -
R . m)},quf_is”agted into“Céél as a result of electrical sctivity

frea the .external caleium pool. ) .o : : :

e e -, o o C R Lo ‘.
‘and © ) a.recycling of C “T oenichtis relea thiv ydnlnsm .
, . , . :
. . - . oL . - — - . o N -

ffom the mvofilaments and then ”pumped".iﬁto Cas-l.: IR

: : - . S S T L
There is some 3£;erimchtal evidence for both ‘of these « © . o 7

L . 5 Sy oo x : .
'“4d3U§t19n51_ ) N L -_‘. S : v L
" H : LT ’ o : o
1). a slow Lnudrd Lurrbnt 'hdught-to'rep:xuhnt aa inward Ca-
i ¢ ’ e . . e e :
curront hné'bcen shown to occur NJLJ dn *01ﬂr e .tien’ of ““Qﬁ‘rq‘ﬂl §f%£Lc -

IPeRler and Reuter, 1970, a b, 11rr, 1971) Fhus "'-10’13.:‘-'v‘t'~°ﬂ putuntial = e
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;Fecycled Wlthln the cell (Katz, 1970 Langer 1968) : q :
: ) These two poln;s are relnforced b; QuT own experlmental na;af
,'th '§£bws thac:.-t‘ o ‘;5"u7 j o ;~"-w. "  3: L T
- | | a) a brlef burst of repetetlve ;tlmulatlon ac a hlgh rate. "T‘"
o rQSults in aﬁﬁlncreasé in ten5101 (éSP) at low ICa ] . )  §" . :: o
:_ o - 59 palre&—pulse‘s;imﬁlation reSults in an *ncrease in tensxon
.g;ag 1ow [ca*’J | :.5; . T ;j_
:;%.' We may be able t§ quantzfy the "exura calc;um utillzed by che
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is believed to contribute some ca from [Ca ] to the Sarc0p1asm; Iﬁ:

'.addltlon several studies have shOWﬁ that :here is a linear rela:monship
'oetween [Ca ] and lnward catt current (Reuter, 1967; Beeler ana Reuher

&970, a, 'b; Reuter and Sc 1z 1968 Kohlhard et- al. 1972)

.b) it has.beeﬂ suggested that the sa_coplasmlc retlculum of

“ -

: ,neart partic1pates in the relaxatlon of muscle by accumulatlng Ca

,-braqsportlng 1t and releasing it to be a) passed Qﬁ? DI zne cell of :2)

cardiac tissue 1n potentlatzon (PSP30") To do this we mist maké sgvera&?_

.‘- P

assumptidns. '

-~

4 I o [

ot

i) peak ténsion is- proportional to. calclum released

-

lnternally ( Ca . j},‘ _ .'_'_" B | o
. : - A - . _'.—.
i;J % peak tension.ls reacned wheﬂfiree]pa+j-'- 25-¢mqles/hg

-_,---

(Weoer'et al., 1963) uhlch also ‘is ;he amOunt of calcium released frc:mw .

Y T L ! '- . : -"-., 7._ L
'the 1nternal pqgl. 1 ﬁ ) Lo )
f'»l’

111) all éf the calc:Lum 'g\ated into the cell durmg t:he. br:.ef

Dursc of rapld stimulatlon becomes available for :he ncxt potentlated :
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: ST
. W1th an increase ln.frequency unless some of thelfree Ca released

e becomes apparent that the recycled Ca"’*must be' dlrectea to the fast n

_contraction. . S T : N -

1v) there would be only one reason for the mcrease ‘in tension |

- -, - LY

‘after the burst Qf stimulatlon (PSP) and th:Ls would be due to the .

o

. rncrease in rree Ca*"" from the releaseable nool (Ca ) due to Ca"'* oatoc

in. . _-:.-.,l. . “.:‘ ' ,. | B . S . 1 - ,- ) . R
7iThe;ef°te éL T :i 50 = Ca** gated<ia‘(uhOIeS/Xg/ptlsé}v
' pulse W# . Lo o

_-" The results of these compu’tat:.ons are s'nown }n Table VI—I Ca entr}

'_rrom 0.2 to 1. 5o &;a ] appears to be betweeu .0245 to 4 65 umolcz:/l\g/

-

pulse. Beeler and Reuter (1970 b) estmated entry. per beat at aroune

L SOHmolcs/Kg ﬁ wh:.le Grossman and Furchgott (1964), hledergeme (1963),

7
' 5::

& and ‘Wmegrad -and Shanes (1962) estlma 5d Ca**entry at 0. 5-- 2 7 .molcq/kg

"‘... . ‘_/{ . '{__..

Per contractlon-. 5 Our values are smllar to these latter values.. ch«:ew.reu-,_c

PR . .-

* 2 k
our Ca*"'entry calculatlons :Lndlca e that thJ.s would be less than 102 of

‘the Ca*""needed to fully saturate the tropo-nn. - nger (1968 19 O)

B3 . .

Suggests less than 25.’ Therefore it is clear th#at gat:.ng alo\ne is. not

| -
adequate to expla:t.n the J..-J: curve. We wOuld lose more than we gazn

r . -

. . ..," .8

_ i | |
durmg contraction :Ls recycled to. the releaseable‘ s:.tes. .Furthermore,

. PO
e . )
)

flllmg fraccion (to Ca —l) 0 that as’ the frequency of stimulat:.on is

: -
1ncreased Car receives a greater amount of :Lts :anut from, Ca l in 3
sp:.te of a’%horter retovery c.ycle. S S _ R

- . . ‘.

We therefore believe tha.. calc.ru:n releesed from the myofllaments -
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is ¢y gled to thc Ca l pool which would allow more calcium to entude Ca '~
: - , . S . T ‘
) 'H':_L‘;:Q(‘fn St}'.'Y‘.U. VL Tt i . a ol . L . e . T i . .
- betied . ;; | IE.lb QbVLOUo that thg Increase inavailable €37V cust

1, ' .
be-associated 'with a Lﬂ"m-' de: P‘-\m]‘“t 1“- ess sinee the fvcrense in Lension.--

oveurs bct‘;-:ecn,_certa;in {ruqi_xcncics ‘(30 — L8O stiwad i/nim,)

;2 This can ;be shown diagfd_ﬁ)dticnfl)}:ns (Figure VI-4): - C

- . . . . K _ -~ .. L
, A ET - : )
N Ca ‘2. ; - .
15 . . o -
) 3 b . yfree Ca —-—-onuion
1. Hea . ; ) .
_é?.o 2N _~Csl_| T —~ S -7
e 7(b)-——~—-ml- 7(3) Qs S
’ . o - l v . . . v ) . -~ |‘:“" ! . L . ’ _,"
. c : CYigure VI-4 e Co . : } T ) o

‘_C:xs-.? and C&S—l recharge Lhe ol able Catliianl Ca . Uren -
. R A : T . . s [ .

stinmulation the Ca_r paol is ngnplctely releused and boeounes Erec Ca @ - .

- : : ¢ - . . ‘
-i'-l"!‘-,b‘fpn is.idev Llogod L-mci -elaxalion is acee .mhhi‘ed by Juruquar1.o.
¢ " :. LT L . ‘ .
y T o 8 . ) - N - " LR ‘- . R VJ
part of. th'l.s is takcn up .tnro;:g;h process /(a) Lo C:1q—-]_, wirlile the o0
el ndur: dRB5LS ouL “of !_I"e «*ell T :
. Now. 'gi-..rgn the a,pp:oprintc conditions, with '\n Lnaronse “in .
i ) . PR N _' ’ . . .
friique ncy we could incre asé the amount of Ca tr*n;.‘::_ cd from Cas} to .
B i . 7 i SR RSN A ' - of Cet ¥ tite Cal L
Ga 1.f .process 7(a) is cperativerond we gate an amount of Ca tnte Ca, 1l ..
r : A . < . . s

with .\’u'h d-r I.n"u ::ion-, RO L - ) L ) .

- . L .
. . -

The (‘o__olntﬂ I-Iod'cl.-' ST L. j e T
S, - . - a - ' o AP

" F Lmng, ‘JI 5 1 g digigram.of the msdel vhileh Incorpasatas all

uf tha ‘Lf‘"u"nta
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lL-'.')‘.‘- uablg Ca

. r-g}c.lcd (71)’) C

o'f Cat* from Ca" S : o
T The temperature coe Eflcu.nt for ‘

.

-

low,

AP 1(:.:17: Ca 1<; act; LS.R ’pbtontml lnt..tir\.d wln .

PRI '
‘.at: conbtant }\3 Lb- vrum"r an B

th.L foa; 1{5, this [Ca -1] chanm_s wol{ r.han [Ga, -2} durmg g_tm»pcmture .

[Ca. -il LH lt\htLCi md"

— . . : . . S AT AN N
S Lo : A N R S R
N Lo ' 3 . - "o \ . H - " ”
) . . : M : . R N PNL e )
. . . N - . .‘l ' ?‘ - .
- - - o S e
. : T, - Y-
ST OETI D . 28
. R T ’ i ’ :; ¢ & o ) ) - a =
- whl]_g KS ;.nd- KG- are jthose concerucd with Ca —-2 Thc. term M’ clo“ 'tél.
‘ La Lo ‘nndlcntu_s gatcd calclum entry w1th cach actio potentm'[ : s .
A -md }\l are thc ra’te constants govcrumg ,th:_ r-_flllmw or Lhc Ca (re~_-7 -
- v - . . v )
), pool vpd =process 7‘ r«.pmsLnts re le.d (?.1) or non-';

- '\ (_l‘.uns
Cthe ’iuor c“‘ml.r:bam:lon Lo ¥ cn’smn v-nco”-"--y (C'L— fllim ) i3
- y - : ++ . w . . 'l . K .
L 011 the othu: 1...,. ..wluen [Ca ]0 is. anzu‘mod [C-’l -l] dncreased _.'_a.':.'d the 0
Ve . E : , . .
major u_ontrlbutlon to Ca J':Lllmg is fmrm \,:i —1 via 1c.l . .
. k] t
At le ICa 1, [Ca 1] can be“‘._'mcreased Ly d_:;r;*.‘-_‘as'p* tiie .
- B .o . +ﬁ, ) . - ) - ) _-‘ ) "_ ' —
nmﬂcd betkeen m::l_mul'l .;md by gat ng «Ca o aLo Ca- ~]. Smxlnrl}:, n brief
Co R . o ,gg .
. - { - |1 B . el
dagid 'bur.;t of ::,:tl’null’ W Lth ‘an npproprgatu-ualt unlul Cc\ _.is rt:cyclcd
W oL thegash 7 (a) 1’-'i11 -indicate PSP. 'I'In.rc;m.e wo Lave -t‘..‘..c _ob::.crvf‘.t.".‘on that
> . .. - b - . Fl R ., o, - N
PR . y . o . \
s* rcflocLo-: events h*cnnnrec‘cdod Lhc < ontrnctLon. ‘ ‘
. -
L

R ;.510.1 1'!_\-....}’
\T&el wi Lh Ulctrdmrudrlil‘-'ll'*ﬂ na nactcr;:)tlr
<

At Jo;;y c;: Lh

. ' - v K] - a
3 - N - .
’ cle -».;y be **L,‘.;"z'r,lzcd"asl1'011.3( R R L
w ® e a) La].@ium enzers the Gell s lrh uct actlsn P.@-»t—'lt’ 3'1 (Ee "T'U:
: : i s ° . . ;‘":.c- _
T . SRR LY (R arcol v :
~ o apd. I‘.nutcr, 1910).' ,in;Ls I‘C:LHm'y-!b LlOUL’,“t to £ross, L“C 5*"7‘:‘.’~*“"'“‘11_ SR
e - o . - * . Lt e I
“r - - b St RO o '. 7 v s Tae¥ i o H )
s sembrime iato.the Sar"conlasrﬁ{ o 1o fid to, 7.\'1'(:03(-"1..;11 , ’L.L‘“s' e cealetum
- A b - - T ST -’._.‘ ‘ .'___'...- 2 ," B} ’ ’
. : . — .. - ... C . e . -
. | - . . - R . - . .
v . ) < N “ ' °
’ La Ly - N M !
2 i Sl L
/ T
- v . A

'I'm_ sequence of calcxdrn n*ovc'..unt bel :eved Lo mcc',r 1a c."'rd LC!C
.o 3 3 "c. L

N
AR RSC mLc_\l thn '{C.l :]o-m,
e t'xum C1 -2.L-" . ’ N
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uhich enters the Sarcoplasm m&y be takqn up Qlthcr by ﬂitOLhonLrla or ~

- other organellcs or the sarcoplasnlc tubl

. > \1‘25 (Igng\r 1973). : _’--.

‘%:: -, <b)- thc calc1um cnterlng thc ccll may act Hs\k tr=""e* to | . 5
T — - _'_._.—‘1—_‘—‘_7 . 4 t ) --
relcase . 'tores which arc thoughc to exist i) 1n the tgwaadl S
. - ’ v ¢ . "

h*q;ernae of the T system oxr ii). the Suve Pl c ' ﬂ:%ﬁm. -

| . —— e
‘\\:) the re;pased free ca'' .agtivates the troponin system o~ o
. . : .. tt -
-;-uroduc1ng contr n{{gE:?\Fhls Ca " is taken up by bhc lecoplaH‘Lc
rLtlculum, and transporé\ﬁﬂsﬁ‘thg_ on of junctlon Wlé% the T svsteﬁ
\\\ bEA

—

' «hgrc it is 1) relcascd Out of th e.xﬁ\?\4\l kcpt ‘10 50 to thc-tbrmiﬁal

uxstLrnac Dor rccvcllnw in the conrractwon L}C] e

T
» o . T

l'heCa-lP'ool SR ) o \»\

o - -

In a recent rcv1ew artlcle Lanocn

ested that o -

1nterual mcmbranes such as the T S}Stcm and its conL1nu¢;*on, §he‘(- .

-

- longltudlnal systcm may be involved'in excithtion cdﬂtrattionrdéqgiii?.

lhls evxdence is derlved from the. studlcr ‘of BallLy and Dresel (1968),

Snlwc et al., Il971) Saarl nd Johﬂeen (1971) awd LLttlL, 1ed Sleator

~

. (1909) wh1ch 1nd1cated that calclum bound at Surfﬂcc or SUObuff Siges

wns rcsp0n51b1e for ln;tiatlng contractions /These StUdiOb 4rc alao -7

-

B Jupported by ciéerlnental ev12fnce u51ﬁg La .- whlch has bedn-shown to".
. / .
.Gisplace Cat? from superf1c131 sites (Laﬁgcr and Franx 1972 S znborn

“ﬂd L"ngLf//1970) It‘hab bccn revealed Lﬁdt the ‘~nrf1Lc of “\0C1fdldl

L) -
'

. : e L 127 .
pclLS are‘coated_w1th a-bascmcnt,memoranc.cohpobnd of mucopelysaccharide }b

-

: (i d ‘,‘.‘. a 1, e
« whidh stains svhen "attached" o La (r‘WCOEtnhﬂd futt, 19695 St n,

19?1).: Page nd'?hCalllster (1973) have shown that this ‘membr ,;e‘coatxmg'
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',‘-'-.--.‘ - L sl co. Ce T ‘ . . o . - l e ) .
-_ '-."‘.-"' l . . . e .._ | . . . .' \-.
extends from the surface thrOugh the T System a.to the area of the '
~ ‘ T e

~_ ‘ lo1gltud3.nal progzec‘tlons (Bockman et aI‘ ~19?3)‘\iziese mucoo’olysacchamdes

ap,parently have a high affru.ty for Ca*’*’ '(Scott 1968) and it is possible
that calciux%x w:.ll 'T:e tlghtly bound or at least more tigntly bcn.md 1n the

T system compared to the long:.t:ud:.nal . system " .One mlght thereto

_-_—'H—_'———-.
3 con*ew&-of_the_hongltudlnal . system as’a source of labmle calclum. L
—-—‘h_.______-—__-— . .

.-_‘—'—""*—-
'.T.‘he longitudlnal tubulﬁr systes has ‘FeTe':T‘Shan—te—be in close
~—-________h-.

L
'
/- may speculate that . these longitudmal project:.ons of the T system may nc

R

/, rox}mty to the sarcoplasmn.c re._lculum (Page and “u:Cal:Lster 11973). -We _ ‘%ﬂ!
cons:.dered as the Ca-1 pool of dur model (F:.gure VI=6). - : | K {s

‘ How ‘does th:.s match with the tension character:.st:.cs of out
> . . ; . © - . .
model? . ... - /

a) the f:.ll:.ng of Ca by Ca -I is relat:wely fast 'I’he :

system wé{uld be in: close proxmity to the releasing site'

\\
d:.ffusesvcry qu:.ckly to releas:.ng sl.,es.
b) Ca -1 changes mt-h [ca” ']o' “The “longitsdinal tubule is * |-

\'. Contlnuous w:.:h the surface via the T system. This ‘provides\fqz\a\c‘..irect
- \\-
. \{te becween Ca_ -l and the surface Wlnegrad (1968 1970} has ;-aiggcsted

that calc:um is passed out of the cell_ via the T system in skelet:l muscle.

-

e) e. Cas-l is affected by recycled ca s Smce the ‘SR l ]

by

o the long:.tcdinal tubules calcium - .

is in close Jproximit

removed from the myofilamen 3 will_ pass put of the cell via the term:mal

cis:ernae to the'T system, f.eey

¢ . o ‘\ -_.....

- . ~ \
. . . >
n * . h .

o ( . '- '.,
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. - d [Ca -l] mcreases w:.z:h a de ease -in- temperature. l‘h:‘.s" N
observa:::.on is d:.ff:.cult to ¢xpl=;1n. ' Theref ze one may magme'thet
e . .__\ '—————‘——‘—“—'——"“‘——-—-—._.__ : oL .
- a proces‘s wh:Leh has a-high temperature ooe 3.c.1ent controls ealc1um loss o
- \.. ‘__“" -~ : a| ‘
- S. *
from Cas-l. Although it is Speculat:.ve :Lx: is possn.ble tha“c\the decrease ER A
. » ‘\ " . ’
in temperature reSults J.n less ‘Ca pumped from t‘ne releasmg sites - of e "
. ‘\\‘

'che SR—longltud:Lnal tubules malntan.m.ng ‘a hxgher concentratlon in ..hese R

regions. e e .
T o e S /
« - The CE;T‘—Q-—Pool e SRR ) _ -
. ; _S “—-—_._,___“_l_ ° . ’ ) [ . .I y o .- .
. We believe ‘that the [+ W“Soaiated. with the -

—

‘ surface membrane. 'l‘his Ca wOuld be t:.g'm:ly “‘boynd. o :fz‘e‘*surlace an?i

- N

_ wOuld be .displaced omly at a slow rat:e to t:he myoplasm or to releasmg

\ sites (rét 10 sec. ) ‘

Th:.s calo:.um pool does not change Wlth {Ca"*’]

. -
-

juch as Ca —1 s:an_ it :.s more tightly bound. The al‘rerat::.on in the rlme ‘ C .
onstant assoc:Lated with the Ca -2 pool can be reconc1led by assummg :

. -
t‘iat at h:.ghe:r [Ca ] o Ca. :.s more eas:.ly d:.splaced from the surface - .

sites’ to the releas:.ng -sites i.e. , tbe affin:.CY COEffiClem for the - .7
‘membrane is sensitive to [Ca ]. o T , )

-~

. The Ca. Pool L o . .
| . The log:.cal I 'catlon ror the Ca pool is ﬁ\germmal cisternae -
\ Of the T system tLhere long:.rudmal tubules abutt the SR. :F.‘h:.s has -also .

-

. ""'m-.

eemsuggested in the :eview by Langer (1973) T S .

Role of ‘thes I the Model T . \
R
© I¢~1s,. now

;

ccepted thac-the SR of cardiae muscle/



. uptakc of\Ca (Inesi 1973) “ksbellcve that processlof our model

oa Lh; longltudlﬁal ulcﬁents of the T b}stuﬂ in the rcgion of the LLrﬂz1tl

o)

. 1nd3catcd three rate constamts, assogia ated, with’ ‘transport, Storage and

‘bmdll’\g of Ca . At least three fat‘-tors are ;said to be i‘“’°1"°d ia

. 4 , -
c) ‘the intravesigular (intra SR) Ca .};oncent;atxon_ an@r'et a}., 1966,

Inesi, 1971; Weber; 1971). - This can be restated that the raté of passlve
- - 3 - " ! '

ALl -
N

. artlcipatqs in the relaxatlon of‘cardiac muéclc prothn by'rapld

PR
F » -

.*-Q- ' N

~‘(leurc VI 6) represents Ca uptake and transport.

N It'ls appnopriate at this point to diSCuss'somc éf‘thé L —_
- cﬁdractﬁ%istic;tif;fjiﬁ'ordcrtociérify this.model he ﬂay valzln I, )
. N .l r - . .
the p051t1ve T-F lglatlonshlp and the BSP thponae in terms’of a : . |
coqucs{éring’of Ca‘ by the SR and tranofcr to relcnqo101L sites 1. . '/.

catt would be rcmoved f:om mvofllamcnns t*ken up by SR ﬂnd trﬂnafurrcd

- R _—
3

."-‘ : ’ c0 \\ .
Jthxnae.' L. .o . o A

N ek

] G . \, N -
. 'Wineg{ad's (1968, 19]0) experimcnts on skcbvtal mHSCLS\RuggusF

that Ehe SR uptake and trqnsport does not occur instanta mecusly.  In

_}nct Connolly et al., (19?1) found that- the post tLtanlc period in. .
. *"“~~‘k .
frog skuletal muscle\ﬁgs characterlzed by procc sses WLth tJL s of 2-3 .

\-‘-‘__ .

T— ] A
Scconds and 2—3 mlnutes. Althod\h*ke ﬁay not have movem;qt tlmes gﬁ

v . . . .k

Lhc same: magnltude in cardlac musclc, the prlnClplCS-ﬂay stxll appIY

.alﬂer and Posey s (1967) data on thc ﬂccunulatlon of\Ca by SR .. o B

v

- '
v,

'llmlting the mawimum levels of calc1um accurulatlon by SR: a) the pCa e

]
'of*the nedium (WCbez et al. 1966) and the—saturatlon of thc tranbport . 1

system, b) the ratc of ph551ve cfflux (Johnson and Inc51 1969), éné. , . ( I

a

: § . =
L S

-

o



/
be trensported to'the ;eIeasing sites. -Thnt-ls,

- . . . . . . . ] L ' . ‘
efflux from the SR is determined by p(:a of he nodLum saturation of
Y

. the tranqport system 1ntraVLsiculnr Ca | N

coneentratlon 1nd calcium -

‘JLLUﬁUthion by the SR Furchermore Connolly ot wt., (1971) pOoLulltu&

that nov;mcnt of calcium [ollowlng muscle, dcti»dtign can bL dLVLJ(ﬂ into

- A -
“

cg1c1um at relaxacion_sizes and- calclum at releﬂ e 'ltes. hdrly in

o \
while the opp051te condltlon u0u1d Jg%dln in latcr stages of the

-
.t

: T

- -

* relaxation, cyele. o - - S L T

. ' Our data on the 6ffect-oﬁjtempezatere on_ihe Ca_41 tension

)

TCCOVETY constant indicates that an 1ncrtase in tcwptraturu g\ntr1lly

[ . - . “\
-

caused an lﬁcrease 1n the recover 1we rather, than Lhe u\)ILLPI decroense
i

A3

' fassociated]with'a teﬁperature risc. Lﬂe'und-Shin (L969} fonnd that the f:

- - ’ et ’ 4 " ) \ ' S
active trahspoxt of calcium out of red cells vas slothid by a decredse

|

" ia temferature; resulting in calcium acéumulation in the cells. . Cne

\‘ . 5 -

/‘ .

kS

-

‘relaxation there would bc less calc1um in the latrer ‘than tle fo:rt: site

could suppose that an 1ncrease in SR calc1um at lower tcnpcratures L“fuu”h

\

‘ \
| .
a bLmllaU process could accclerate recovery” by HIIOhlnb rore cal ,m_to

- -

decreased loss of

. e
calcium at low temperature would more than offset . decreased Ca |

v ¥

. 3 s
"cc‘umulat:.ng effect on the |ATPJSG Of the SR. nlthough thc‘Ca .

N +

“ccurulatlon by SR is kncwn to be energy (n]P) dependent (Ebashi and

. -

Lipmann, 1962 Ebashi, 1961 Hak vlbacn nud ”kal?O e, 1961), a Ca

-

olnd?ng proteln fractlon has been 15°1ﬂthd from SR wich an pparent, :
4

ﬂ:;qociationfconstgnu of‘& = 10 Sf.'ﬂnd not requiriq ATP {” c%pnn1n

‘ R o oo
. - . . - . - M




s

by SR couli,proceed lndependuntly of encrgy conslderations QV¢n-' . e '

L

.

R

-

-

at low temperature. L o Lo ' S e, :
la o } ] Bt ‘\ . . - N,
- |~ - co X
o There 15 conflictlng cv1dence ‘o1’ thc abll;ty of" Oledln to \\‘._

~-
. - »

1nh1b1t the ATPése of the sarcoplabmic retlcuIUﬂ. Scncral otudlLS : -\
YR : : R
1ndlcatc that cardlac glyc051dcs could lﬂflUCﬂCC the aétivé cnléfuﬁ . -\\-
. - - \

Lraﬁbpbrt S}stCm of[t ] gdrcoplasnlc rgticulun (Duuta et aln, JQCS, ?-"

Dutta and-darks, l°69) IR
t . ' ' : S - A

N ‘Latcr work indlcated that the cardlac e Veos ides. d1d Jot

. - N *

.
Lnflucncc the active calcxum transport system byt altered the calcium -+

blndlng propurbles of the cardiac SR (Klaus and ﬂcc"x969' ‘Lee and Klaus;
. ] R

1971 Lee et al., 1969) This<was also confirpcd'by Entman ot al., &1969)
who showed an lncreased calc1um blnding O the dther liand, Cursten

- I
(196:) found a,dlmlnlshed Ca ¥ bindlng after gl)COb“dG LrC“Lant. '

Pr;torlus et al.,(1969), and Besch-et al., (1970) found po channe in SR

o,

ca™r uptake after trcatment w1th glyc051de even though 9031c1vc lnotroplsm

- bt
was observed. .Akerq‘ct al., found qn’ innibition of mlCEObmal Nat =K -
. ' N » . “a ) “

ATPase py,Ouabain. | - | ..—-'

~

" It appears as if there is no clear cut evidence in the literature
r . ' rs ) R . c . . N

ds-td the effects!of‘Ouabain on isolatedrsarcoplasmic reticulum. This is ) T

Probably becbuse of the difficulty in obtalnlng a pure DGCar“t101 of

~
arcoPlasmlc retlculum w1thout contaninatlon fron other cellulac co*nonunts _//’:h.

-

sp c1ally the plasma membrane (ngéﬁ, 1957, kgﬁat and. Walla ch 1965 =

x1lIach and hanat, 1964 k1llach and Ullrey, 196&):
- S : _ .
. .-'l - ) }’ . . . . .

a . -



;‘ﬂlcrosomal fraction.

Reuter (19703,‘22\2i: Glbbons and Fozzard (1971) havc ahoun that thls

R L " PEECE RS v

&0 o ) s o UL
n . T~ = L » \. \1 (.' ‘ e
- - i ., _ \ .'

. oA DN o,

. 8 _ S \\-1 ' - 225
. * ot . - N - -1

. N . “‘\ - B . “l , H“. * ". . S - . co }
L . - N . a
- Although

these results dofnot exclude thg pohb]bllltx'that
}

Ouabdin -faight ‘affect the blndlng stath of ca*t to Lhc bR -It’ {b
- S
clcér that there is no, thfﬁﬂmﬁus uu&erftlndxng of the Lerb upLJkL

s | . : - , -- .

blndlng and'transport~w1th rLspccm to Ca’ tn.tnc 3R slncc thw"L “oxﬂp N
. ’ . . ' L4 ~ .—
ave 'used almost interchangeably Ihls may be thc result of the fact o

_r

that SR has almost out of nCCQQQ1ty keen btudltd in isolated LUﬂstjonb

" rather th@h in sxtu wheteflt is postulatnd that cyc11c1l chlanb occun

in LtS state of_Ca ’—zctiﬁifsa S .

- -

. The Na K ATPase has not bce?.reported in SR (holicnbnrvo

T - N

'.1967), but Palmer and ?05uy (1967) foupd a raptd rulcasu of ca’ by

o I
vat in lsolated rabblt cardiac ret1Cu1um buggebtlng that a Na' /01

L]

'coﬂoetet£Ln mgy operate at the level of the SR. Smlth et dl-, (1972} -

8
have 1nd1cated that the primaxy rcceptor site for Ouaba!n and oLer

o= .
cardlac glyCOSides is assoc&atcd w;th)the plasna membrane and- d«PP wuthin
o . .

it. Howcver, they Z1s0 Suggested that ‘lesser LonrﬂntrJL[OnS of BIJhU'ld“

-

wlght be attached to-other arecas: of the cel' niﬁﬂly thé so- ~ealled,

Recently Glbbons and Fozzard (1971) have Suggcsted thit Ca

‘takcnéup by cardlac.SR is boupa and“renoucd by an active pump to 3UOCh“

region of SR which is not 1dent1cal to the uptﬂkc rc%lon', Beeler and X

traﬂslocatlon is both voltage and cxne dependent and thﬂt——___0U1d

-~

ancther.

involve shlfting tﬁﬁ Ca fron a primary storaae site of SR lnto.

- . .



© the myoplasm.

-

/\ivcts the 'SR tra':sport, upc'ﬂce or reln sse of *Ca . _

.

rhls would correspond in” 0ur" nodel to, thc r-zovment of Ca f"'o

blt.. to relbase s:Lte '*n the SR and m tnc c

-
ase of The fast recovery

gon:onpnt accelerate the ﬁllling of Ca'—l e o y
. . &

R . "We may sumnarlze these obccrvations iﬁ'tﬁelfbllowiwp'mw—nnr-

' . ) ’ Y2 I<-'-....I‘_..n

_ a!)_ :Lt appears as :Lf SR is capable of . acc:.-"'ulating' Ca** . froh-

-t

v b) the role of the SR does.nét ap"car'l*‘:*it(ed to Catt
, :
b

—

—.ccx_nulat:.on, ‘but may transport Ca“‘fro‘L\ne porticn (:ptar:L sortlion)

Sk TN
of the SR netvork to ax_:other (2 releasing portion). Lt
{i""”wm mt)” ‘the traasp drt'process°may be time dc3er ent. .

i - : o et . - . .
d) there 3'._s no clearwcut’ evi de c that ouabain,.or ¥a©,
- -

T‘mese dat‘a. susrgest that a’ Hm:l} ul trﬁsL-:. tural-analopne
. l\ . . —
the- "*odel in F igure VI=S is thé one sh’oz-'n in Figur "I 5. +¥e shguld
A . - : :

. ' B r .
polint out here where the effec\. of ouTbai .ig'nc be occuring-in our
::og-l. ) It has been shown that Ouaﬁain inhibirs the menbrane ATPzse
(lee and Klaus, 1971). It is possibl'e that our Cas,-,-z pool =ight He
cBfected, 1i. e., Na* tran5port across the mezbraze is inhibited, an -

. - * - - ' -
increase,in fa ] would occur cIose to the ﬂeub:.me aﬂd . wight be
dlSpTacE‘d from Ca $72- ~,'I;h15 Ca**in turn.widl be taken up by the S and
Du_,e’d into La ~1. Thus the adzinistratlon of ‘cuabaln weould rasult,.ln

: . i / A T i ! . .
o s e £+ . . & £ 1o AL } —nte
the shift’eof Ca™" inm Cas—z to Cas-l. The effiact of lowsila 4, might

result, in the same process i.e., a shift of.Ca from sarcclemmal sites

the site correspoading torCa_-1 (the terminal cisternze). -

m uptake ‘-
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o / \E ) ..
. ) . Fi ure VI—? is a dmgramaglc representzat:.on of the cnlcium " S )
. . .
movencnt :m rat: cardlac muscle. (;a" : ; . : _

can. crofbs thc snrcolu-.:'m;_ (SL),:md“

i attach_ed tb 'mr--_mb_rane sites. :l‘lie_"l\*.';\*, K"T; ATPase would be located in v \

the 4cmbrane. as well. - Ca ~which enters the cell with each ai‘ tTen

) ) X o . : i ) [

potential® enters the myoplasm and is taken up actively by the SR cr-the . '
. -—-J . . . . - . . . .

longitu\d'inal elements of thé»"I S;'stc:ﬁ in'.the te_rmina‘t‘ cistcénal fcgi?n.‘ o -
; St C_aﬁ 1s tlraln.sl')ort'ed: t§ ,reléasi_ng‘ s_ite'slin .the terminal cist;:mae vhere
_i--t-':ipprdacﬁés j.t:‘he longitudinal el‘em‘ents‘of t'h'e '/I' system. Ca”’ can . o
. ‘ dlffuse dut of the cell thxough the T system or can diffuse” tohrluln,aqmg
sites in the tcrmlnal cist;rnae. The releaqe of ca'! f{rom the' terminal> ;‘:
. cisternae ‘actwates cc;ntractlon and the uwt'nke of Ca by~ SR .‘_J(:h'ic\:'cs |

relaAatlon. Calc.mm rec’ycles from the myof:.lamuur:s to the SR to "the
o * l

terminal cisternae (releasing area) in the :aam athough ca™” from the

membrane sz_tes also partlc:.pates in contractlon. At low [Ca ]0, and

- -

h m'n temperatures,,/ the major connrlbutmn is fromﬁourface ca'! while at.

See =t
16w temperatures,.Ca is derlved malnly from c1stcrnalelcm.nts (the ,

- » - - . / T .
P .tn_rm:.nal clsternae releas:.ng a.rea)

-

~ o *
o When ouabain is admmistered it blocks ‘sodium transport at the

- -

3 ++
~ SL level Na” bullds up on the 1n51de et membrane and a ¥a /Ca '

competition displaces this "a-- to thf. longltudxml L‘lLa"antq of t;he T

-

At b i . -he inkernal sites
E-osyst:eT. At 1o the, Ca in clthcr ?he .mx_-mbmne'or the ‘

r‘!‘

may b displle.-ced and RSC tensiop'w:i.ll decrease. " R
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~ | S In conclusion we have presented a model of calcium movemcnt " .
) :.n rat myocard:.um which suggests that contractlle calcium is stlVLd S
from three pools. Because the kine..lcs ok calcium movement betu’cj.m
. . . - . /’\ '_., .
_ ..hese pools appears o ‘be rather fast lt does not’ appear feas:.ble that
s -couvenﬁonal washout and efflux/:.nflux technxques can’ be’ used to asscss .
ﬁ the absolute sizes o-f these pools. However, if one guessed that the _ : )

N
S size of the Ca'é\ pools Jwere 5-10 times larger than the Ca pool (thc

o -

- ten,s:.on determ:.ning pool} the. to..al amount of Ca calcium would be 250-

500 umoles Ca /Kg w"'zen muscle is fully activated. .We have found the

“total calc:;um content of the muscle, Cam, :Ls- many t...mes'iu excess of -~
,the contract:i:lé requiremeuts. R 3 o 6w
, . ) A
' The calcium in tat myocardium must therefore be very ti ghtly™
- compartmental:.zed between non-contractiie an.d contractile pools which = Y
- \-\\ Pl .
P would make direct measurement of the contractile calcium even’ more .
| - . S :
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AN EXPRESSION FOR THE ‘RELEASE OF CALCIUM FROM mrm\AL STORES

'w:.th rate constants K1 and X, -
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S . S 2es

-
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DEPI‘NDENT‘-.UPON STIMULATIO“ FREQUE\TCY. . - C ‘ ’ )
Q'-

\ﬁet us consider a situation whcre we would have only a smgle

. storage pool contributing to the recovery of a tension detcrmlmng pool

.For example we would have such a situation when, [ ++]

halt Y

v - ———

proachcs g2 S oM,
In Figure A-1 we 'nave oﬂlcium stored in calcm&ool Ca having ' %

. a volume VS and th-us C is c0ncentration and Q is amount oE cnlcium

\ I
Simn.larly this calcium refllls pool C (concmtration) with *S‘olume V
with an amount Q Ca exchanges calcfum between outside calcfum (Co)
. L . } \ . .

\ o
- . .

2’ Lo g W )
L . . &
The transfer of calcium to Car‘ from Ca.S is frequency dependent.

- [4

. Thefefore, the calcium th‘et can be reIeascd from ‘Ca ier-x Q(l). This >

e i F .
calclum is. fed back to Cas as fractlon o or lS lost,from the’ system (1- c( ) -

An amount of calcium can be gated J.nto the cell and is a fraction KA) qf

the concentration dlfference between C and C . Thus the garzed calcium

A

is F' X A (C -C).- In the stcady state when eyl e
' e Foo 2B .
KLC+FA (, --c) +a:FQ(1) FQ(l) +x2c....- .......... EERTPRE 1°
' F F . : "

—.

‘When calcium is released from Ca_ - R
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E . C < “
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»* sdso Q) =C_V Q- 2y : SR . .
ot F. . R 4 — . T ) [
. . . v b - .
o e % _ . 1/1='r '
. Now E‘ACS .+§2C3+F(1 d) ¢_. vr(l "e ) =C, (I-‘A+K1) ...... 5.
s - .
Co= C, (FA+K))...T.. 1 . L
| FA+K2+F = ac) V. a-e" l/ ........... 6
- “and solving for Q(l) . "/ R ‘
: . 5, > F T S
QW = ¥ L - F'T ) <, (FA K)o
R )
. FA-\*-Ké-i— FQ oc) v a- . l/r'rxa ........... 7

" This 1s the solutlon for calcium -released from Car whcn we hwc. a si"gle

,pool det_eminlng tension'development. Howcver, we have found th:at a’ Lx.b— T
. * B ‘ "

By pool 'syst:é'/is more descri%tiﬁve. to Ca filling. 'To sir'nplify the mal:hcmnt:ics o

"of- thlS system we can imagine that wehave two parallel syst.. s - onf:

which operates as An’ Flgure A—l and a‘second Whlch is: parallel toe it but t-
.does hot have feedback (OC) and has no gated calc:_tu_m (‘\). This q.s_shmm
. oL o= o , -
in Figure A-2. -
Thus equation 7 becomes equation B'for the second fool and
‘SQ (1) describes calcium released from Ca —2 in the sr.eady state. - Lo
: F o
.qy -2 Vi.-z (1 -e - Urq’/) co K, -°
- ' K l'+F'V 1-e llP’I'z' 2Y 0 eeeasdesaaee 8
' 2 2 . : ' -
Bu:: now Ca_-1 receives the qalcmm released from o . ?
o .S pe ‘ .
Ca -2 whlch -is
r . . . .
A - Q (l}.-z x F x ol L SERERRR AR .9
. N . o

kR
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. equa;ion to Suppo.se to A"->0 s F - 2. 0 Sec- i e-

" frem A Eil'ld':Q;r wou]_(.i.fa'll- ’ . ‘\'3 -- S .

P - e ) CoeE Ca s
. : . - : o e . - S S e
L K . B . . e . .
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‘Now the ecipalt\i'on for Cés-l is

-~

FQ(1)-2 .o FA (€.-c)+ K C, +'.'oCFQ(i)”-“ 1= .FQ()-1 + xzm.cs“;h- '
/ " F " F ‘

B ’ L R - -
L 5\], : . : . . o * ..
FAC;+ FQL)-1 - KFQ)-1 +K.C = & W(1)<2 ..
SAETROH, Q.(f-) A AC + K C o+ Fq%) 2 SETSTRPS 10
C*=¢C 1gFA+,‘Ll‘5‘-1- FQ(].) -2-
V.FA+K2+-F,‘.(1 —ol) ¥ o L -el’ eeeenindl
" and the new QL) -1 4§ )
. OF . _ .
FQ* =c* (L-e  pg ) - A
. lanall . - S . t .....--’...12
B F ! T . N
- and the amount released from Ca_ will be' . - 57// Lo i K
. ! ' . . . - .- . . . : ,'/’/ . . . :
FQ(;)* + FQ?(;_)-Z - ,QT- P T ..13
[ : F ) - - ] . . - - / . : o »
| - Now wfth the approprlate values for-the rate conbcants and
values of 1’ we should be abie to simulate a, condltlon nhcre : P
, . G ) P -
Q(1)~2 begins at a. h{éb/value and falls qulckly with F,
" N F / . . }
- and. Q(l)* increases with F 'as F increases bccausc_of feedback
s i - F . a. .
from‘sidetz of the system. . :
. o . . ‘o )
Results T T o , ~ oL ,
._ -Tabié Arl,éud-Figure A-3 show the results of'a siﬁulation . 5\\55\;

where we ‘obtained a positive inotropic response. Although the Q. value

does.not fall off abrubtly above 120/min (Fa 2.) we can modify the

as F iﬁcreases less

calcium Pﬁf beﬁﬁ is gétedfih.- we would then have a fall in the contribution

1
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Table A-1 - ‘ e ~

Computed Rel.e:'is‘e‘ of Calcium in I—F-Reéponse- of ?Papillary; Husclc.
Frequency (F) CQ-* Q(L) -2 o q

- (sec.) .- F / ©F S T

..o .. Caluplts, Ca  units " Ca units

.25 075 - 325

0

1 275 .036 SRR ) §

2 -285 021, 2306

3 .292 SR ) & T 307
4 209,72 .0 .02 - 3100

*5 L. .30 . .009 =Tt 315

-6 P 1§ S .008 . T 315

.7 317 1 L0069 L .323

o W322 - .0060 y .328

.327 ‘ 2005 , T .3337
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" L3462 - .004 U346

- .351 . .0034 : © 354 -

et © . .358 . . .003 - : .361

: ..366 ; .0026 T L389
- _ 1372 ‘ .0025 .375.
¢ "tf 395 - .0016 \ .397
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Figure A-3. Simulation ‘of T-F Response of Rat Papillary Muscle (

‘ 'Ordinate_QT - amount of Calcium Released from Car Pool 4t Frequency |
- . ’ - . - .

a F (sec.). o -
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_ The e:-:ample we. have shown results only from preliminary
r . -

. .
-~ . : . .

testing “of . t'nese equations. ‘We. have included these results in an

RS

appendix simply to demonstrate that with the approprmte kinetics oE
EN

‘calcium co(tri‘bution f‘rom the two hypothetioal pools Ca -l and Ca

. "

-2 we

‘could mimic t'he triphasic T-P relae’ionsth we observe in the rat w:.th.

.
ext ernal calcxum concentration.

L

* °  The equations in the appendix are based upon-the assumption
) ' : C L

‘that any osciil_ations or chengqs in the Ca poo]fs" are small_

v

compared to the pool sizes and therefore the results ‘from these

equat:.ons can only 'be cons1dered as rough approxlmatlons éof the:

true steady-state values. %
A truer estzmatlon of the system is now in the proccss -

-

R of bemg formed in co- operatlon vuth the Computer Scronce

Bepartment using an analogue computer. ’





