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ABSTRACT .. | | .

Excitation of cardiaé-muscle membranes 1ea&s to actin-myosin
_interaction which is expressed externally as tension ér shortening.
In experlments presented here the atria (A) contract and relax with
greater velocity and with a shorter tlmencourse than the ventricles
(V), both isometrically and isotonically. This was observed in
isolated heart strips from_several species trat, guinea pig, cat) ét
various stimulation rates, at different tempefatures and\also after
treatment with reserpine and/or propranolol.  Various prsloads and

& . . . . .
afterloads as well as different concentrations of calcium did not

" eliminate the differences between A and V. An index dT/dt was used

S MT :
to compare A and V contractions and was always higher in A under

similar experimental conditions. Throughout the length-tension curves,
the resting tension expressed as a % of MT was higher in A than V.

The force-velocity curves appear hyperbolic in V but not in A.  The

[2)

% extension of the series elastic component was similar in A and V

when measured as % change in muscle length required to return tension

to zero from MT.
To identify the level in the excitation—contraction process
which might determine the differences in A aid V time course and rate
of contractioq, somelzellular structures were altered:
1) . EDTA treatmént produceq h}gh sarcolemmal permeability
and eliminated the need for electrical stimulation. Subsequent

contractures produced by Ca2+ addition exhibited higher rate of tension
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development and shorter time to peak tepsionlin A than in V.

2) Long-term glycerination Aisrupted the ﬁemb%%noﬁs
systems of the cells. Contractures were produced by‘ng+ aﬁd ATP,
No significant difference in initial rﬁte of tension development -
or time to maximum tension could_bé observed between A and V in
thé following conditions: a) during the first contractﬁre b) during
tensibn redevelopment after quick releaseg to different lengths or

c) during contracture development in presence of screatine phosphokinase.

3 After.isolating thg myofibrilé, ATPase activity was
measured and no consistent relatiéﬁship to thé muscle shortening
velocity was observed.

Thus, the sarcolemma and-contfactile proteins do-hot appear
to be the majo; determinants of the difference'in rate and time course -
of contraction between A and V, assuming that twitch and cdntractures
are controlled by the same subcellular sites. Furthermore, it may be

'that the transport, uptake and binding of calcium contribute -

significantly toward the differences between A and V.

N



Lt I. "INTRODUCTION

A series of experiments by Otto Frgnk (1895) demonstrated
the dependence of tension (pressure) on the degree of Reart filling
. ﬁyéidme) by presenting a family of isometric curves from frog atrium
éha ventricle .(Figures la, 1b). Not oﬁly may thé familiar "Frank-
Starling law of the heart' be seen,lgut also the time course of
&ontraqtion oflatriumiand ventricle may be méasured; As observed,
~the-atrial time to maximum pressure, measured from start of pressure *

development, is considerably shorter than in the ventriecle. In

Figures la and 1lb the numbers represent increase in fill volume; and

in Figure la the number 4 represents a preload fill‘which is over-
optimal and results in a pressure decrease in_the ventricle. - Even’
with tﬁis added load the time to maximum pressure does not appear'to
vary. By careful ekamination‘of other reports such as Graham et al
(1967) the same unique features may be observed in intact mam@alian
hearts. h |

Tﬁe difference in contraction‘timés may be seen even when
ocbserving cells in an isolated culture prppaiation. Figu1392 shows
typical pﬁoto—optical redor&ings produced by atriai and ventricular
cells in an isolated cell culture of mouse heart (Boder and Johnsoﬁ;
1972). The slope of the contraction and relaxation curves of atrial

cells was much greater than that of ventricular cells, although the .

time interval between contractions was nearly the same. Total
. N ! . Yoy

-



. Ventricle
Vantricle

o Atriam

Figure 1 (a and b). Pressure development in the atrium and ventriéle
_of frog heart at various fill volumes. (Frank,
1895).
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Figure 2. Photooptical recordings from atrial and ventricular
cells in an isolated cell culture preparation
(Boder and Johnson, 1972).
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contraction time also appears less in atrial cells than in those from

ventricle.

The'third example illustrating the mechanical differences

+

in contraction between atria and ventricles may be seen in Figure 3,

- which is a record from my initial experiments on rat cardiac muscle,

The time from stimulation (at start of trace) to peak tension in atria

is much less than the corresponding time in the representative ventricul

mugcle. Also, the;maximum rate of tension development (dT/dt) is higher
in the atrium than in the papillary muscle even thoﬁgh\atf?gl developed
tension is less. A similar phenomenon has been briéfly méntioned by
others using isolated éiectrically stimulated preparations (Blinks and
Koch-We;er, 1963; Buccino et al., 1967).

These mechanical contraction differenceg between atrial and

ventricular muscle are present throughout a wide assortment of ex-

~ Perimental preparations., The subject of this thesis is the further

description and characterization of this phenonenon, ‘as well as an

-attempt to elucidate some of the underlying mechanisqﬁﬁfesponsible

for the differences in the tension-time relationship. ﬂndoubtedly,_
there are many major research areas which are worthy of a concerted
effort if indeed a totaily comprehensive picture is to be gained.
Firstly, I have chosen to present a review of the literature relevant
to this comparative study of atrial and ventricular myocardium in two

of these research areas: 1) electrophysiology and 2) ultrastructure:

i

ar



PAPILLARY MUSCLE (P)

AND ATRIUM (A}
[RAT 29°C)

TENSION
{g)

dt7dr 18]
{g/sec) ~

0 100 200 300 400

milliseconds <

Figure 3. Isometric, contraction showing tension (T) and the
first derivative of tension (dT/dt) of a rat atrial
strip and papillary muscle. Stimulation rate was
5/minute. Muscle weights and lengths were similar.

{




and biochemical- features. -This was done so that the reaéér Wbdid havet
insight into stmg.of the special chardcteristrcg of the atrial and 4
ventricular heart'regions ébout which no new erperimentation will be
presented in this report, but which definitely are related to an
understanding of the phenomenon in qdestion. N 3

In addltlon the literature review contains relevant back—
ground information to the new experlments which will be presented
including: 1sometr1c and‘isotonic.contraction mechanics, studies
involviné treatment with ethylenediaminetetraacetic,acid (EDTA),
glycerol treatment of muscle fibers, and ATPase acthlty measurement.

| This 1nvést1gat10n will describe some experlments to
characterize the contraction mechanics of isolated strips: of atrial
and ventricular myocardium under 1sometr1c -and isotonic conditions.
These studies will be carried out under -2 wide range of experimental
conditions such as temperature and stimulation rate alteration.
Varlous attempts will be made to. change the shape of atrial twitch
contractions to approx1mate the ventricular characterlstlcs and vice
versa. Indices for better comparison of atrial and ventricular
contractions will be sought.
-

The second phase of this Study will involve elimination of
certain cellular structures in order to ascertain control siteg which
determine_the differénces between the atrialland~rentricular con- -

traction time courses. The ‘two different methods to achieve this goal

will be: 2.) EDTA treatment to disrupt the normal semi-permeable state



zof the sarcoleﬁmavgné b.) G&Ycérinatioh.to disrupt ail subcellular
- structures except the cont:%ctiie proteins. After‘Fhese regggctive
freatments and chemical stimuiation, the contracture.tension development
will be analyzed in each case. .
“lThe last phase of the experimentation will involve a bio-
chemical analysis ts determine the ATPase activities of the contractile
proteins-from these two heart regions. -.

In relation to the past knowledgé and with the new information
generated from thése experiments it is hoped that.a better understanding
of the mechanisms creating differences in atrial and vent;icular
contraction will be gained, as weilaas important directions for fu£qre‘

-

research.

A’

&



. I1. LITERATURE REVIEW

A. RESTING AND ACTION POTENTIAL g

. 1. Introduction

Membrane potential changes occuring prior to and during ' i
muscle contraction are a central concern in an investigation of factors
which determine the rate and time course of contractions such as seen’

" in atrial and ventricular muscles.

Although the dT/dt of amphibian (frog) myocardial contractions
remain unchanged throughout manipulations of the membrane A.P., changes

in the T.M.T. and M.T. are related to the effects of hyper - and de-

_polarizing currehts‘on the A.P. concurrent with a particular- contraction
(Antoni et al., 1969; Goto and Brooks, 1970; kowata et al., 1969). '
Similar measurements in mammallan cardiac muscle seem to show that
changes in shape of the twitch are related to alteration of the AP,
which is subsequent to the applied currents; héwever,'considerable
data relatlng mammalian cardiac contraction_and,the A.P. agrees
substantially with results as meﬁtioned above for frog myocardium.

| ’Very‘few'investigators.havé attempted to measuré-contrﬁction’
and/or A.P. of both atrial and ventricular flbers on.a comparaflve : f'l S
‘ basis. Electro-physiological. and mechanlcal studles of these two
“heart reg10n§ might provide a descrlptlon of thé normal stateias_wglih

- as the_iﬁflueﬁce of‘s£imulation rate and temperafure on the A.Piland . o

concommitant contractions. Before presenting this information it is ‘ o
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necessary to consider some basic elements of cardiac membrane po-
tentials,and-methods for analyzing the A.P.

2. Excitation and Permeability

As presently established, the exc1tat10n process t?lggers
contraction in both skeletal and cardiac muscle (Sandow, 1965 Huxley,
19715 Langéf, 1973). This process—is mediated‘by segﬁential'variation '
in sarcolemmai mgmbrahe permeabili;y to vérious ions resulting in
eleétrical potential changes across the membrane. Thése potential
changes in sequence is called an action potential (A.P.). It has
been spggestéﬁ that the A.P. may serve not onl} és_a trigger bﬁt also
as a déterminant of tﬁe ﬁagnitude and durafion of thg_pogtraction.

This may‘be“thgicase because the cardiac muscle A.P. and twitch

" contréction have a';imilar-total time duration which'lasts_several
hundred milliseconds. Eveﬁts ﬁhich eause the steady;staté plafeau
during the repolarizatidﬁ phase of ihe A.P.'are propésed‘to be the
maln determlnants of the A P. duration (Hoffman and Cranefield, 1960).

Similar lnterplay of changes in membrane permeability to
sodium, pota551um, and p0551b1y calcium seems to exist in nerve,
ske}etél muscle;'and.atrial*And ventricular cardiéé muséle in so far
as sodium:and potassium are tﬁe main carriers of inward and outward
current respectively (Olson and Waud, 1970{ Hoffman and Suckling, 1954).
Althouéh the same ions may be involved in the above tissues to pro-
duce the A.P., its configuration is different and characteristic

" for each tissue. It is most probable that changes in A.P. shape in
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one tissue or from tissue to tissue are the result of,Variafion in
ion cﬁhﬁuctance during repolarization which is both time and voltage
'dependént (Legato, 1973). In other words; the ion conductance varies
quantitatively at several points in time as ﬁhe A.P. is generated.
At presenﬁ, the complexity of conductance changes during repolarization
has‘not been fully explained. . Indeed, ﬁozzard and Gibbons (1973) state
that there appear to bé.eight separate ionic channels acting in a
complex way ts produce the distinctive shape of the cardiac action

potential.

3. Action Potentials from Atrium and Ventricle " _ .

Various phases of the A.P. have been defined to facilitdte

comparison and are characterized as folloﬁs: 0- initial rapid up-'
stroke; llléarly rapid repolarization; 2- prolonged slow :zepolarization
(ﬁlateaﬁ); 3- terminal rapid repolarization; and 4- diastolic period
(Figure 4)..
Iﬁ atrial muscle, separation of phases 2 and 3 becomes a
difficult task. Alsﬁ, phase 4 is characterized by a slow return of
the transmembrane potential to the resting value;. Compared to the
representative dog atrial A.P., the rét ventricular A.P. (not shown)
is similar in shape, while the rat atrial A.P. contains considerably
less phase 2 and is even more '‘triangular" than the atrial ‘A.P.
illustrated. Therefore, the rét cardiac A.P. is much shorter in
duration than the dog, and its phases are consequenflyAmore abbreviated.
Membrane potential data has been selected with greatest em-

. <
phasis placed on investigations where both atria and ventricles were

3
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monitored at the same time (Table 1). It is evident that the arrial
and ventriéular resting membrane potentials are negative 70-90mV and
the A.P, ma;gnitude" is 75-120mV with total A.P. duration similar in the
two muscles. Furthermore, it has been shown thaf if surface electrodes
are used for stimulation, the electrical excitability of the étrium is
similar to that of the. ventricular muscle from the same heart. This

is expressed in the fact that the resting threshold ‘and strength -

duration curves are quite superimposable. .

Many experimental alterations produce a change in the magnitude

and shape of the A.P. The effect of temperature changes and stimulation

rate will be considered.

4. Physical Conditions which Affect Action Potential Shape

‘a. Temperature

In both'atria and ventricles cooling causes a marked increase
in A.P. duration, iargely due to a decrease in slope of ,
phase 2 (Burgen and Terroux, 1953; Braveny and Sumbera, 1970).
Heintzen (1954) analyzed the temperature coefficients of various
phases of the frog A.P. as temperature was reduced. He divided_the
repolarization phase into 10 eﬁual voltage steps and determined the
duration af each és a function of temperature. E§sehtially, the
Shapé of the A.P. was'alteréd such-that it could not be represented
by the Q, of phases 1, 2 and 3 or by any relatively simple analysis.
It follows that A.P. reéor@ed at one temperature could not be super-

imposed upon that recorded at another temperature merely by replotting

the voltage-time course with different scales for each phase.



Mammalian Atrial and Ventricular Membrane Potentials

Tissue

1

3

IAéLE L

Duration

Species Resting Action Author
Potential Potential of A.P. '
(mV) {mV) (msec)
Dog papillary 70-95 82-125 200-300
muscle Hoffman and
Suckling, 1953
atrium 68-95 82-120 200-300
Cat papillary 88 116 150-200 Trautwein et al.
muscle 1954
~atrium 35-85 30-95 200-250 Burgen and
Terroux, 1953
Rat ventricle 90 7, 120 50-90 Hoffman and
5 Cranefield, 1960
atrium 23°C 75 70 93
30°C 62 75 62 Hollander
379C 60 71 27 and Webb, 1955
42°C 55 65 20 ‘
Hﬁhan ventricle 87 115 350-450 Trautwein
et al., 1962.
atrium 70 75 350-450
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-Pertinent observations on the effect of cooling on the
cardiac A.P. can be summarized by'stating that there is a prolonged A.P;
duration in all fiber types from all species and that phase 2 ié more
sensitive to temperafure change than are phases 1 and 3 (Hoffman and
Cranefield, 1960). This more sensitive phase 2 may be related to

movement of calcium and will be discussed later.

bq _Stimulation Rate .

Another experimental variable which may have an affect on A.P.
is the stimulation rate. An increase in stimulation frequency (6 to
300 /min) applied to atrial and ventricular muscle of dog and cat

led to a decrease in A.P. duration (Hoffmann and Suckling, -1954;

Trautwein and Dudel, .1954 ). In fact, a linear relationship between
increasing stimulation rate and decreasing.A.P. duratidn occurred in
dog papillary muscle. As with higher temperature, phase 2 is shortened
and the slope of phase 3 is iargely unalte;ed. In addition, Braveny
and Sumbera (1970) demonstrated an increase in repolarization rate con-

current with stimulation rate increase in gﬁinea pig papillgiz_éggalg::>t

In QOg_papillary muscle, where less than 50 to 50 stim/miq are used,
it appears that the A.P; duration is more difectigﬁrelated to the
ionic medium and other experimental conditions beéause the A.P. is
not modified.
No significant shortening of A.P. duration, after stimulatioﬁ

. rate increase could be demonstrated by Hollander and Webb (1955) in

rat atrium. In this case, they suggestéd that stimulation rate
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A primarily affects the contractile processes or energy supply mechanisms

instead of the A.P. However, this seems contested by the interesting

linear correlation between log stimulation rate and-log repolarization

_.rate.

- . ’ . . D e Cu e . ’
It is quite evident that increasing temperature or stimulation

- . R
rate of the ventricular muscle of many species causes a decrease in
the duration and/or alteration of A.P. shape. However, this is less
conclusive in rat atria. The next step will be to investigate the

interrelationship between the A.P. configuration and the resulting

qontraction.

5. The Shape of the Action Potential and Its Affect on the Twitch

3

a. Duration of the Action Potential and its Affect on the

Duration of the Twitch

The relationship between A.P. and twitch duration seems well
validated for many spec1es. Brady (1964) summarized a great many
correlations between the electrical and mechanical activity of heart

muscle. It must be cautioned that knowledge of the specific set of

" experimepta] conditions and species is vital in validly interpreting

many such expériments._ Braveny and Sumbera (1970}, Rumberger (1970)
and Kavaler (1959) provide evidence that the T.M.T. is directly
deﬁendent on-"A.P. duration in guinea pig papillary muscles. Sumbera's

analysms revealedvthat the duration of applied depolarlzlng current

‘was 11near1y related to the area under the contractlon curve, the

cOntractiﬁn amplitudé increment, and the dT/dt.Similarly, maintaining

:

]

- ? . ' ’ ‘ '*7

lon
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that the amplitude of developed tension is stréngly influenced by the
level of depolarization, Morad and Trautwein (1968) described an
S-shaped curve between the A.P. duration and T.M.T. The Teports ¢
agreed that alterations during the first 33-40% of A.P. duration

could alter the time course, amplitude'and'rate of tension development

<

in dog{ cat, and sheep ventricles. Furthermore, for the atriﬁ and
ventricles of guinea pig heérps, Braveny and Sumbera t1968) de-
monstrated-a direct'relaiionship of A.P. duration (measured to }
repolarizatibn'tiqe)‘and T.M.T., including temperature cﬁanges (23-
_39°C) ?ﬁd Cglb coﬂcéntration changes (0.8-7.5mM). Theréfdre, the

interdependence of A.P. duration and contraction time is fairly well

validated. Less-'distinct, however, is the interdependence of the
A.P. amplitude or duration and the magnitude of contraction which

is discussed in the next section.

b.. Magnitude or Duration of the Action Potential and its

Affect on the Magnitude of the Twitch.

Wood, et al., (1969) lengthened the A.P. by subthreshold
depolarizing currents of by 5mV shifts in membrane potential during
the A.P. phase 2 and subsequently reco;ded positive inotropic effects
in sheep vep;ricular trabeculae. rBut in ,the report by Hollander and
Webb (1955) cited above for rat atria, no correlationiwas found
between developed tension-and action potkntial height.. . In addition,
Sleator,_et al., (1964), using guinea pig atria, noted a lack of

: causé—effegt relationship between A.P. configuration and contraction



strength; some atria even exhibited shortened phase 2 goincident with
- greater tension development. On the other hand, a longer phase 2
was associated with a weakened contraction”in dog papillary mugcle

(Greenspan et al., 1967). Finally, Mainwood and Lee (1969) found that
o _ P
paired stimuli applied to rat pquflary uscle resulted in unchanged

s
s

A.P.s but altered amplitﬁdpyﬁ?'contraction.

- 6. Action Potential AS INFLUENCED BY CONTRACTILE TENSION

In contrdst to the predictability of contraction response
from A.P. alteration in-frog myocaidium, studies wifh mammalian cardiac
muscle suggest a more complex coupling between force and potential
change (Johnson and Liebermén; 1971). Speaf and Moore (1571) have
§hown that after an increase in stimulation rates, applied to ventricular
muscles of cat, rabbit and gﬁinea-pig,nthe;alferatioﬁ_in'ténsiOH’occurred
prior to alteratiom.in A.P.‘shape.}x-, Greenspan et al., (1967)
suggést that action potential alteration need not initiate contractile .
Ehangé but both A.P. and contractfle change may reflect variations
in ionic flux or membrane permeablllty which is conducive to contract;le.;

e

potentlatlon It should-be stressed that the A.P. of rat papillary
muscle is quite stable except for slight dlfferences in the late phase
of repolarization th;ougﬁout large degrees of mechanical alteraﬁlon

(Spear and Moore 1971).

7. Problems Inherent in Relating the Action Potent1a1 to the TW1tch

Relating the A.P. configuration with the consequent tension
development or'shortening involves the universally accepted role of

calcium (Ebashi and Endo, 1968; Katz, 1970) as the final‘attivator of
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the mechanical event according to the following scheme: ‘ -
a. membrane.potentigl change stiﬁulates calcium
movemegt via,SOme.ﬁrocegs (probably simple diffusion);
b. the released calcium moves into the vicinity of the
mydfilaments, reverses the troponin inhibition, and
consequently:allows act;n-myoéinuinteraction and the
~ subsequent mechanical event.
However, the applicabiiity of this scheme té'the A.P.—ﬁechanical output

i;bationship calls for several important considerations. First,”Is

the greater part of calcium, which participates in contraction, re--

leased through, or from, the sarcolemma across which the A.P. is
measured?" The commonly accepted view, as postulated for skeletal
muscle, is that the A.E. initiates a series of iﬁtermediate steps which
in tufn rqlegse calcium from the sarcoplasmic reticulum (S.R.} (Huxley,
1971). However, Langer (1971) believes that in mammalian heart muséle
£he sarcotubular (S.R.+ T-system) calcium may nof'play a vital role in ‘
the aétivation process, a view also held by Legato (1973). in addition,
the sarcotubular membraﬁe areas per‘uﬁit of cell volume are considerably
smaller'in cardiac muscle than in skeletal muscle. Cerfainly, rates

and time courses of thg required intérmediate steps beginning at the
A.P., proceeding through'ca}cium'movemént, and culminating in con-
tréction must be taken into account when relating the twitch con-

traction to the previous A.P. shape. Furthermore, an A.P. may not

only trigger release of internally stored calcium to produce a
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contraction but in addition the shape of éhe A.P. may'strongly in;
fluence the amount of éalcium available for rélqase‘by the next A.P. ’
(Beeler and Reutér, 1970 ).
Second, the mechanical response recdrded from the whole pre-
P . :
paration should- represent the—ﬂgchanical activity of the cell or group
- of cells from which the A.P. is measured. Furthexrmore, fhe mgasured
depolarization and repolarization méy not accurately represent the
membrane potential change for a largé group of cells. Obviously, the
output from a small number of cells could be monitored more precisely
as is done on ventricuIa; fibers in voltage clamp experiments (Deck |

et al., 1964; Fozzard ang Hellam, 1968; Reuter, 1967). However,'no

voltage clamping has been reported for mammalian atrial fibers.

Third, since most of the recordings are isometric, tension

includes interplay between the contractile and elastic elements of

.
T~

the muscle (Hill, 1938). Therefore, in comparing the A.P.-contréction
'T%elationship in different muscles a knowledge of differen;es‘in,'for
.Iuinstance, series elastiéity is needed. This necessa}ily follows
: because series elasticity may affect the rate and time course of the

mechanical rTesponse.

B. ULTRASTRUCTURAL AND BIOCHEMICAL SIMILARITIES AND DIFFERENCES

BETWEEN ATRIA AND VENTRICLES. g
The explanation for contraction differences between atria and
ventricles may rest on ultrastructural énd/or biochémical features of

the, individual cells or unique variations in intercell connections.
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The following morphological descriptions of heart ultrastructure of
certain mammalian species, including the rat, will suggest differences
and similarities of the two cardiac tissues leading to an appraisal of

structure-function correlation aspects.

1. Description of Subcellular MorphologylofVCardiac Muscle Fib;rs.
- The essential function of the cardiac muscle cell (cardlocyte)
is generation of an orderly contractile response after exc1ta£10n.
The morphologic featurgs of the cells which relate to the excitation,
contraction and relaxation phases are of special interest. Structural
characteristics for atria and ventricles_in three species are sum-
marized in Table 2. _ . -
Each cardiac fiber.has a nucleus, sarcomeres, mitochondria and
sarcoplasmic reticulum ﬁS.RL). ‘The basic anatomical dbntractilé units
of the cell are the sarcomeres. Each sarcomere is composed of several
different kinds of proteln fllaments with the primary and best defined
being actin and myosin which in rat ventricular muscle is 48% of the
normal cell volume (Page ané McCallister, 1973). Kovats (1949) found

a variation in dctin and myosin concentration in pig and rabbit myo-

cardium.’ After excising the same amount of tissue frém atria and
: ) A v

yentriclés, he extracted less myosin and actin fréﬁ'fhg former. Along
these same lines, Helander (1962) reborted léss (2(3) myofilament \
protein nitrogén_iﬁxbeef heart atria than in ventricles. Gfoups of
filaments comprisé units\palled myofibriis-in most mamméiianicardiac

cells. An exception to this was noted in cat (Fawcett and McNutt

5
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TABLE 2.

. >

Comparison of Atrial and'Ventricular Cells in Human t*), Cat (x), and
Rat (9).

-

"

-

FEATURE . . ATRIAL CELL ‘ VENTRICULAR CELL
Size and (*) elliptical, width 6-8 , . (*) cylindrical, width 15-
Shape length 20.u 201, length 10Qu.
(x} width S-6u, length-no value (x) Wldth 9-10u, length-no
(6) width-no value, length-no - value
value . . (@) width 20u, length 10Qq.
o N {unpublished, Korecky)
Organization (*) arranged in long (*) same :
of Contractile parallel rows.
Material (x} myofilaments not arranged {x) same
into units.
(@) wider range of myofibril {0) less myofibril density
densities from one cell to variation
another »
Mitochondria (*) less abundant . : (*) more abundant
(x) more abundant (x) less abundant
(8) more spherical, less (8) volume appeared less

closely packed

Granules " (*) Matrial" granules with (*) "residual' bodies with
o distinctive composition, ' high catecholamine .
Type A,B,C -and D. content, Type C granules.
(6) many-0.2-0.4 ugranules (@) absent
Transverse  (*) absent o ’ (*) abundant
Tubular (x) very few . (x) abundant
System (8) none in comparison to - (9) aﬁﬂndant
: that seen in ventricle N
o \
Sarcoplasmic  (*) well developed and (*) well developed and
Reticulum , abundant ' ' abundant
(8) not as well organized (x) more organized
Intercellular (*) intercalated discs (I.D.) (*) 1.D. oriented with
o mainly oriented horizontal specialized areas per-

to the long axis of the pendicular to long axis.
cell forming side—to-side}‘ (x) I.D. not often oblique to
.. connections. . myofilament axis.
(x) 1.D. often oblique to
myofilament axis
(8) more loosely arranged
‘and less regularly
oriented cells

Major Sources: McNutt and Fawcett, 1969; Fawcett and McNutt, 1969; Hibbs
and Ferrans, 1969; Legato, 1973; Forssmann and Girardier,
1970; Berger .and Rona, 1971.

(6) less loosely arranged
cells
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1969; McNutt and Fawcett 1969) where no deflnlte myoflbrlls could ee
seen, only.a homogeneoui‘mass ef f11aments. The dark Z bands which Bound
~ the saréomere are the noints of attachment of thin actin filaments. These
aerin filamenrs, at either end of the sarcomere, slide roward each athgr
as crossLlinkages are sequentially made and broken with the m&osin fila-
ments (Huxley and Tayfor,-lQSS). The so-called regulatory'proteins;
troponin and tropomyosin, under the influence ef availab%s'ealcium appear
cruciai in initiating and/or inhibiting the actin-myosin interaction
(Ebashl and Endo, 1968)

Mltochondrla are profuse in cardlac muscle fibers occupying
an estimated 36% of rat ventricular flbers (Page and McCalllster ,»1973),

- 39% of rabbit ventricular fibers and 28% of rabbit atrial fibers (Pratt,

'1967): Sltuated between the flbrlls, mltochondrla assume a great
 variety of shapes and‘sizes For the most part, they are randomly
oriented, 2-Sn in’ length and cyllndrlcal However, some may have both

lateral and long1tudinal pr01ect10ns and lobes (Fawcett and McNutt, 1969;.
MeNutt-and Fawcetr, 1969). In the ventr;cle ef mouse heart, mito-
chondria were'founa to be 1.65 timesiiarger_than in‘atrium (Herbener,
.1966).
The sarcolemma of the ventricular cells gives rise to hoilow,

branching invaginations ca11e8~transver5e tubules, or collectively the
'T-system. . There is a virtual absenee of T-tubules in atrial cardiocytes
(Sommer et al., 1972; Hrbbs ana Ferrans, 1969; McNutt Zhd Fawcett,

1969). Consequently, the typicai skeletal anu ventricular muscle

triad arrangement of one T- tubule surrounded by 2 cisternae of the S.R.

is very rarely seen in atrial muscle. In ventrlcular cells, the T-

5



system communicates openly with the extracellular space and generally
‘the tubules range from 1500-2000 X in diameter, a size considerably

larger than in skeletal muscle (McNutt and Fawcett, 1969). From the

AT

lateral cisternae of fhe S.R., tubules branch to éncomﬁags the'myo—
fibrils totﬁlly. The S.R. tubules do not appear to Be continuous

with the T-system but are continuoutis with other tubules,.viz., the’
longitudinal tubules (L-tubules). Z-tubules have been described in
atrial and some ventricularlfibers‘and fegulariy occur in regigter
with.tﬁé Z-lines. In rat left ventricular fibers, the fraction of
cell volume écéupied by T-system and S.R. is approximately 5% (Page

and McCallister, 1973). Table 3 summarizes.morphologic units of

myocardial fibers relevant to contraction and suggests the major
physiological actions during muscle activity.

2. Granules in Cardiac Muscle Cells.

.

Besides lack of a T-system, atriél cells have a prominent
quantity of granules. Histocﬁemical investigation and electron micro- - v
scopy (E.M.]‘ﬁf mammalién_myocardial granules as xe;_do ‘not provide
a base on which to conclude function. After density“gradient centrir
fugétion and E.M., Susa-Lucero (1969) isolated fractions of granules
for biochemical analyses without a loss of ultrastructural detail.
~ Presencé of norepiﬁephrine and epinephrine was determined by
relative fluorescence of these.compounds.in preparations of granules.
In rat atria, the results furnished an indication of a norepinephrine-

binding protein in association with a specific granﬁ{ar layer, while-
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TABLE 3

Structure - Function Relationship of  Myocardial Fibers

Structural ' ' :

' Component ‘Function Mechanism
Sarcolemma Excitation Depolarizing impulse

generated

Transverse tubular -
system . Excitation . Transmission of depolarizing
impulse into fiber

-

Lateral cisternae of )
sarcoplasmic reticulum E-C Coupling Storage, release of calcium

Myofilaments ) , Contraction Actin-myosin interaction
‘ : in presence of calcium

Tubules of sarcoplasmic :
reticulum E-C Uncoupling Removal of calcium from
- myofilament space

Mitochondria Energy liberat- :
' ion, E-C un- Oxidative phosphorylation,
coupling Calcium uptake

Major sources: Langer, 1973; Legato, 1973; Dhalla,et al,1970;Johnson
and Lieberman, 1971.
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this was absent in ventricle. On the ofher_hand, work by Hibbs and
Ferrans (1969), Jamieson and Palade (1964), and Bold and Bencosme
(19723 suggestsnthat the specific grénuleé do not constitute a storage -
site for catecholamines. No degranulation occﬁrred after 1 mg/kg re-
serpine administration. However, there waé a significant increase iﬁ
granule number after large doses of norepinephrine and a reduction after
atroﬁine. Bencosme and Berger (1971) point out that many qf the in-
vestigations have not specified size and type of granule studied aside
from relating fhem to catecholamine distribution.

To date, thgn, it is known‘that a substantial proportion ﬁf
mammalian atrial cells contain granules, whereas ventricular cells

hold very few. Various types of granules have been distinguished by

size as A, B; C and D.  Types A, Bianq D reside.abundantly and ex-
clusively in atrial cells, with type C common in both atrial and
ventriculai cells (Bérger and Rona, 1971). Functionally, these membrane-
bound, circular or elongated 0.2 -2 Hdiameter grandles.are stiil being
explored.

3. Distribution of Various Compounds in the Myocardium.

Sﬁectrofluorometric analysis and fluorescence histochemistry !
have been utilized in determining the catecholamine content of various

“regions of the maﬁmalian heart in many 1ab9rato}y animals. ‘There 1is

widespread agreement that the atria have a higher concentration of //
norepinephrine than ventricles and géner@lf} higher content in the )//

right than in the left side of the heart (Angelakos, 1969) . Variation
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in norepinephrine concentration roughly follows the density of cate-
cholamine.— containing nerve fibers.

The distribution of one of the other neural elements, acetyl-
choline (ACh} and two enzymes (cholinesterase and cholinacetfiéée)

1nvolved in its metabollsm has been evaluated in hearts of several

species (Vlk and Tucek, 1?65 - see Table 4). Spec1f1ca11y, ACh was

oo
b3

highef in A than V while the cholinesterase and cholinacetylase was
higher in the right than in the left atria. Coétent and metabolism
.of ACh wés great in atr;a possibly because:

a. larger numbers of cholinergic nerve endings

b. substantially more ACh per unit of nerve gndings, or

c, more exqraneurallstorage sites
James and Spence (1966) localized large amounts of esterase inlthek
human heart conduction.system, less in theAright atrium and none in
lthe ventricle.

| Lower levels of oxidétive.enzymes, such as succinic dehy-

'drogenase have been reported in atrial cells but most other compounds
are distinctly more concentrated in the atrlum than in cells of the
ventriclé (Table 4). The fact that mitochondrial size may be smaller
in ﬁtrium'coulé account for the enzymatic diffefence.

4. Extrécellular Space

It was noted that collagen was higher in atrial cells than
in ventricle(Table 4)Yand further consideration of the extracellular

space contents may”be useful. Estimation of tissue space by inulin
-
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or sucrose revealed that ventricular tissuefgpaées were-ve;y much
smaller than auricular tissue spaces (Barclay et al., 1960j. "In
contrast, an E.M. study of rat myocardial tissue space by Melax

and Léeson (1972) indicated no noticeabfé\gifference in the contents

or extent of spaces between atrial and ventricular fibers. . Unit )

fibrils of collagen, but no elastin, were embedded in the amorphous

extracellular material.

C. - MECHANICS OF CONTRACTION

Cardiac muscle as well as other typesrdf muscle tissue
develop active tension to An amount which is a function of length priér
to the Qnset of cont;actioﬁ. The tension generated at several lengths
describes the fam111ar length-tension curve of 1solated muscles and is
‘manifested as the Frank-Starling mechanism of the intact heart.

Another feature of heart muscle is its ab111ty to alter the MT or-

dT/dt at any initial mgscle length. This has been termed '‘contractility
changé“ and may be induced by inotropic intérupntions such as increase

in frequenéy of stimulation or norepinephrine. The meagurement of
cardiac inotropic state éeparated from ;ﬁe influence of muscle length
(preload and/or afterload change) Has been a major endeavour by méﬁy
recent authors and will not be discussed in detail here.

1. Muscle Models

Most investigators 1n the f1e1d of muscle mechanics operate
within the framework of the three component muscle model of Hill

(1938). In this model the cbntractile element (CE) shortens dpring



isometric contractions and stretches the series elastic element (SE)
while the parallel elastic element (PE) supports resting tengion.

In additioﬁ, viscous elements hafe been included. in many conceptual
models of muscle and are evidenced ﬂy a phenomenon such as stress
relaxation which has been aqpredited to viscous elements in the PE
{Alexander, 1962; Little and Wead, 1971). The dT/dt derived from
isometric contractions reflects the velécity of the CE provided that
the modulus of elasticity of the SE remains unchénged:_ .dT/dt =
(dL/dtCE) x (dT/dLSE)}. Two variations in arréngement of these basic
components of. the model have been described: 5) the Maxwell model
_where tﬁe SE is attached ih series\to the CE, both of which are
parallel with fhe PE, and b) the Voigt model where the SE is attached
in'series to both the CE and.PE. The assuﬁption; necessary in using
thege paiticular models havg bgen criticized by Pollack (1970).and at
least partially rebuf;ed by Sonnenblick (1970); a recent review of
these-arguments is presented by ﬁoss and Sobgl (1972). One requirement
suggeéted by Pollack was that force in the muscle must be corrected

foi transfer dﬁ preload from the PE to the CE if the Voigt model was
'agéuqu, but thﬁs is not so with the Maxwell model since PE length.
remains constant and the SE is presumed not altered by resting 1eﬁgth.1_
Singgfthis_diésg;ggtion.is not desigﬁedjég be a study in ﬁuscle
modeling, suffice it to say that no model has thus far-been universally

valid but the Maxwell model seems to have been most successful and

will be the assumed model in this study.
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2. Length-Tension Relationship

The length-tension relationship is a basic property of
muscle, It can be demonstrated by 1ncrea51ng the/muscle length prior

to contraction and observ1ng the increase in force developed in’ the

~
" subsequent contraction. . There is a critical 1ength beyond which
developed force will decrease. As the muscle is stretched there is

an increasing amount of passive tension produoed. The relation of
length to passire tension appears to be exponential at first, then
becoming linear as length is. further increased (Brady, 1967; Grimm et
al., 1970). | I -
There is relatively high passive (restingj tension at 1engthsf.
where MI is. developed in cardiac muscle as compared to pa551ve ‘tension
near zero at optimal length in skeletal muscle. Cardiac muscle
apparently produces resting tension‘ell along the ascending part of
the length~tension curve. Therefore, the total tension is a com-
bination of active and passive'tension_(Griﬁm and Whitehorn, 1968).
To achieve as 1itt1e.RT ae possible, many cardiac muscle studies used
very low preloads; however one criticism is that these ehorter muscle
lengths may be outside the normal phyeiological range. The high
resting tension in cardiac muscle has been attributed'to the hrgh
content of collageo. However, the sarcolemma and intracellular -
elements have also been Postulatedfes.sites for residence of restiﬁg

tension. .

‘It will be of interest to compare A and V length-tension
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‘curves since A curves have not been reported.

a

.3. SE Component

Although measurements of the gtress—strain of the SElpf
skeletal muséle and heart papiilary mpséle have been made, atrial SE
c;ﬁﬁliance has not been quantifgna. The assumption; necessary in
normalizing pg? cross—sgctiqnal area remain argumentative in atria..
Assuming a situation.where a muscle has ho SE component the peak

force defeloPed'by the muscle would tﬁeorgticéily be instantaneous.

. ‘Therefore functionally the SE may act as a safety device or buffer.
_.Thecconsequences-of'an éd&éd SE compliance on the twitch time course
" and rate have been_iﬂvestigated in at least 2 studies. This is an
:1mportant con51deratlon because ‘the difference in’ thtch time courge
between A and V may be at least partly attributed to a dlfferent SE
component. Hill (1951) showed that after plac1ng a compllance in
series with a frog skeletal muscle there was a delay-lﬁ,reachlng MT
as well as a smalleflT developed,  Using cat papillary muscles
P;;mley and Sonnenblick (1970) added springs with varYing compliance
'in series with the muscles. Both dT/dt and MT were reduced in*pra;
portion. to the compliance and thg T™MT was slightlylgrolonged. Hill
n(1950)<esta$1ished a technique for measuring the characteristics of
the SE by quickly releasing a muscle to zero force from peak isometric
teténus. Thereby, a tension—exténsion curve of thé‘SE'in’frog

skeletal muscle was obtained by plotting the change in length against

the change in force during the release. The values for compliance
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(mm/g)&or.stiffness (g/mmi may.thus.bg caléulatéd.

One wgy.to‘compgfe fhe SE of different muscles is to compare
the change injiehgth ﬁas a % of L max) which is necessary to reduce
the tension to zero from MT. iTﬁis ﬁeasp;es‘the amount of stretch
produced in the SE as. the muscle develops MT.  Values between 1 and
10% have #éen-qalculated for frog skeletaljmusclés with ﬁhe lower
range, 1-3%, calculated_after-;aking into éccounf‘the stray Compliénce
of the.equipﬁent{ etc. E Eér Qéntriphlgr.cardia; muscle the SE com-
© pliance ranged erm'ﬁ% (Abbptt and ﬁbﬁﬁaerts,ilgsg)_to 10% (Sonnenblick,
1962) and S% (Parmley aﬁd Sqnﬁénbli;k, 1967). During early experiments
- designed to measure -the SE, a great ééal of the complianée was -
actually in fhg recording aPP;ratus, tendons ," knots, etc. /

Recently, a new concept of the éE gnd its location Has been
‘submitted by Huxléy and Simmons (1970, 1971). A "spot follower"
device allowed continuous measure éf the length of a middle segment of
~ a muscle fiber and a 1 msec rélease tiﬁe alloweq-improved time resolution.
Results from their_experiments on frog sfriated muscle suggest that
most of the serieﬁ compliance lies in the cross—briégeq which generate
the relative force between thick and thin filaments. }t'is'assuméd
that there is an elasticity associated with each crossbridgé. Rotation
of'the mydsin crossbridgé "head" with suécessive atfachmept to the
actin filament generates a tension which is transmitted through the

elastic element of the crossbridge to the‘myosin filament., With

this postulated mechanism, tensionis generated with no filament
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sliding; however sliding of the filaments would occur during isotonic
contraétion,

4. Isotonic Contraction

The need .to correct for the SE compenent is lafgely eliminated

in an isotonic contraction (Wilkie, 1956) where‘the'length of the SE -
remains constant as the load is lifted. At this time the shortening
velocity of the CE equals ﬁhe\velocity of muscle shortening. In the

ventricular cardiac muscle the velocity of CE has been directly

measured in isotonically contractihéhpapillaryfmuscleS'(Ullrick, 1964;
= F .

———

Henderson et al., 1969; Noble et al., 1969).' At present, the vglocity

of the CE has not been measured.in the isolated atrial muscle of the
rat and there is ﬁo reported analysis of relationships betwéen length
(1),-its rate of—change~(dL/dtJ and.tiie course of these events.

The daga_which-have been derived in cat papillary m#scle
(Brutsaert and Sonnenblick, 1971) indicate that the time iﬁterval
from s;imulation'tq peak dL/dt in isotonic contractions is a linear
funétion of the load. Théuextrapolated intercept of peak dL/dt on
the time axis épproximates the first instance at which the maximum.
veldcitylof the CE (Vmax)} is attained at zero load. The ratio of.
this time to Vmax in isotonic contraction to the time to maximum
tension in thé isometric twitch is 19% to 21%, and,isﬂnqépehﬂéntlbf
inotropic‘interventions. Studies to‘determine this extrapolated”

time to peak shortening velocity of the CE in rat atrium and ventricle

<™\
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may yield further insight into some chardcteristic features of these
two muscles,

5. Force-Velocity Relationship

The fundamental relationship beéﬁeén force and velocity in
skeletal muscle was elaborated by Hill (1938) and expeﬁded to'cardiac-
muscle by several workers'including Sqnnehblibk'[igsi). rIn heart
ﬁuscle this relationship, characterizing the‘CE, produces an.inverse.
curvelinear form Whether or not the curve is a true hyperbola as
described by -Hill's equatlon is still debated (Noble et al.. , 1969,

Brady, 1968).

A common method for measuring the fofce-velocify relation-

VSﬁip is by recording the velocity of isotonic:sho:tenihg under
conditions of increasing afterload. This meéhod has_Béen criticized
because the measurements are made at various timés during the
contraction cycle and .at various lengths. . HQWever, correptions for
the shortening of the CE were made (Brutsae;t aﬁa Soﬁnenblipk, 1969)
and subsequently a true hyperbolic curve was dlaimed. |

| A second method, quick-release during isometric contraction,
ailows generation of families: of force- -velocity curves at a constant

time durlng the contractlon as well as at constan CE length. - There

are also divergent results with this method.

In the intact heart a technxque incorporating a logarlthmmt

- ".'

amplifier has recently been used to 'measure the forc —veloc1ty
relationship. - Spec1f1cally, it was shown ‘that the ratio of the rate

of rise of ventrlcular pressure (dP/dt) to the simulta eous ventricular

B | ¢
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pressure (P) approx1mates the contractlle element veloc1ty (Vece) with
'acceptance of certaln assumptlons whlch are critical when deallng w1th

€

the intact heart. | (Hugenholtz et al., 1970). Plots of this ratio
(dP/dt)P_l on the ordinate versus P on the-atscissa gave an’equivalent
of the force-velocity relation as'seen iﬁ isolated muscle. It will
be interesting; therefore, to eompare not only the (dT/dtJT_l versus
time for atrial and ventribqlar contractions of isolated stripsfbut

to at least qualitatively observe the force-velocity;plots from these

isometric contractions. o ‘ \
6. Ionic Changes and Duration of the”Contraction

As the lnxen51ty of the active state is reflected by the

dT/dt, the duratlon of the actlve state is directly proportiponal to the

e — TMT of cardiac muscle (Bucc1no et al., 1967} . The duration of the

active state is believed to be determined by the time period during
which the Ca 2+ level 1nnthe my0plasm is sufficient to maintain the
reépectite binding sites of troponin saturated with Cazf (Brady, 1968).

Thus any factor whlch would- delay the sequestratlon of C32+ from the
.
,myoplasm should prolong sthe duration of contractlon and vice versa.

“Indeed the duration of contractlon 1n the _isolated myocardlum may

be altéred by external interventions. For 1nstance cateécholamines
sherten its duration while some ionic changes in the external mediunm,
3P

such as the addition of Srzt (Buccino, et al., 1967) or combination

of high Na* with ilow Kf faﬁbur its proldngation Alkaloids such as

'caffelne or ryanodine also alter the duration of contractlon The

former compound liberates Ca _and the latter initiates the removal

.
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of Ca2+ from skeletal muscle (Hajdu, 1970) as well as prolongs tﬁe
‘latent period and the initial part of tension development inlthe'
.ventoicular muscle. (Penefsky and Kahn, 1970). Thus if the
"différence in dufation of conttaction between the atria and the
'ﬁentricles could be reduced or completely‘abolished by one of these‘

external interventions, certain mechanisﬁs uoderlying the.regional
..dlfferences may be revealed

D. ISOLATED CONTRACTILE SYSTEMS

737
1. Chemically "Sklnned" Myocardial Fibers

By careful dlSSECthH of the sarcolemma the interior of
skeletal muscle fibers can be dlrectly exposed (Natorl 1954, 19557
_'Hellam and Podolsky, 1969). These "skinned" muscle fibers have been
used extensively to study the response of the contractile apparetus |
to control%ed changes io the composition of bathing fluid. In heaof
muscle the small size and diverse arrengement of the fibers forestall
such a preparation; |

% .
In 1960, Thomas observed that ethylenedlamlnetetra acetlc

1,

acid (EDTA) destroyed the selective- permeabllitv SF muéé?e fiﬁé§lﬁgﬁ5ranes,

One of his experiments involved perfusing frog heart with EDTA. There
was an increase in the‘sulfate (83504) space from 25 to 70% indicatiné-:
an ‘increase in extrecellular space. After EDTA treatment Goto and

Abe (1964) reported disappearance of contractlon and greatly prolonged
A.P. ir rabbit ventricular muscle which was assumed assoc1ated with

calcium availability., Recently, EDTA application to frog and rabbit
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cardiac fibers has resulted in a possible analogue to the skinned.
fiber (Winegrad, 1971 Fabiato and Fabiato, 1972). This chemical’
proceduré increased the sarcolemmal permeabilify but did not impair
intracellular function. After fhé‘calcium buffer system (EGTA-
CaEGTA) was added, the tension @eveloped per unit of Ca 2t con-
éentration resembled that observed in an isolated myofibril pré—
paration. kate of tension development in EDTA-treated fibers~f6110ws
a time cqurSe“ﬁhich indicates the absence of major diffusion barriers.
This method offers a valuable alternative to the glycerinated fiﬁer,
which will subsequently be deﬁcriped, with the importaﬁt exception

L
that only the surface mémbrane appears modified.

2. -Glycerinated Muscle Preparations

“a._ Short-term Glycerination . w

A great deal of néw information on excitation—cpntractidn
coupling in ﬁuscle has been generated by soaking fibers for shopt
periocds in glycercl, i.e., a mild treatment. A mild freatment

cdnsists of adding glycerol to the bath (SOOESOOmM) for up to one

hour while thé’muscle is being electrically stimulated. This technique

.was used by Yamaguchi, EE_EL., (196%), who imnersed frog sartorius
muscle in glycqrél-Ringer solution aﬁd subsequently transferred it‘
into normal Ringer. The mechanical response remained unchanged in
glycerocl-Ringer, but Qiminishéd after transf:r to normal-Ringér and
subsequently was restored with time..'This &iminution or abolition

of mechanical response and restoration with.time has been termed the
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"glycerol effect".

It should be restated that in heart Qentricle and skeletal
muscle the essential structures connecting excitation with contractien_
appeer to be the T-tubules and the sarcoplasmic reticulum. It has
been‘suggesged that this is the pathway for transmitting the action
potential ”meseage” at the surface membrane to the contractile
proteins in the'fibers (Huxley and Taylor, 1958; Legato, 1969). The .
effect produced by glycerol treatment and removalumay be the result
of.ac;ion on the T-~system. ‘

. Frog skeletal muscle contains large numbers of T-tubules.
After a glycerol-soaking and return to ﬁormal Ringer soletion; the
T-system was disrubted and almost none  of if was connected to the
ex;racellular space tEisenberg and Eisenbera, 1968; Howell, 1969).
It should be emphasized that the sarcolemma remained‘intact and the
myofilaments were normal. After T-system disruption, Gage and
Eisenberg (1967) passed depolarization curreats through the fibers and
caused action potentials which®were threshold-dependent and propagated;
however, no contraction occurred. The conclusion was that an intact
transverse tubular system was necessary fo¥ an action bete lal to
cause myofibrillar contraction. .In an experiment to dete

- -

effect of glycerol treatment on "s%kw" muscle flbers the iliofibularis

a9 (] the

from muscle was dissected into Uiast" (phasic)and "slow™ ( ton:q )
portions (Stefani and Steinbach, 1968}. After glycerol addition and
subsequent removal the tonic part responded with an action potential

but ‘with no contraction. In the non-tonic burdles membr;ie excitation




40

_was not "uncoupled” from contraction and a normal twitch resulted
when stimulaiion was applied. If one assumes ihat the T-tubules
were destroxed, then these results suggest that the_T-sygtem does
not play a'significant part in the initiation 'of exciiation:contraction
o (N ¢ '

coupling in frog slow muscle fibers!'d

Cardiac‘mﬁscléQappears more resistant to the effects of hyﬁer~
tonic glycerol. After treatment of‘sheep and rat cardiac fibers with
a glycerol-electrolyte solution, (400 and 1000 mM) contractility never
diséppeared and action potentials were not influenéed. The T-system

appeared intact during glycerol treatment and even after return to

normal tyrode solution (Niemeyer and Forssmann, 1971). This unique

insensitivity of -cardiac fibers was attributed to two mprphological
properties:
gﬁ) the T-system membrane in heart is coated with a ZOOR
thick basement membrane, which i% absent iﬁ skeletal
i muscles.
(2) T-tubules are much larger diamster in heart muscle
than in skeletal muscle.
In contrast, éiperiments on rabbit atria (Schmidt et al., 1972) showed -
ultr;strgctural chﬁnges such as swelling and disruption of the sar-
cotubular system and mitochéndria coincident(with contractile changes
”following glyceroi treatment. Furthermore, similar observations were

made by Porter-Sanders et al., (1969} using rabbit heart atria;

however, ventricular muscle did not show the "glycerol effect" or
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uncoupling of excitation from contraction.

| Guinea pig atria and papillary muscles were compared following
treatment with hypertonic glycerol (400 mM) for 2 hours {Strossberg

et al., 1972}. Return to the normal solutioﬁ resulted in temporar;
loss of contractile respoﬁse in atrial mascle but not in papillary
muscle. No significant ultrastructural alterations were produced in
papillary muscles. The electrical-mechanical uncoupling in atria

can not be attributed to T-system disruption as in skeletal muscle

because no T-tubules are present in atria.

b. Long-Term Glycerination

" Glycerinated muscle fibers have been widely used in studying
muscle contraction since Szent- -Gyorgyi (1949) first developed the

R

technlque The isclated muscle fibers are treated with glycerol at a
cold temperature in order to dlsrupt the membranes and thus ‘render
the organized contractile system of actin aﬁ@ myosin permeable to
divalent catioﬁs, large anions and ATP. 'Many variations of this-prq:
¢edure have been usedr;;th on skeletal musclé (Nanninga and Kempen, '
1971; Ruegg, 1971; Wise et al., 19713 énd he&;t muscle. Refer td

Table § for a composite summary of methods used in glycerinating

heart-muscle. No study with glyceriﬁated‘atria was reporﬁed.

: o ‘
Rigorous treatment of muscle fibers with glycerol cdusés the

: . .

destruction of muscle membranes and release of glycolytic enzymes
thereby exposing the intact contractile proteins. An example of this
treatment was described by Taeschler and Bing (1953) who %reated dog

heart ventricular strips'with 50% glycerol for 3 days at OOC,'and
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then for 10 to l4zfays at -20°C . Electrical stimulation failed to

excite these glycédrinated fib however tension was developed
(contracture) by a solution of at proper electrolyte concentra-
tio e Ih dog ventricular strips, ATP concentrations between 1 x

107 M\hnd 5x10 4M were about equally effective in generatlng

similar degrees of ten51on (Briggs, 1958}, Properties of theset
glycerineted myocatdial fibers were quite analogous to the g1¥:;}$nat d
skeletal fibers and very useful in studying the chemomechanlcal pro-
cess separated from the remalnder of the cell.

E. ATP HYDROLYSIS BY CONTRACTILE PROTEINS

One of the conclusions from the work of Hill (1538, 1964) on

skeletal muscle was that the rate of heat release from muscle was
a function of the veloc1ty of contraction. In 1939 Engelhart and
Ljubimova showed that the mainﬂstructural protein of muscle was
also an ATPase. Therefore, 1t was postulated that the ATPase act1v1ty
- of the contractlle proteins may be an. index of energy release. Since
these experiments, a great number of studies have shown thet the
ATPase activity is directly related to contraction veloc1ty not only
in skeletal muscle from dlfferent species (Barany et al. -1965} and
Barany, 1967) but also in smooth ané_cardiac muscle. For a summary
of studies on cerdiac muscle, see Table 6, where ATPase activities
ere measured using preparations of myofibrils, actomyosin or myosih.
Mechanical properties of "fast' and "slow" skeletel ﬁuscles

differ as reflected by their maximal velocity of shortening (Vmax® which

L2 "3

< N
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is less in "slow" than in "fast? muscles (Close, 1971). It has been

shown that low molecular weight fragments isolated from myosin, after

treatment with a variety of structure - disrupting agents, also differ

.when prepared from "slow” and "fast'" skeletal myosins (Locker and

Hagyard 1968); Furthermoxe, the characteristics of myosin light
fragments may determlne the leVel of myosin ATPase activity and thus
the Vmax (Stracher et al., 1972). ]

Mammalian heart has many characteristics of a "slow" muscle,

i.e., low shortening velocity and ATPase activity (Kleid‘et al., 1972).

additjon, light fragments from cardiac myosin are similar to those

of ''slow scle. These studies refer to ventricular cardiac muscle

-
—

and no study has ever reported the characteristics of myosin from
atria or its ATPase activities. Furthermore, there has been no
measurement of myofibrillar or actomyosin-ATPase from atrial muscle.

-

Since’atfial contraction velocity is several times faster than the

-ventricle, the ATPase activities .may be correspondingly higher..

In fetrd%pect,-information is qhite convincing'that the-myosin
molecule is associated'ﬁith varying ATPase-activity However other

0

molecular 1nteract10ns, such as actln blndlng by my051n may also

-determlne the final mechanlcal event. In order to take advantage of

" -a higher level of structural’ organlzatlon ATPase act1v1ty w111 be

compared in myofibrillar preparations from atr1a1 and ventrlcular

myocardium.
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ITI. MATERIALS AND METHODS

A. ANIMALS AND BASIC MATERIALS =~  ° Ny {
';The experimental animals were 300-400 g male SprgguevDawley rats
- . ' '
(Biobreeding, Ottawa), and rabbits, guinea pigs, dogs and cats from

stock. All animals were sacrified by/a blow on the head{ except cats

"gand dogs which-were anesthetized with Nembutal (i.p. 35mg/kg) .Strips of

lé?t atria and posterior left ventricular paplllary muscles of rat and
various trabecular muscles from hearts of larger afiimals were rapidly

ex01sed These strips of atrla and ventricles were trlmmed to v1sually ;

=

Y

similar widths and lengths, A modified Kiebs Rlnger bicarbonate
solution (concentratlons in mM NaC1 117.4; NaHCO3 2570; NaH2P04.1.2;
MgS04 1.2; KC1 3.s6; CaCl2 2.5; glucose ll.l)‘was.used fof all ex-
Periments, unless otherwise stated. .The pﬁ waslmainpained near 7.4 byff

bubbling with 95% 0,, 5% CO,. Temperature was controlled (+.0.25°C) by

]
‘
i

alfhermostat (Radiometer, Copenhagen) which circulated water through-
a jacket surrounding the bath solution.

All reagents were "Fisher Certified" ori”BakerAAnalyzed", wifh
the following exceptions: Norepinephrine (Levarterenol bitartrafé—

Winthrop) ; Isoproterenol-HC1 (Winthrop); Reserpine (Serpa51l Clba),

'Propranolol HCl (Inderal-Ayerst); Creatine phosphokinase (Slgma),

Creatine phosphate (Sigma); Adenosine Sidlphosphate. dlsodlum (Sigma);

Calcium-free Adenosine S'trlphosphate disodium’ (Slgma) Deoxychollc

acid (Schwarz- -Mann); Bovine albumin (Fraction V - Baker). ALY chemicals

were dissolved in glass distilled water.

N
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[

B. ISOMETRIC CONTRACTIONS

1. Normal Myocardium

Atrfél strips and pﬁpillafy muscles or trabeculae from atria
and ventricles of lérgerlanimals wefe attached to &u;licate muscle
Istangs and the experiments procééded simultaneously on both atrial
- and ventricular muscles. The upper end of each muscle was attached
to a lucite clip éonnected to a rigid rod of a Statham force
transducer (Gl 1.5-300). This strain gauge was.ﬁolted to an arm of
a muscle stand (Balmer, England) and an a?justment screw controlled
muscle length (Figure 5 ). Length (mm) was measured with a micrémeter'
(Sfarrett, Mass., U.S.A.) attached in é fixed position rglative to
£hé adjustable arm of the Palmer sfand. The lower muscle end was held
by another lucite clip connected to é stationary L-shaped bar. The
huscle; secured by the clips, was suspended in é modified Ringer
'solution. Two platinum plafé electrodes (2.2 x 0.8cm) were aréanged
verticaliy oﬁ either side of the muscle and delivered square wave.
pulses, Smsec in duration, 10-20% above threshold voltage and usually
at a rate of 6/min.

‘ The output from the transducer was amplified in 2 successive
stages (Lexington A-101 and Grass driver amplifier) or electronically
differentiated P?ior to second stage amplification (Lexington A—k%;).
Subsequently, these processed signals‘were recorded on tape (Hewlett-
Packard 3960 FM tape récorderj and/or osgillogc0pe (Téktronix 564B

with C-21 camera) in'addition to a continuous record on a polygraph
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“

(Grass 7P)

2. Myocardium Treated With EDTA.

All exper1ment§ utlllzed the previously described apparatus with

incorporation_of the-follewing additional scheme.

At the stert of the experimenb all muscles were equilibrated in |
normal Krébs—Ringer bicarbonate solutioﬁ 1A (See Table'ﬁ for'com-
-position) at 28° C for one hour while being stimulated at a rate of
6/min,. After such stablllzatlon at a set preload solutlon 1B, con-
taining no belcium, replaced‘solutlon‘IA for a 15 minute presoak
beriod-durréé which the electrical stimulation was;discontinued. The
dlsruptlon solution II was, then utilized for one hour after which
contractures were elicited by solution III. (Table 7) The modified Krebs

. Rlnger blcarbonate solutions were adjusted to a pH of 7.4 by bubbling

as mentloned prev1ously. The disruption and contracture solutlons
" were adjusted to pH of 7.0 with KOH before use.
AIl solution changes were accomplished with suction and required

10-15 seconds for a complete replacement. Prelpeds were selected W

: o i .
from 0.25-2.0g and an arbitrary preload was chosen for each experiment

=

and held constant by muscle length adjustment. The preload, before
and after bath change, remained constant and waSwnot affected by any
!

physical maneuvers of the procedure.

3. Vce Derived From Isometrlc Contractions Incorporatlng Log

Amplifier

The output from the force transducer (Statham Model UC-2), after



DE -

;
TABLE 7.

Composition of Solution Used prior to and during

Contracture Development in EDTA Treatment Experiments

- BATH SOLUTIONS

- : -MODIFIEDLRINGER DISRUPTION 'CONTIII?IACTURE
- A . B
. NaCl 1174 | 1174 X - X
NaHCO3 25 25 X X
NaH2P04 1.2 1.2 X X
Glucose 5.9 5.5 X X "
oo | MeSOy L2 1.2 X 1.2 ‘
KCI - 36 3.6 140 140
CaCly - | 25 X X 2.5
EDTA X | X 3 X
TRIS Buffer| - X | X 10 10
NagATP X X 5 5
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gmplificafion (Lexington Alﬂl); was fed into both thelldgarithmic
amplifier (#41161 Burr-Brown) and the differentiator (Lexington Aalil)
- (Figure 6). The log amplifief‘output was phen‘el@ctronically‘differ-
entiated (Lexingtoﬁ A-111). The primary force and the outputs frqm-

: the'differepfiators and log ampiifier were recorded as shown. Since

a readout of dT/dt/T was desired, the electronic circuitry Qas based

on differential calculus (Grossman, et al., 1971), where

(d/dy) Inx = (dx/dy)xfl; Substitutihg for.y = time (t) and x = tension (T},

. _ -1 . dT/dt CE

thren (d/dt) InT = (dT/dt)T - f'urf:hermore dL/dt CE = HT?H-L—S—E (1)
v ' : : ‘ :

and also dT/dL = KT + C (2%4'Iherefore substituting (2) into (1) -
and asshming € to be small K constant then dL/dt CE = dT4dt.

C. ISOTONIC AFTERLOADED CONTRACTIONS

This apparatus is similar to that described pre;iously by
- Parmley and Sonnenblick (1967).

Uppef ané lower ends of the muscle were held by lucite clips
"welded to the ends of stainless steel wires (Figure 7): The lowe;
wire was attached to the force transducer (Statham UC-2) éfter passing
through a mercury-sealed opening in the bottom of the bath, while the
upper wire was connected to one end of the iso;onic léver. This
" isotgnic lever (ratiozqf i?:l) was shaped from magnesium to obtain
maximun stiffness with as little mass as possible and thereby obtain’
small iﬁertia.' Also, to produce further damping, preloads and after-

loads were added to a weight pan suspended from the lever by a rubber

the lever generated output from a Harvard rotary

band. Movement of
S

‘motion transducer\(#2044). E;ectronip‘differehtiation {(Lexington
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\
. -
A-111) of the ampllfled (Lex1ngton A-101) output signals from both
.force and length transducers measured the rates of change in these
parameters. Static compliance of the system with the clips attached
to a pieoe of solid plastic-was 2u/g.
Micrometer stops (A and B in Figore 7)) Wete placed above‘the
lever at each end. During isotonic shortening micrometer B was ad-
justed to just touch the lever and micrometer A was disengaged, Thle

prevented further lengthen1ng of the muscle when afterloads were added

This apparatus was also used for quick-release experiments by :

incorporating an electrlc valve (Sklnner Conn., U.S.A.) whichi on

command directed a jef of air onto a plate attached to the lever which:

forced the lever against micrometer stop B. At arbitrarily selected
preloads and afterloads’ the muscle was stimulated (Grass S-88); however,
it was initially prevented from shortening by the air jet. At the

time of maximum tension, air flow was stopped by the valve which was
controlled by a second stimulator (Grass S-88). This allowed muscle
shortening with rapid lever movement:and drop in tension. All‘
transducer outputs were processed and recorded with instruments pre-
viously mentioned (Figure g ).

'D. GLYCERINATED MYOCARDIUM

1. Isometric Contraction

Glycerol extraction of atrial trabeculae and papillary muscles
was based on the method of glycerination of skeletal muscles developed

¢ by Szent- -Gyorgyi (1949). Fibers were dissected to a diameter of 500-
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[y

1500u and immersed_in 50% aqueous glycerin (0—206) containing

 SmM NaH, P04, pH 7.0. Muéélef were held by needles at 'resting

length" on cork plates to avoid curling; some were not "pinned" as a
comparison. After 4 hours the muscles were placed in fresh cxtréction
flu%d'and store& at -18°C for at least 2 wegks before use.

| After the extraction period, fiber bundies were carefully
trimmed to widfhs érbitrarily selected{between 100 and 700 u diameter
using aVZeiss difsecting microéc0p§ at 40 X magnf%ication. Since
 cross-section of the fiber bundle preseﬁts an irregular circumference,
sametimes elliptical or'rectangulﬁf, measurement was made of the
smallest diameter seen after-roéating the fiber bundle one turn on
‘its longitudinal éxié.

After changing tﬁe fibers from a 50% glycérol ext;actiqn so-
lution to 25% then to .10% glycerol, they were secured for isometric
tension measurg;ent on a modified Ran{ey—type myogréph (1953).. This
consisted of a vertically-mounted Statham Gl strain gauge transducer
to which a stainless étéel rod and clip were attached; a second clip
held the' fiber bundlé'at'its lower end. The bathing solution (Smi
each), sﬂrrqynding the muscle,rwere rapidly exchanged via a Syringe‘

attached to a_polye#hylene tubing which passed to the bottom of the

! 0
rature was maintained at 26.°C in a glass water

muscle bath. Tempe
jacket surrounding the muscle fiber bath. The recording apparatus was
similar to that previously used (see Section Bl.)

After attaching the muscle, a 25mg preload was added by ad-
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‘justing muscle length. During this preload equilibration period,
the muscles were immersed. for 5 minutes in a SmM EDTA-EGTA mixture
(Wash No. 1, Table g§ in an.attempt to reduce the magnesium and calcium
to very low values. Another 5 minufes were allotted to Wash No. 2
in order to eliminate the excess EGTA and EDTA. Next, the fibers were
stimulate& to develop tension by the contracture solution (Table 8)
which contained: 10mM ATP, 10mM MgCl, and 6 x 10°°M calcium. The
’concentrafion of free calcium was calculated using th§ apparent -
association constant of the Ca-EGTA complex as 5 x 596 at pH 7.0
(Ruegg, 1971). Certain assumptios® and chemical equations were€ used in

the calculation of free calcium as,a function of pH and EGTA con-

centrafion:

Where K =.dissociatiéﬁ constant and %—: association qr binding
constant,

(E6TA)Y (ca)?* -k (EGTA-Ca)z"

(ca)?*. K (EGTA-Ca)z’/(EGTA)4'
(EGTA)4-

pCa = pK+ log 2.
(EGTA-Ca)

‘After accounting for competing effects of Mg24' by formation of

MgEGTAZ?;
at pH 7.0 - K=2x107’ Nanninga and Kempen, 1971
pK = 6.70 |
at pH 6.0 K=1.9x10"

4.72

)
-
1]
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Table 8

Composition of Solutions Used prior to, during and after
, :

Contracture Development. in Long-Term Glycerination Experiments.

BATH SOLUTIONS—GLYCERINATED MYOFIBERS
mM/L | WASH NO.1|wASH NO .2|CONTRACTURE|RELAXATION
Kcl w00 | 100 100 100
NaH PO, 20 20 20 20
NaNj 10 10 10 10
MgCl, X X 10 10
Nay ATP X X 10 10
EDTA 5 X x X
EGTA 5 X x © 0
CoEGTA X X 10 X

Concentration of solutions in mM/};

(x) = not present

“
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2+

-Hoﬁever, in an equimolar solution of Mg , ATP and EGTA, it has been

. . 2 ] ) 3 BN
stated that nearly all Mg*is bound to ATP; also at pH 7.0 MgA_’I‘P2 is
" the only stable complex. . N

2. Electron Microscopy

~

Two muscle_pairs each containing-an atrium and a papillary
qmuscle were chosenbfor'electron microscopic (E.M.) examination. The
first'pair was fixed prior to addition of contracture solution aﬁd
the second one after a 16 minute contracture.

TQe muscles were fixed for 1 hour in 4% glutaraldehyde in
phosphate buffer (pH 7.2), osmslarity 980 mosmol/Kg H,0 (Sabatini,
et al., 1963). Three samples of .each muscle were removed from dif-
ferent regions, the size of each sample beiﬂg approximately fmms.

The samples were embedded in Araldite 502 (Ladd) és desc;ibed Ey'Coulter
(1967). Sections < 4008 thick were cut_along both the longitudinal

and transverse axes éﬁ,the fiber with a glass knife on a Reichert
ultramicrotéme and mounted on carbon-coated grids. The sections were
stained with uranyl acetate (saturated in 50% methanol, pH 4.4) for
thirty minutes at room temperature, counter-stained with Reynold's

lead citr;;e (pH 12.0) for 20 minutes 4t room temperature, and examined

in a Siemens IA Elmiskop.

E. MYOFIBRILLAR ATPase

1. Normal Non-Glycerinated Myofibers

a. Pregarﬁkion: Each assay used the myofibrils of both atria

and ventricles from 2-5 male Sprague-Dawley rats (200-300g) isolated

s
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,according to the method of Perry and Grey (1956j with certain .modi-

" fications (Seagren, 1971). The tissue. was cleanéﬁ of excesé blood,

blotted dry on f11terxpaper and minced w1th SC1ssors for two mlnutes

Approx1mately 100mg of each tlssue was homogenlzed using an adJustable

speed stirrer (Flsher Stedi-Speed) w1th a ground glass mortar and

pestle. All procedures'were.carried out at tempe:atures'close'to 0°c.
The homogenate was spun for 2 minutes at 50 x gravity using a

fixed angle head in an International PR-2 centrifuge. The resultant

supernatant, after being spun for 15 minutes at 100 x gravity, gave

a double layered pellet. Thé'upper layer, light yellow in color,
contained disrupted muscle célls exposing sprays of-myofibrils and
many disconnected myofibrils as determined'by phase contrast microscopic
examination. This upper layer after resuspension in sucrese (lml/IOOmg'
tissue), underwent tpree 15 minute washings at 1000 x gravitf.ﬁsing
Vortex mixing for each resuspension. The final precipitate was
.suspended in 3ml of a buffer containing 0.177MTris, 5mM MgClz, 10_6M
CaCl2 (Murphy and‘Hasselbach, 1968), -5mM NaN3 (Fanburg, 1964: Acki, 197;)
at pH 7.40.

| b.  Assay: A‘poftion of the Tris suspension, 2.5ml., wasfi;-
cubated at 370C for S minutes. ATP was added to a final concentration
of 5mM. After 5 minutes the reaction was stopped with 1.0ml of 2:3M
PCA (Wood, 1971) and plunged into ice.

Phosphate was determined by the method of Furchgott and de

Gubareff (1956) employing a modification by Fiske and SubbaR ow (1929).
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Standards were prepared from 1mM KH2P04 and all color Teactions de-
veloped afté; addition of 2.5% ammoﬁium molybdate, ION H,504, and
. Fiske—éubbarrow reagent. Readings were taken at 660mu on a spectropho-
tometer (Bausch and Lomb, Spectronic 88). S

| Protein was determined by a modification of the Lowry method
(1951). Concentrations of the reagents were 4% NaZCOS,I4;P% NaK
tartrate, 1% CuS04 and Folin's Reagent. Readings were taken at 750mu
on a spectrophotometer EBausch and Lomb Specfronic 88).  Gregory and
Sajdera (1970) fepo;t that some buffers, e.g., Tris, prevent the
ho£mal amount of ﬁrdtein color formatioﬁ. Therefore, the myofibrils .

were ‘resuspended in 0.5N NaCH. Similarly the bovine albumin was pre-

pared in 0.5N NaOH and used as the standard.

"2, Glycerinated Myofibers
Refer‘fo previaus section El Normal Myofibers for both pre-
paration and assay‘method with the following revisioﬁ: Prior fo
mycfibril isolation,‘atrial and ventricula£ myocardial samples were
.rapidly axcised froﬁ‘the hearts, cut into small-pieces and .extracted
- in 50% glycerol for af least 30 days at -18°c.

F. STATISTICAL ANALYSIS

1. Student§ "t-test

Significant differences between the means wereﬁgalculated for
- : . -Gy .
paired and unpaired data. No statistical significancg was indicated

when the p value was less than .05.

!

1

P




2. Linear Regression o h A

This method involved least -squares. estimate of intercept
~and slope constants; also the correlation coefficients and §%andard
errors of the estimate were calculated with additional program for

comparing the slopes and slope errors between 2 sets of data. It

was used to determine K'in ‘the following equatioh: dT/dt = K(ﬁ 1 )
‘ | ‘ . o -
and to determine the timerto maximum Vce (Refer to sections IV B, "2

b and IV C, 2). o o o '

3. Orthogonal Polynomial Method

This was a procedure which fit least-square polynomials to
bivariate data. { The lowest degree polynomial (generélly 3rd or 4th)
which gave a good fit was chosen. It was used in an attempt to

approximaﬁi the length-fension curves. (Section IV B, 1b)

.{\J[
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IV. RESULTS:

A. Normalization of Developed Tension and Its Velocity

_An inherent prleem in equating mechanical characteristics
of two muscles is the choice of appropriate criteria which will allow

expreesion of unique features of each musele while stlll validly

-

:comparing'them. The quantitative comparison of T and dT/dt from

1sometr1c contractlons of A and V of the heart illustrates this type
of fundamental problem Developed tension is a product of force

generating components ‘of the muscle whlch are located between sthe

tension is among other things dependent on the number of these force-

generating sites in parallel.. Thus, the arrangement of individual

" fibers in the tissue sample under investigation will affect the

developed tension, which is usually measured across two points of the
tissue sample; one berng fixed, the other attached to the tranéducer
If all the‘fibers are- situated parallel_go the axrs formed by the

two points of attachment, then the developed tension would reflect
the force generated by the sum of the muscle fibers. Developed
tension of indiV1dua1 tlseue s ples could then be compared on the

basis of their cross-sectional lareas, which‘would reflect the number

of fibers lying in parallel. |The calculation is based on the cross-

sectional area of a cylinder where volume = . sr’h; and density of the

musde(mass ) is taken as 1.065. Therefore, the final formula
"\ volume .

7/

thick and th1n filaments of 1nd1v1dua1 sarcomeres Therefore, active.



! -
" a reasonable comparlson of these muscles. One such measqrement, the =
. r. .

~t1me from stlmulatlon to max1mum tension {TMT) is independent of -

e o e
.,

mass of muscle (mg) o ) -
becomes 1.065 X length of muscle (mm) This normalization pf T and =

o

' 7dT/dt per cross-sectional area 'is based on work by Ramsey and Street

(1940)_and Helander and Thulin (1962) and is a common practice. It

-

is a meanipgful and useful method if the following assumptions are

accepted' 1) cylindrical geometry of the muscle bundle, 2) parallel o

arrangcment of the fibers, and 3) equal number“of myofibrils per unit

" of cross-section of the flbet.

*.

Normalization by using circunference of the muscle has been

suggested. Isometric tension of glycerinated rabbit and crab muscle
was - linearly relatea-to’the circumfefence of the fiber bundle rather

than to the cross- sectional area (Stanley and Vlllafranca, 1970]

_.The un&erlylng basis suggested for -[ploylng c1rcumference was that the

% .
AC c1rc1es was dlrectly proportlonal

to the c1rcumference of the 1arger 2 rcle

The process of normallzlng values by Cross- sect10na1 area o
. L e
can be justified in. most cases for paplllary muscles but not in ven- .:

trlcular and atrial StTlpS where- the above-mentloned crlterle ‘are not “

satisf}ed. In light of thls 1nd1ce5 were sought which would allow
. ~

5

. :
Cross- Secthnal area and therefore allows a dlrect quantltatlvee--~"~~~“——____PJ_

. ’
-

»-co@gar150n of one featurk of A and Vv tWLtCh contractlons.

.u“ ; N
i -

-

s 3 - ! . N
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be seen i

The difference in TMT between A and P has been emphasized

in rat as|presented by example in the Introduction. . It remains to

x

this phenomenon may bé.presentfin other animal species

and under a variety of experimental conditions.

eriments were performed after thé€ muscles were stretched
to, and equilibrated at, equivalent points on the basic'curve of length

versus tension. .Specifically, these, points were at L max (the length

at which maximum developed tension occurred) or at175% L max.

-

1. Shapes of the Contraction Curves of A and P and the Influence

—

a) . Age of the Animal

-Evidence from microscopy indicates that rat ventricular cells
during the first 2 weeks of ‘post-natal life are very similar to atrial
cells Pf adult raf(Séhiebler and Wolff, 1966). There is no euidencé
of a T §?;£em';hdfsince this subcellular structure may be implicated

as a possible determiner of the twitch time course, a comparison of

" A and P twitch time courses in very young. animals, was suggested. -

The experimental records (Figures 8a and b) indicate‘thaf the “difference

in TMTs between A and P is .still present’in muscles removed from

L)

young post-natal rat and dog. )=

3
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Figure 8. 'Isometfiq-contractibns of A and P of young
* animals. '
(a ) -rat, 8 day old
(b.) dog, 24 hr old

Stimulation rate was S/mlnute and temperature
was 28°C. ' :

6
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b) Muscle Length

Active and'passive lenéth—teﬁsion curves fof A and P at a
stimulation rate of S/minufe and temperature 280C were generated.
Curves have been plotted after using a computer program which under-
took a least-square polynomial ahalysis of any number { <100) of
length-tension (x-y) values (Figures9 a and b) for 8 atria and 8
hapiilary muscles. -

| Aétive tensioh, as a function of leﬁgth genefated a length-
" tension curve whlch intersected the lengthjaxis between 50 and 60%

~

in P (Flgures 9 a and b). In other words, active tension approached

zero in this lengthfrange as % of L max. -In’ﬁfgﬁg’aceive tension A
crossed the length axis at 20-30% of'L ﬁaximum. hehgth increments
beyond L 'max were av01ded in experlments where the muscles were to be‘
used further. | However in certaln,exﬁerlments muscles were stretched )
to as much ae 120% I max: ¢ At 55-105% of L max there was a plateau
region followed by a sharper faiilin aetive tension as lenéfhgipcreaSed
ebohe 105% in both A and P. At L max.the festing tension constituted
25-35% of MT in P_bht 80-90% of MI in A. Beyond L max,the;festing
tension rese more sharply in.P but this sharper'infiection in'the curve
was noticed-at 76~80% L max in A. Reserpinized animals shhwed similar results.
The'ad&ition of increasing,amounts of load (by' stretching the
muscle) does not 51gn1f1cantly aiter the TMT (Flgurelo) Even pre:“a
1oads beyond those which will cause progressively greater actively |
developed tension, st111 do not 51gn1f1cant1y ‘change TMT (see /,fffS\\:

papillary muscle - Figure 10, curves numbered 4, 5).

o , P
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LENGTH-TENSION RELATIONSHIP

\

(NORMAL RAT)

' ionn O ATRIA
oPAPILLARY -
b F®MUSCLES
= -804 ’ 5
= $
3% 60+ (5] /
z »
O 40- A
7 S
z ¥ 4
m .
— 204 - .
0 " - - T Y T '
40 f60 . 80 100 120
LENGTH (% Lmax)
b. (RESERPINIZED RAT) .
4 OATRIA
! 100 A .PAPILLARY
: , MUSCLES
— 80 :
=
X 60+
Z Q
. 9 40-
w)
£
- 204
0 F iR 1 L] 1 1
‘L g 40 60 - 80 100 120
, ; .
/ LENGTH (% Lmax) p .
Ff/ “
- ’; ' I b
. Figure 9. _Leqéth—tension relationship in normal (a) and
- reserpinized (b)-rat comparing A and P. Optimal

length (L max - 100%) was the length at which
mgximal developed tension occurred (MT = 100%).
Tf&mperature was 289C. Dashed lines represent RT.

/

<
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Figure 10 .

 milliseconds

Twitch contractions of normal rat papillary
muscle and atrial strip with preload variation. -
Preload (g) was as follows: . : ‘ i
p: 1) .25, 2) .50, 3) 1.00, 4) 5.50, 5) 4.50,

6) 2.00, 7) 3.00 '

"A: 1) .25, 2)+.50, 3) .75, 4)71.00, 5) .25,

6) 1.75, 7) 2.25
with the appropriate contractions numbered. . ...
Stimulation rate was 5/minufe at 28°C.
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c) ]‘Stimulation Rate

Thé negative inotropic response (decrease iﬁ TY in rat
observed aniincreasing the stimulation rate was seen in both A and P2
and was similar .to.previous observations (Blinks and Koch-Weser,
1§63). The % decrease in T is similar in both muscles compared at
'the same rate (Figurell ). Notice; hﬁwever, that the atrial TMT
doesonof change significantly whereas fhere is a significant TMT
décfe#éé\in papillary muscles as d;iﬁing rate is increased. ”Coﬁversely,
in atria the dT/dt decreases more than in:papillary muscles as rate

is increased. o . - . .

AR
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FREQUENCY-FORCE RELATIONSHIP
'(RA'T . 28°9)

%
“100
]

TMT 75
50-

1001

C . dT/dt 754
' \ 50

1001

T 754

OATRIA

, . \ oPAPILLARY
— ; MUSCLES

— . ¢

- g L] T L 1
5. . 50 100 200 300
T STHAULI/MINUTE

Figure 11, Effect of rate of stimulation on‘'MT, dT/dt and
* TMT in rat atria and papillary muscles. Values

at S stimuli/minute were chosen as 100%. - S

Each point is the mgan value of 8-1Z A or p.

o
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i

d) Bath Temperaéure

Temperature variation also alters the rate and duration of"

N~

T development as well as the abeolmte amount of actively demeloped T.
In both A and P;ﬁthe MT in most ease§ occurs at a temperature of 28°cC,
“put there was ne majoxr decreasewet 239C (Figurel2 a and b). | :
A summary of data from 1sometr1c tw1tch contractions at a

tlmulatlon rate of 5/minute is presented in Table 9 For a complefe
examlnatlon of the same parameters at a number of stlmulatlon frequenC1es,
refer to the two unabrldged Tab\e3—1'rand f,}?‘ln t'ne appendix. At ‘
temperatures 18 through 38°C the maximum dT/dt is hlgher in A than

in the P compared at the same temperature. This is partlcularly

significant when one considers that active tension is,significantly

o

less in- atria at all temperatures. .7

i) Temperaturé\Coeff1c1ents ‘ ‘\

For meaningful comparisons of temperature effects on the rates

of various biol;gical processes, the rates of#reactlon must be compared | : *
for the same temperature 1nterya1 The ratio of the rate of act1v1ty ‘

at a given temperature to rate at a given ‘temperature 10°c lower is

ca}led the temperature coefficient (Qlo) and quantitatively compares

the effect of.temperéture-upoﬁ cmemical meactions, j.e. it is a factor

by which- a reaction velocity is increased for a 109C tempemaeure

linterVal where data‘maylbe gathered for larger or smaller intervals.

- .

,The Van' tHoff equafion for calculating temperature coefficients

lelews:
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) 10
‘EQ ‘ i KZ _ t2-t1 " .
- 10 , ' _

~

ox_ logQ T ( 10 )log( Ky j
. . tzftl : K1 ; S

Kllis reaction rate at temperature El

K2 is reaction rate at temperature t,

» In general, the temperature coefficients of various parameters

for A_ahﬁ not significantly differqg£ than for P. - This can be seen.
§ g : ' :

. TN s . .
in Figurel3 for Qors of dT/dt/MT and in Figurel4 showing Q10ls for

TMT, dT/dt and tension.

|
g
|
|
|

=

l

|

\
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Figure12.

" Stimulation rate was 6/minute,

- 74

°C: A-38, B-33, C-28, D-23, E-18

TEMPERATURE

Isometric contractions of rat papillary muscle (a)
and atrium (b) at differeflz temperatures (°C).

a T
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<. TEMPERATURE COEFFICIENT OF —L%h-

Ty 5 /MIN
100/MIN

2.0
10 B S d B o S e e
' AP AP AP AP AP AP AR AP
- 2318 28/23 33/28 38/33 e
, TEMPERATURE' {°C} \
\- s
\ LA
L N - \\
Figure 13 . Qlo_valges of dgr/rdt L ; | i \\
~ Mean t SEM of dT/dt comparing rat atria to
-’ papillary muscll:g at 5 and 100 stimuli/min and
. .through four temperature ranges. Statistically *
. significant differences are 1nd1cated by the E_
value. n= 8-12 A or P.
/.
! \ .
"7
+ ’ ; ’
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TEMPERATURE COEFFICIENTS S
' —TMT [ K O i >
i 0 vt S '
8 4
7k b
o ; :
. ) 5 A‘ ' . N .
S L " ATRIA | -
o dT/d 4 T PAPILLARY [ -
A, MUSCLES
2
0 ‘
ar . '
2..
T 05
1 .
ol % P

28/23.© 33/28  38/3
. TEMPERATURE (°C) -

23/18

. ' . . .
0 . 1

. Figure 14. Qg values of TMT, dT/dt and MT. :

' ' MeantSEM of TMT, dT/dt and MT comparing rat
atria to papillary muscles “through four- :
temperature ranges. Statistically significant |-
differences are indicated hy the p value.

. n = 812 A or P. Q1041 for TMT because TMT
decreases as temperature is elevated. .
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ii) TMT of A and P

- The-iﬁtent-of,thjs”experiment was to alter the Shapé of the

L‘\;ﬁitch curves in order to change the A tontractioijto that-of the V.

w

Since‘teﬁpqrature alteration produces substantial chénges-in the

mechanical paraﬁeters;of_the myocardium, it was used to prolong the

—

duration of TMT in A and ghortep the duration of TMT in P. When the
oscilloscope tracings of an A ﬁwitch'at—ZZ?C,apd a P at 30°C were

superimposed (Figuje 15}, then only the very onset of contraction and

last 1/3 of relaxation deviates from each other.  Thus the shapeé'Of'

- contraction and relaxation in these two muscles may be made almost

.;denticai by appropriate temperature adjustment.

iii) Interrelationship of TMT, TM dT/dt, and TM Vce

Since TMT is significantly different between A and P, it ﬁés\h\
‘ o,

of interest to compare the time relationéh@p of ‘other mechanical

parameters. The velocity of the contractile element, Vce, may be

followed through”time relative to T and dT/dt after incorporation of

a logarithmic amplifier into the circuitry used for recording
isometric contractions. Representative contractions with the -

electronically derived dT/dt and Vce are shown in Figure 16. Mean

values for various parameters recorded from A and P are shown in’

" Table 10.  Average weights and lengths as well as the respective

preloads placed on'the muscles, were not significantly different
between A and P. As expected, the TMT and time to maximum dT/dt

. e .
values were definitely much less in the A; however, the timé to maximum

’
7




.\‘

.Vce(TMVCQ valueswere not statistic&lly-différent‘ffom the P at 3
~ of the i temperatures. Consequentl}; whgﬂ tﬁe TMVce values were .,
related to the TMT and expressednas %, the values f6: A and P were |
—_— --“~widely‘separatqdr(figu?e 17); : The actual % for A Téhgnifrom 24
to 42 and fof P from 7 to lé_£ﬁ£;ﬁgﬁJthe'féﬁééfatUré range-lS-SSQ;"h_
Hespectively. ' This information indicates that the peaﬂ.Vce occurs

later in the twitch contraction of A than it‘does in P..- .Although

not as widely separated the TMdT/dt valueswere also significantiy
- TMT '

different with the maximal dT/dt occurring at a later time in the

atrial twitch (31-50%) as opposed to the papillary muscle twitch

“\\\ )
' ““fﬁSg&g@) through the 18-38°C temperature range (Figure 17).
.
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PAPILLARY MUSCLE AND ATRIUM
(RAT, SUPERIMPOSED) |

TENSION
R

1 P:300C-245¢.

CA2C-215g .

4T/t
(p/sec) PAPILLARY

. ATRIUM

Im .
" 1 \ 1
s ) 00 200 300 - - '

mitliseconds

Figure 15. Isometric, contractions from an A at

220 and a P at 300, Absolute values

of tension (T) are shown in the upper

rlght slight adjustment of the vertical
7 - gain on the oscilloscope produced the same
T~ - amplitude. Maximum rates of tension develop-
e ment (dT/dt) for each muscle are the bottom
- T records. The time axis is identical for T
. -and dT/dt. ' ’

e ) , . \
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Figure 16. Isometric twitch contractions: T, dT/dt and
Vce. . One representative A and P and the
appropriate calibrations are shown.. .
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) \ ‘
/ ‘\
% - : - E
so. |ATRIA oe| oemeeere
PAPILLARY - o7 ,
| AmuscCLes ®© | \
—— 4 - . . ——
I 0 / - :
— -_—."‘ - ._I.
L 30 - === _.—".--.-_ . = N
= . ,.-"‘— 1= A
= g g — )
~ _ - 2
8 20t _"5
- / i
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TEMPERATURE (°C) . -

Figure 17. The ratio of time to maximum Vce to TMT (left)
and the ratio time to maximum dT/dt to TMT
(right) as a function of bath temperature.
Each point represents mean # standard error
_of 6 rat atria and 6 papillary muscles. SCM
is smaller than the symbols shown. '
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- €) Ionic Ch3nges in Bathing Solution

In another attempt to 'modify the~shapes of atrial and -
ventricular twitch curves so that one approximates the other, thﬂ.
ionic composition of the bath was altered.

i)  Calcium and. Sodium

When either NaCl (117.4 mi) or’ CaCl, (2.5 mM) was reduced
to 3/4 and then to 1/2 of .the normal concentratione, the duration of
TMT was nct changed. Hhen the normal bathing solution was replaced
by.solufions/with no CaCl, or mno NaCl then the mechanical output
response changed faster in the A than in the P. For instance,'MT
" decreases 89% in A and cnlf 45% in P after the first 3 minutes. In

the A the reduction of MT is brought about byffﬁe—dgsfeased rate of -

~ tension development as indicated,by'dT/dt, while TMT remains either

unchanged or is slightly prolonged;(Table 11).  On the other hand in
;the P the reductlon of T is brought about by decrease in dT/dt as well
as in the TMT.  The results of these few experiments indicate that
in calcium—free Ringer solution the intracellular Ca 2 concentration

may be decreased faster in the, 1solated A than in the P,

/

One very 1nterest1ng observation is-that when muscle lengths

[

were varied at low bath calcium concentrations the.TMT was also changed.

Figures18 and 19, (a)} show aP and A in 1.5 mM CaCl2 at'yarious lengths

whereas Figufeelsgand 19(b) show the same muscles in .75 mM Caf:l2 at

various lengths. The TMIs are significantly increased as the muscles

N
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are stretched in low calcium (.75 mM). This increase in TMT is less

at a higher'calcium concentration (1.5mM) and no significant TMT

increase was seen in normal calcium:jz,s mM) .

(i) Strontium

LY

Buccino, et al.'(1967) iﬁdicated that strdntium (Sr2+} ‘ v

’ differed.f£om all 6tﬁer:inotropic agents-which elevated T and AT/ At
because it also augmented the TMT in-cat heart strips. In addition, 4
total tension developed in potassium chloridelcontracfures of rabbit
auricles was “up to 20 times larger in a solution containing Sr2+

1

instead of Ca2+ (Busselen, 1971). | o

In experiments on rat atria and papillary muscles, the bath
solution which contadined calcium was replaced by one which contained

-~

. . . — : B : . .
. Srz,._ Figure 20 shows twitch contractions before and at various times

after the replacement. .Reco;ds of T, dT/d? and Vce in normal Ca2+
and after 40 minutes in Sr2+ may be seen in Figure- 21. Both T and
TMT were significantly increased in the A. The total duration of
the contractioh:increased about 4.5 x in the Aland 2.5 x in the P
whéreas tﬁe TMIs increased approximately 2 x in both A and P. The
atrial relaxation time appears lengthened by about twice as much as

the papillary muscle relaxation period after 40 minutes in Sr2+. i

e

A
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TABLE 11

tr

Contraction Parameters-After Altering Bath Solution

Tension
Development

- (T

Time to Max1mum
Tension

Development (TMT)

" Maximum Rate of

Tension Change
(dT/dt)

Total Contraction

Duration
(TTT)

Calculated per cent changes from normal values just prior

Normal to No CaCl,

fNormal.tohNo NaCl

ATRIUM PAPILLARY
-89 -45
20 -15

.

-95

-28 -11

ATRIUM
83 -65
0 -25
_92 -60
e
_28 _34

bath alteration to values recorded 3 minutes after bath
Rat left atrlal strips and ventricular

adjustment.

papillary muscles at 289C.

stimulation rate 5/minute.

No preload or length alteration; muscles at 75% L max.

.

rd

PAPILLARY
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" TENSTON

TENSION

87 L

milliseconds

Isometric contraction of an A at two dif-
ferent bath concentrations of calcium,
followed by preload change in (a.) 1.5 mM
CaCl, (b.) .75 mM CaCl,,. Muscle lengths

were decreased to a length which gave near
0 developed tension and then increased to a

<length which included the former L max. The

time axis refers to all recordings. 5/
minute stimulation rate was used at 28°C.
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" Records of a P at two different bath con-

centrations of calcium followed by preload
change.

{a.) 1.5 mM CaCl, (b.) .75 mM CaCl

Muscle lengths were decreased to a %ength
which gave near 0 developed tension and then
increased to a length which included the
former L max. The time axis refers to all

‘recordings. 5/minute stimulation rate was used at
v ) .

280C.

-
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-
-

(RAT -ATRIUM)

-O;rowcn\:wo;;
(min)

Figure:20. Comparison of isometric contractions of A in
‘ 2.5 mM CaCl, followed by change to a bath solution’
" containing 3.5 mM SrCl, instead of CaCl,. Minutes
(0-12) at right indica%e time after change to -

Sr Clz. , . - | -



90

2"
<

L
RAT ATRIUM
} . 28°C e . S
o P R . ‘
““-~—~—- SrClp
Vee TdT/dt T
0 60 | 24 |06
sec” ' |g/sec | g
2 5mM CaCly
0 P
] L 1 3 :
0 100 200 .?_-\:'
TIME {msec) '
Figure 21 Comparison of isometric contractions pf an A in
' 2.5 mM QaCl2 and then after ;gﬂ:i;;/fﬁ'Z.S mM
SrCl The“tension (T), max ate (dT/dt) and

dInT7dt (Vce) scales are indicated at the right

. for both the SrCl, and CaCl, contractions. - ,

>
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. f) Reserplne and/or Propranolol Treatment

Electrlcally stlmulatlng 1solated strips of myocardlum by
suprathreshold stimuli from field electrodes may eXC1te 1ntracard1ac
nerves and possibly liberate chemi cal medlatqrs. Since there are
higher concentrations of acetylcholine and norepinephrine in the A
than 1n the V, a proportlonately greater amount of these compounds may
be released in the A w1th consequent reflection in the contraction
curves. Blinks (1966} teund that pretreatihg cats with reserpine
(5mg/Kg) eliminated the sympathomiﬁetic effect of field stimulation.
Koch-Weser (1965) showed similar effect in kitten, However, in
-reserplne treated guinea plgs the sympathomlmetlc action was ellmlnated
only after addltlon of propranolol (10 M) In the present experlments
rats were injected 1ntraper1tonea11y with reeertine on 3 consecutive
days prior to killing. The .total dosage of reserplne was Smg/Kg
These treated anlmals noticeably responded to this dose (diarrhea,
letbarglc). In a few experiments propranolol(2 x 10 M}\was ‘added to
the bath. No 51gn1f1cant dlfferences in MT,_dedt, and TMT was
found either in A or in P after reserpine or propranolol or a com-

bination of bqth (Table 12).
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2. Analysis of the Atrial and Ventricular Contraction Curves

, a) TMT Lomparisons

Certain experiments weré designed to investigate the
‘possibility that there were temperéture ranges\or stimulation rates
at which the TMTs of A and V were similar. The resultant effect of
temﬁerature apd stimulation rate on TMT is presented in Figure 22. |

The TMT of A is insensitive to stimulation rate change, whereas the

TMT of V is significantly increased by an increase in stimulation rate

throughout the range of temperature 33 to 18°C.

i)  Species Differences .-

The differences between atrial and_ventfitular TMIs are
expressed as ratios by dividing ventriéular TMT bf the atrial TMT.
Since the TMT of V is alwayskgreater, the ratic is always greater than
1. The rqiiog are presented.in Figure23 for guinea pig and cat as weil
as the fat at various tempefatures. In general, ‘it éppears that the
T™MT éiffefences are‘morerétriking in animals where the heart rate is
slower (cat vs. ratj or in one species when the stimulation rate is

~lowest (rat) (Table C-in the Appendix),.

ii) At Similar Tensions

THR

It is important to note that in several specifically chosen
b S .
"A and P, where the maximum developed tensions were similar, the TMTs
were still very much different. Also, in these specific cases the

dT/dts were higher in A than in P (Table 13).

iii} As a % of Total Contraction Time

"y ~

The time taken to achieve peak tension was a fairly constant % of

’ /

/

. '/

/



wa 1

the total 'contraction time measured to end of relaxation at various
stimulation rates or temperatures (Table 14}.- In rat and guinea
pig the TMT was approximately 33% of the total contraction time with

no significant difference between A and V.
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PAPILLARY MUSCLE AND ATRIUM ~
{RAT)
mseq
350 | (600%!
J === ATRIA
. 300 —— PAPILLARY
o] . S/mih
o 250 | ® 100/min {450%) -
Z A 300/min .
- | ‘ {470%)
= 200 ' , 5
<«
b
o 150 | &'{550%1
w ) - -
2 bot
L
- 50 i —_""
———--—“’— ! ’
ot £ == e = ca s
R 38 . 33 28 23 18 '
) TEMPERATURE ~C J
Figure 22. Effect of changing temperature on TMT at various /

stimulation rates. Mean values + SEM; the .
vertical bars are omitted when the SEM is smaller
than the symbols. %'s listed at right side of
‘each frequency curve represent increase from
lowest to highest values in that respective

curve. n = 8-12 A or P.
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TMT VENTRICLE/TMT ATRIUM

———

o -8 CAT 5/MIN

‘ o~ GUINEA PIG 5/MIN

Poaie o=—a RAT 5/MIN '
o . o—0 100/MIN

- LN A—\ 300/MIN

Figure 23

8~ 23 - 28 33’ g
| TEMPERATURE (°C)

Effects of change in temperature and stimulation

rate on the ratio of TMT of V divided by the TMT

of A, Three species: cat, guinea pig and rat ‘
are represented.
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.

-b) dT/dt/MT'Comparisons

| In characterizing an is mef;;; twitch, the following basic
N . =
. ’/
equation has been formulated (Buccino et al., 1967)
. ./' - .

. Maximum tension = mean rate of tension develeopment multiplied

by the time to maximum tension

or

o= (80 mm @

3]

In order to compare skeletal muscles of various sizes and geometry,

Hartree and Hill (1921) used an index which ipc&rporated both rate of
tension'aevelopment and maximal tension, that islgzigz_(Z).. Described
verbally, it is "the maximum rate of prbpartional rzée of tension"

expressed in wnits of time: 1.  The index seems logically suited for
comparing A and P contractions where‘there is a difference in tensiﬁn

*
.

produced.

In order to gain a better understanding of the index, equation

(1) may be substituted fof the denominator -MT qf the index (2) so that

ar/dt = dr/dt
MT C3T/ &t (M
OI" . . . \
dr/dt = dr/dt 1 \ : allow K = dT/dt
MT AT/At TMT _AT/at
therefore
dr/d K (sec”h

1]
-~
-
3~
o
1]

MI‘ .
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- furthermore, graphically

~

dT/dt
MT
1
- T™T

i}  Relationship to TMT

With temperature alteration from 18-38% both dT/dt- (Figure
. : : . MT
24) and TMT are changed (Figure 22). At all temperatures and

stlmulatlon rates the dT/dt is significantly higher in the A than inP .
MT

(Figure 24 and Table D in Appendix). By taklng the inverse of TMT and

plottlng, as done’ above, a 11near relationship (slope K) was attained

for rat atrial strips and papillary muscles as shown below:

dT/dt  1{R)=.955 X
MT r(P)=.949
' @
1
TMT
The K values for A and P from a variety of speéies and at various
stimulation rates were combared. The results shown in Table 15 NG

include slope (K), intercept, standard error and statistical
significance'between‘A and V.  There was no s;atistically significant
dlffikence in this slope for A compared to V W1th1n the spec1es cat,

gulnea pig and rat at various temperatures or stlghlation rates.
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PAPILLARY MUSCLE AND ATRIUM

(RAT)
~—= ATRIA - ‘
L = PAPILLARY . ?
M 5/min . . : ’.-".a’
o @ ]pO/m]n o »”
A 300/min - .
£ —EE B ——7a |
18 23 28 33 38
' TEMPERATURE °C '
24. Effect of changing temperature on maximum

rate of tension development normalized per .
maximum developed tension (dT/dt). A and P

-are compared at various stimulation rates.

Mean values * SEM; vertical bars are omitted
when SEM is smaller than the symbols.

n= 812 A and P.

[
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ii) Effect of Temperature and Stimulation Rate
&
It is 1nterest1ng to note that, compared at the same

temperature the atria always reside farther away from.Olki Y
intercept) than the papillary muscles (Flgure 25).  Furthermore, es
temperature is increased the papillary muscles are moved.along a
common slope K to the regioquof the atrial muscles and: the atrial

muscles are moved farther up the linear line. However, when

stimulation rate is increased, the A are not shifted upward, as is

“the case with P (Figure 25)}. N ' 2
) \ N - .

iii) Muscle Length . v

The index dT/dt remained constant over the entire fange of

- - MT - s .
fiber lengths studied. This observation along with the insensitivity
of TMT to length change is shown relative to the active and passive

length;tension curves for a representative papillary muscle (a).and

+atrium (b) (Figure 26). : -

'
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5 PAPILLARY MUSCLE . o
= ACTIVE '

b [=-pAssIvE
‘T{a) A4F
0._
dT/df -1 13 } '
T (SGC ) ]2 #‘ﬁ-..__—-.—'_-._.
TMT {msec) }65[ . '
145 ' -
N 1 1 |
6 7 ' B 9
LENGTH (mm}
I
- e e e - " (j
ATRIUM . ‘
3 [=AcTIve
JL  [==PAssivE
Ti{g) '
'I_
_ 0_ . ) it
o 36 -
O/ o) 3aF SN
MT _ 321 o
' 65, -
MT n\‘irgo—o—-qr—-—oc
T {msec) 55 - ”

7 8 9 10 u 12 13
LENGTH (mm)

Fi_gpre -26. Rellatic‘m'ship‘ of T,dT/dt, and TMT to increasing

muscle lengtﬁ. BothMgctive and passive T, are
- shown for a representative rat A and P.
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c) Force-Velocity Curves

"Using a recent method for monitoring the force-velocity
relgpionship; the vector loop formed'by the dT/dt (T"i) against T was
moﬁéfdred from twitch to twitch and gave instgptqheous plots of force
versus velocitJT’“ ?he force-velocity (F—Vj curveslfor ratlpapillary
muscle at several tempera;ureéfﬁnd also low Ca2+ (Figure 27) m;y”be
qualitatively compared to the atrial strip (Figure 28).  Although
the bapillafy muscle F-V cu%veé may‘seem typically hyperbolic cﬁmpared
atrial F-V curves are at besy linear and certainl& do not appear |
hyperbolic.  The F-V curves undér fhe influence of an increaée in

stimulation rate and/or isgoproterenol are qualitatively affected to

the same extent in these 2 muscles (Figures29 and 30). In summary

the F-V curves determined by this method are responsive to known

inotropic agents such as calcium, isoprotemnoland stimulation rate

in both A and V.
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FORCE-VELOCITY CURV ES
(RAT PAPHLARY)

oC
A-38
8-33
C-28 .
D-23 _ . |

E-ig/”

Cat¥-free
. solution’

1, 3, S5min

1

Figure 27. = Force-velocity vector loops of rat papillary
- muscle at various temperatures (top) and fOIIOW1ng
change to a-CaCl,-free bath solution at 28°C o
(bottom). The sCales per axes for all curves. are
inset. Temperature is shown on the upper right
and the minutes after change to CaClz—free bath
solution are-shown in lower right.
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FORCE-VELOCITY CURVES.
(AT, TRIUM) .

Vce -.. .................. Brtreseereee

s N Catt-free
solution
1, 3, Smin

Figure 28. Force-velocity vector loops of rat atrium at
various temperatures (top) and following change
to a CaCl, bath solution at 28° (bottom). .The
scales peT axes for all curves are inset. Tem-
perature is shown on the upper right and the
minutes after change to a CaCl,-free bath
solution are shown in lower right. .
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'FORCE-VELOCITY CURVES
| (RAT PAPILLARY 28°) -

A-NORMAL 60/min B-NORMAL 6/min
C-107> M ISOPROTERENOL 6/min

Figure 29. Effect of isoproterenol and stimulation rate on
force-velocity vector loops of normal rat papillary
muscle., The 6 and 60/minute stimulation rate is
followed by addition of isoproterenol and subsequent
6/minute stimulation rate.
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FORCE-VELOCITY CURVES
(RAT ATRIUM  28°C)

A-NORMAL 60/min B-NORMAL 6/min
C-10"2M ISOPROTERENOL 60/min
D-10"9M ISOPROTERENOL 6/min

Figure 30. Effect of isoproterenol and stimulation rate on

force-velocity vector loops of normal rat atrium.
The 6 and 60/minute stimulation rate is followed
by addition of isoproterenol and subsequent 6 and

" 60/minute stimulation rate. (i::::
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C. Normal Mypcardium-Isotonic Twitch Contractions

o *

The data from isometric contractions show that maximum dT/dt
is higher in A than V. Since this variable is an indicator of the
velocity of shortening of the contractile element (Vce), it was of

‘ M . ’

interest to assess the Vce under isotonic conditions when the SE for
L '
each md%dle is constant.

v

1. Maximal Shortening Velocity

Strips of A and P were utilized and shorteﬁing velocity
(dL/dt) was determined at different preloads and Olafterloads. Figure
31 is illustrative of the type of recordings on which the analysis was
based, where muscie length change (shortening)%and the first deriyative
are shown for an A and P at various afterloads. Tablel6 summarizes
these data including resting lengths; and Figure32 is a gréphical
presentation of shortening velocity at various preloads. The results
clearly ingicate that at any preload the maximum dL/dt was sigﬁificantly
higher in A than in the V whether the-velocity values were expressed |

as mm/sec or muscle length per unit of time fML/sec).

2. Time to Maximal Shortening Velocity
The time at which the contractile elemgnts are capable of ~
shortening with maximal velocity (Vcemax) at zero load was derived

from isotonic contractions at increasing afterloads in the rat atria

and papillary muscles. Initially the'experiment-was performed on cat
papillary muscles to determine if the results would resemble those

found by Brutsaert (1971). He found that the time from stimulation

T
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to peak velocity of shortening in isotonic contractions was a linear
fuhctiqn of increasihg afterload. Therefore, the interceptAof this
funcﬁion wifh the time axis at zero gave an estimateuof the time

~ to onset of maximal Vce‘ Furthermore this time to maximal Vce was
19-21% of the time to maximal tension development in an isometfic*
contraction. Essentially my results with the cat duplicate those
of Brutsaert. At preloads D.22g/mm2 and 0.99 g/mm2 the time to Vce
max was 17 and 20%, respectively,.of the TMT.  However, in the rat

papillary muscles the %'s are 36 and 29 for preloads of 0.46 g/mmz

and 0L92_g/mm2, fesPectively. In comparing rat atria at 0.25 and
0.50 g preload, the surprising finding was that the extrapolated

times to Vce max were not statistically different from those in P
(Figure 337). Consequently, the expression of time to.VCe max as a

% of TMT was over 60% in A.  Although the extrapolgted time to Vee
max as a % of TMT was not significantly affected b; preloaé (0.2 - 0.9
g{ﬁmz) in the cat, the results presente& here suggest that preload
doeg'iﬁfluence this time to V__ m;x in rat.

3. Quick Release for Measuring the Extension of the SE,

As mentioned previously, the sudden release of a musc1e¥fg
zero tension may give an indication of the % of muscle length change
which is'necessary to re-shorten the SE from an extended position.
In one series of experiments A and P were released from the peak of
isometrié twitch contractions and allowed to shorten under yarious

afterloads including O afterload (Figure 34). The preloads were

¥



©o1u3 |
R T -
0. 25 g and mean values + SEM for the amount of shortening as a %
of muscle length were: ~ ' T
A - 8. 02 + .580 and P - 6.46 + .629 for seven A and sevén P,
There was no statistically significant differences between these
values,"lndrcatlng that the SE was stretched to a similar amount asl

a % of total muscle length.
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N PAPILLARY MUSCLE (P) AND ATRIUM (A)

[RAT, 28°C, 059 PRELOAD)

267
. 41.0
di/dr Ot 10 ALENGTH
fmm7/sec) 13 {mm}
. 11,0
oy
0] -0 .
| : &
0 100 200

miliiseconds

Figure31. Isotonic after-loaded contractions of a Tepre-
sentative A and P. Afterloads were increased by
0.25 g increments. Both length change (L) and

the maximum rate of length change (dL/dt) are shown.
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VELOCITY OF SHORTENING

(NO AFTERLOAD)

RAT:
%) -EZ3 VENTRICLES : -
et -
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I
—
O
Z
w
w-
—
o
[72]
>
E .
0.00 0.25 0.50 1.00 1.50
. PRELOAD (g}

Figure . 32, ISOtOI‘llC shortening veloc1ty (ML/sec) at several
preloads for both A and P.' No afterlouad was
added. Mean x SEM of 6-8 muscles
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Phhse-plane plot of tension development before
and shortening after quick release. This re-

‘presentative P devélops tension isometrically

from A to maximum tension at C. At MT it is
released to freely shorten against a selected
afterlead. This muscle was released to .75 g,
.50 g, .25 g and 0 afterload, respectively in 4
twitches. Shortening and tension decrease .-~
describe the curve from C to B in a release to 0
afterload. The amount of muscle shortening (A-B)
was measured at 0 developed tension. after the re-
lease. - - ) -

-
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D. Isolated Contractile Systems " . . e

1. EDTA- Treated Myoflbers '

EDTA treatment was a procedure selected to evoke hlgh
sarcolemmal permeablllty and thereby eliminate the - aqtlon potential
generatlon. Records of the tw1tches before EDTA as well as the
eontractures 1n1t1ated with calc1um after. EDTA were stored on tape
(Figure 35 for a.replay of -one A and one P experiment). Data from

toese eiperiments are compiled in Table 17. In particular, note
.tﬁe significantly-shorter time to peak.eontracture tension in A than
in P; also that the initial rate‘for the first 30 seconds and the
'mean'raée to peek:teosion are higher in A.- Since normalizing the
rate per cross—seetionel area in atria may dot be acceptable, it
seemed reestéble to COmpare-the rates per unit of maximai developed
teﬁsion; Initial rates/max1mal tensions ylelded values which were
all 51gn1f1cantly higher in A than P _The curves in Figure 365upport
this observation that the A are faster. The tension 4t each minute
during contracture development is expressed as a % of the maxiﬁom-
RN o ’

tension during the first 10 minutes and indicates that the average

time to peak contracture tension in atria is significantly less than

in the P.
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EDTA TREATED MYOFIBERS
(CONTRACTURE DEVELOPMENT)

-

T PAPILLARY
l_ _MUSCLE

. e

. Figure 35. Isometric tension in a representative A,and P
- from an EDTA experiment. From the left7;<normal
twitch contractions are shown in a.+ upward
direction for A and+ direction downward for P.
The addition of Ca2+ , Mg2* , and ATP stimulate
the contractures shown. )
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TABLE 17
Summarized Data from Experiments with EDTA-Treated Rat

He ai‘t Fibers

ATRIA | PAPILLARY
MUSCLES

Weight ' (mg) 5.83 654 4.12 * 360 | p<.05
Length 3 (mm) 17.62%.726'| 5.81%.379 | N.S
Twitch tension () 1.40 % 347 [ 2,522 475 | N.S

Contracture: = :

‘Maximum tension  (g) 86 % 121 | 1.0672.167 | N.S
Timetomax. tension {min) 2.92 +.196 | 7.17 £ 715 | p<.001
Initial rate - (g/min) | 312081 | .15%019 (p<.02
Mean rate (g/min) | 80%.139 [ .30%.055 }p<.Ol
Initial rate (min~Y)} 96+ .07 | .282.034 | p<.00l

maximum tension
MEAN + S.EM., n = 6. N.S. = Not significant

The initial rate of tension development is calculated through

the first 30 seconds and mean rate is calculated through
maximum tension'.

-
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Figure 36.
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EDTA TREATED MYOFIBERS .

) {RAT HEART)
A
100 . ’én-g"“i .
[ ] bl Y - =
' L] -
ol ;o Y
~t
s0F !
f .
K ATRIA ©
1 . .
| i PAPILLARY
40 _l,r ‘ | MUSCLES ®
] ' L SEM
20F :’
I
I
I ]
)
0 1 1 1 1 1 5 L 1 1 ]

1 2 3 4 5 6 7 8 ? 10 :
TIME {MINUTES)

Time course of contracture development in EDTA-

treated myofibers. :

Tension is calculated as a % of peak tension during

10 minutes for A and P at each minute following the
" start of contracture. Mean values +S.E.M. are shown

for 6 atria and 6 papillary muscles.’
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2. Glycetinated Myofibers

a) Brief Glycerination

It has been shqwﬁ that treatment of muscle with glyceérol
and subsequent removal causes a temporary loss of contractile response_
in A and not in V of gu1nea pig (Strossberg et al., 1972). In a
similar experiment at the beginning of my studies on glycerbl treat-
ment, strips of rat heart were exposed to a 400 ﬁM glyceroi solution,
An atrial strip and a papillary muscle werevequilibrated for 1 houf
until a steady twitch temsion in normal Krebs-Ringer bicarbonate was
observed; " MT of A = 1.0g, P = 4.0g. Next, the muscles were immersed
in 400 mM glycerol solutibn,for l'hour;lMT of A = 0.6g, P = é.?g and
- was constant. The muscles were subsequently reimmersed in the normal
Krebs.  After 2 minutes nf twitches could be elicited in the A;
however twitch contractions in P)were still developing MT of 1.4g.
The resting tension rose in both,musclés. The stimulétion rate was
éontinuedlat S/minuge and after 10 minutes the atria began twitching
once again. At 30 minutes the MT af A wés 1.0g, and P was 3.20g.
After Teturn to tiormal Krebs from a glycerol solution the loss of
- tension development is complete for a certain period of time in atrial
muscle. Howevér, the ventricular muscle néver looses its ability to -
develop'Ewitch tension. There is no major change in fhe TMT of .the

A or P before or after glycerol treatment.

P
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b) Long-Term Treatment

The basic idea in treating muscle fibers with glycerol for
several weeks or months was to disTupt or extract cell components

other than the contractile proteins.

i)  Electron Microscopy

Electron microscopy of gectidns from these glycerinated
muscles indicated that a major % of the mitochondtia wéfe swollen and/
or disrupted with the internal cristae _ciisarranged. ~ The sarcome;'es \
we;é normal in appearance and near 2u in length (See Figures 37 and 38
for transverse and ldngitudinal EectionSAfrom a Pand A)., . It is
worth noting that on'E?ansverSe section the atrial sample was indeed
cross-sectioned, tﬁat is, no longitudinally oriented myofibrils were
observed; furthermore the longitudinal section does not contain

transversely sectioned myofibrils. ' This statement is made, accepting

the limiteﬂ sampling procedure of E.M. and the extent of this study.

ii) Dose-Response Curves for ATP and Calcium
With the contractile proteins and‘limited other subcellular
structures iﬁtact, the contractures were initiated after'addition of
Ca2+, and Mgz+ ;nd ATb. Calcium and ATP dose-response curves are
shown in Figure 39 and optimal concentrations (10 mM ATP and 6 x 10-6
M Ca2+) to produce MT are‘similar in A‘and P. | Magnesium concentration
paralleled the ATP concentration with the assumption that Mg2+ and

ATP combined in equimolar amounts.



Figure 37 .
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Electron micrographs from a glycerinated (50 days)
papillary muscle fiber. M = mitochondrion, S - sarcomere

a.) transverse sect:_i.dn, X4250
b.) 1longitudinal section, X5750
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v

Elect mic_rogréphs from a ‘glycerinated (50 days)
atrial muscle fiber. M = mitochondrion, S - sarcomere.

a.) transverse seci:ion, X4000 !
b.) longitudinal section, X5625
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Figure 39. Calcium .and ATP dose-response curves for
glycerinated A and P.

n
 a.) contracture tension as function of calcium
concentration (6 atria, 6 papillary muscles);

10 mM ATP, 10 mM MgCl,. 3

'b.) contracture tension as function of ATP’
concentration (1 representative A and P); 6.5 x
10-6 M CaCl,, 10 mM MgCl,. -
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e - iii) Normal Contracture Tension Devélopmeﬁt

Data from the:experimeﬁéé dn‘glycérinated muscles’' shows that
the average weights and lengfhs arégsi;ilar (Table 18); h6w¢ver, the
‘absolute amounts of tension developed in the P are 3 x that in the A.
‘Consequéntly; with larger tension in P, there was a greater initial
and mean rate of tension development. It seemed onij reasonable to
compare A and P by using the rate of tension developed per maximum
tension as was done in the EDTA studies. Calculation and comparison

]

of the initial rate . provides evidence that this rate index is not
maximal- tension

different between A and P. .This may also suggest that the contracture

time course is not different when calculated as % of MT for A and P.
The results in Figure40-confirm this suggestion where no significant

difference is shown.

.- iv) Recovery of Tension After Release to Shorter

- Muscle Lengths

Diffusion limitations may affect contracture time course and

of ATP. Therefore, in one series of
v i

rate, partiéularly diffusion'
_ _ o

experiments, the contractures were allowed to develop maximally, that’
is, to the maximum activé state where any ATP diffﬁsion problems may

be minimal. At this peak tension fhe-musples wefe allowed to shorten
suddenly fo -5 b; -10% of their lengths and then redevelopment of
tension ﬁas followed (Figure 41). After such a manipulation the curve

shapes were'not‘different comparing A to P.



i
! 1

129

TABLE 18

Summarized,Data from Experiments with Glycerinated Rat

Heart Fibers

ATRIA | PAPILLARY
MUSCLES
Weight . (mg) .40t.030 | .33t.049 | N.S.
Lengthi (mm) | 3.26+.152]2.98.095| N.s.
Cross-section (mm?) | a2t.002 | nrote N.S.
Tension at 10 min {mg) 5457 166%X17.3 p<.001
Initiol rate (mg/min) | 30£5.8 | 113t28.0 | p< .0}
Mean rate img/min] | 5.4 £.57 | 16.551.73 | p< .00
Initial rate  (min~' ) |.53¢.076 | .73£.331 N.S.
. | Tension at 10 min
Mean £ S.EM., n=12, N.5. = not

‘Initial rate is calculated through the first 60 seconds and

mean rate through 10 minutes.

L

significant
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Figure 40. Time course of contracture development in glycerinated
myofibers. Tension is calculated as a % of peak tension
during 10 minute for A (o) and P (o) at each minute
following the start of contracture. Mean values * SEM
are shown for 12 atria and 12 papilldry muscles.
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RECOVERY AFTER QUICK RELEASE

%
1001

80-
60-

40+

20

CONTRACTURE TENSION

(GLYCERINATED MYOCARDIAL FIBERS) .

OATRIA

o PAPILLARY
MUSCLES

Figure 41.

Y

05 10 - 20 30 40

TIME (MINUTES)

Redevelopment of contracture tension in glycerinated
fibers after release to -5 or -10% of the length at
which the contracture was developed. Mean values
for 7 .atrial and 7 papillary muscles from rat.

-
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‘Creatine Phosphokinase System and Deoxycholic Acid

In another effort to remove-from suspicion the concern that

there may be l@mited diffusion of ATP into the bundles of fibrils, an }

"ATP regenerating system' was utilized. - This procedure has been

used to improve speed of contracture and/or maximal tension (Bowen and-

Martin, 1963; Wise et al., 1971). The basic equation describing the

system is:
CP +
“Wheré
Several
- 1)
hz)
.3)
4)

CPK

ADP —————> C "+ ATP
CP = creatine phosphate (5mM)
ADP = adenosine §' diphosPhate (SmM)

CPK

1]

creatine phosphokinase (0.1-mg/ml)
C = creatine '_

ATP = adenosine 5' triphosphate (5mM)

variations in procedure were used:

muscle bundles were soaked in CPK for 5 minutes
to 2 hours, then ADP, ATP and CP or only ATP

were added,

. muscle bundles were soaked in ADP and CP prior

to CPK, - \
!

CP, CPK and ATP were adde&

simultaneously to evoke

..

contracture,
1

prior to contracture with -ATP, bundles were soaked:
in Qeoxycholic_acid (7.5 mM)\and/ox CPK.

\
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The rationale for u51ng deoxycholic acid is based on the evidence that

this detergent evoked higher rate of tension development and absolute

amount of tension in aortic strips and skeletal muscles after

glyceﬁination,(Chernéy et al., 1971).

No improvement in the rate of contracture development was

indicated for A or P after either CPK or deoxycholic acid (Figure 423,

]

s l

4]
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. GLYCERINATED MYOFIBERS : )
; % (RAT HEART)
Z
‘ & 100
[75]
Z sob
—
w -
> 60 ATRIA PAPILLARY
S " MUSCLES
< 40 NORMAL o °
5 g CPK a "
\ O 20 DEOXYCHOLATE A A
O, ~
. 1 ; L ] ) 1

. - Q 2 4 6 - 8 10
y TIME [MINUTES)

Figure 42. Comparison of contracture tension development in
glycerinated muscles: normal, CPK-treated, and
deoxycholic acid-treated. Tension is calculated

as a % of peak tension during 10 minutes..



o

the SE compliance is by releasing a muscle to zéro tension from a

135 '

vi)  Change in Tension After Muscle Shortening to

a New Length

In several experiments, after the glycerinated muscles had

achieved full contracture development, they were released to shorter

.lengths.  After § minutes at this length, the redeveloped tension was
S o :

recorded. In these experiments the atrial tension dropped more per

% of length decrease than did the P. For instance, the redeveloped

contracture tension in P was approximately 20% of the peak contracture
Lo - y :
tension (PCT). after the muscle was allowed to shorten by 30%. On the

other hand in Fhe A the redeveloped co@fracture tension was approximately

20% of the PCT when released only by 15% of the original length.

As mentioned ﬁreviously, one method for roughly estimating

-

maximal active state after tetanizing and measuring the resulting % length

" .change. However, high stifulation rate does not tetanize cardiac

mukele as it does skeletal muscle. It is attractive to consider that
the glycerinated.cardiac muscle fibers fresented here are af maximal
”actife state" whéﬁrat peak of contracture. Therefore on release to’
zero tension the % length change should estimﬁte the S.E. Consequently,
after such a release (300 msec time duration) to zefo conttracture-
tension, the % length change was 10.5% in P (n = 6) and 6.1% in A

(n = 6); however, there was ﬁo statistically significant difference
between these values. The higher % values would indicate more

compliance and .conversely less stiffness. This may indicate that the

atrial values tend to show greater stiffness.of the S.E.
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E. MYOFIBRILLAR ATPase ACTIVITY

The activity of the contractile protein ATPase was measured
in A and V to investigate the possibility that this’ biochemical -
ﬁrocesb may be related to the yélocity of shortening in these two
muscles. " |

. In the non- glycerlnated fibers the ATPase act1v1ty uMPi/mg
proteln/mlnute was higher in the right V than in thelA but hlgher in
the A than in the left V (Table—IQL However, in the glycerinated

-myocardium no statlstlcally significant differences could be found
on comparing various samples”  Combining fhe activity from all atrial

and all ventricular9;;yﬁiés,resPectively, and subsequent statistical

'an31Ysis revealed ng/difference between A and V.
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TABLE "15

. o
Myofibrillar ATPase Activity of Rat Heart

No. of

Samples uMPi/mg proteih/minute
A. Glycerinated fibers: ‘ ‘ -
N
. . - N
Cardiac Muscle - 3 &
Left atrium 7 A7 % 0157
Right atrim - 7 20 + 0153
eft and'right. _ 8 .21 + 025w =N.S.
tria : ‘ -
0 . = -
Left ventricle 10 . -20 * .013~
: ' .194
N.S = ‘ i
‘ . + .008
Riéht ventricle . 12'\? L19 £ .001
Skeletal muscle 6 °  .435 t .035
B. Normal fihers _ |
Atrium . Co 10 .22+ .009 ; - .
Right ventricle 20 .24+ : p<.05 '
o . - p<.001 .18
; .
Left ventricle . 7 40 . 15 * + .008
/ .
A
.
(-\ FEN -
\ \
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V. DISCUSSION -

A." CONSIDERATIONS OF TWITCH COM%RACTION CHARACTERISTI&S
"1, Tension |

Less tension is deveJoped in the atrial myocardium in
reference to the ventricle. similar relationship has been observed
on comparing cardiac muscle wﬁich developed only 4-8 g/mm2 to skeletal
muscle which developed 20-30 g/mmz. Eviaence was subsequently
presented that the area of tisSue occupied byAcontractile mass in cat
ﬁapillary muscle is 58% and in rat soleus 90% (Sonnenﬁlick,et al.,
1968). Therefore, whenhcorrqcted for non—tqntractile masggthe force
developed is similar in the two muscles. - A situation.analogous to
Fhis may'exist in the A 55 compared to the V. Tﬁére is no evidence
of a study concerned with % contractile mass in these two muscles,
however, as poiﬁted out previously the ;Etin and myosin concentration
was twice as high in the V as in the A muscle. If this experimental

- _ i
finding holds for Sther species, then the temsions in rat A and P may

. Y
also be very nearly the same when normalized per quantity of contractile
- proteins in each muscle, _ .

" It has been mentioned (Fawcett and McNutté 1969) that the
boundar},between cells in cat veptricular muscle was quitg'rsctilinear,
that is, running perpengiéular or parallel to the fiber axis. In
contfast, the interca1;ZZd disks of atrial cells appear more variable

including an oblique arrangement. It,is well known that pressures

developed within the atrial heart chamber are less than in the

}...
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corresponding.ven;riélelﬂand the less rectilinear outline of-atrial ' 1
celis may be related to the'decfeased'méchaniéai tension, Consequently;
in the isolated muscle preparétion this strucfu;al uniquenes; of the

atria ma} also cantribu;e to lower absolute ambunf of tension generated.

2. ‘Contraction Velocity

Comparison'of the data from isometric t#itch contréctions
; conclusively show that the A-have a hiﬁher dT/dt per uﬁit of force
~ development than the P; also, in isotonic contractions the dL/dt is
greater per unit of shortening in A; Even in cgses'where the atrial
_ strips and papillary muscles have similar ﬁeights}(FigurefS).and[or
maximum developed tensions (Table 13); the maximum rate is greater

for atria. This finding is especially significaﬁt in view of the

possible difference in fiber orientation in the two muscles,

In contrast to the more or less parallel arrangement of
fibers in a papiliary mﬁscle (Diagraﬁ a), the individual fibers within
an atrial bundle may be oriented iﬁ a non-parallel fashion relative to
the long axis of the muscle Bun&le (Diagram b).

" LEVER STOR LEVER STOP

CLIP

wr CLIP

.
'

b)

‘ CLIP- ! .h(:LIP




s
¥l
w

140

Then, the quéé%ion becom . In muscle bundles where individual fibers

s:
maj bF'oriented in a non-p allel'manner;.is the'velo%}py of shortening
of the whole bundle an accurat meéSurement'ofhthe.ve{ocity of each

; er? In effect; some atrial fibers may be pulling the lever at a

velocity which over-or-under estimates -their true capability.
LS : B

Approaching this problem using simple trigondmgt?ié\fgz;tions

and considering the orientation of one fiber:

4 oY

The hypothet1ca1 flber C is arranged in a non~parallel manner at an

angle of deviation (@) from the long axis of the muscle bundle. The

formula becomes:

cos @8 = b or C = b l

| | cos 0 ;
b ~ = the measured muscle contraction velocity
C' = the actual velocity of the fiber C

Arbltrarlly assuming a sztuatlon where 0 equals an angle of
300, and the total muscle shortenlng ve10c1ty is 50 mm/sec, the
corrected veloclty (C) of the non-parallel fibers is:

cos 30° = A :866 ct . 52-221555 = 58 mm/éeq 7

. 866

PN
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Therefore, the actual speed of shortenlng or force developed by
diagonally arranged atrial fibers would be equal to the observed
values divided by cosine 9,‘thus causing an increase in the absolute
valués. 'The application of the above formula would amplify the
differences already seen between atrial and paplllary muscle con-

[

‘traction velocities and therefore was not considered- 1mperat1ve iy
this work.

Close (1964) glso-suggested tha£ when a cell or bundle of
cells contain some fibrils not oriented along a single axis, the |
result;nt influence is antagonistic rather than synergiétic and
‘consequently acts.to decrease the measured muscle velocity.

3. Time to Maximum Tension

a. Young Animgls
rd
Histogenesis of ventricular cardiac muscle of rats and birds
provides evidence that the formation of T-tubules occurs between the

14th and 20th day after birth (Schiebler and Wolff, 1966; Manasck, 1970) ¥k

;

By the 24th day the S.R. has acquired its characteristic differentiation
and érrangement. By the 31st day the T-system showed its typical

structure but was not quantitatively fully developed. Ventricular
muscle cells_during the first two weeks of postnatal life are very
éimilar microscopically to the atrial cells of the adult rat. If

the T-system determlnes the time course and/or rate of contractions,

then mechanical measurements recorded durlng this early post- natal

/
i
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period should be reflective;- However, the results presented here. .

show that in rat and dog the atrial contraction time course is definitely

: & . i :
of the same magnitude of difference away. from the ventricular contraction

time course as seen in the adult animals. This suggests that lack
of the T-system in ventricular fibers does not create a faster

contraction. . A

b. Myofibril Organization

Fawcett and McNutt (1§69}f phasize in their E.M. studies on
cat heart that the cardiac muscle fibers had a single coherent bunéle
of myofilaments extending throughout the fiber cross-section. This
contrasts with the discrete myqfibril units of uniform size as seen

in skeletal muscle and also reported by others in cardiac muscle.

It was suggested that the unique contractile mass geometry in cat

heart might be causally related to its slower time course of contraction

~and prolonged contractile state, as compared to skeletal muscle. An

extension of thlS idea to account for the faster contraction in atrlum
relatlve to the ‘ventricle does not seem warranted.slnce the absence

of discrete "myofibrils' was observed in both atrial and ventricular

" sections of the cat heart.

c. ;CRR. and .Relaxation

The role of the S.R. in relaxation of skeletal and cardiac

muscle is well accepted In guinea pig the fragmented S.R. of the

+ uFasth vastus lateraliss (TMT of 19 msec) had a higher steady-state

3 ;
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rate of calcium uptake than ‘the "slow" soleus (TMT of 82 msec). This

B r;te of calciﬁm accqmulation‘was correlated with the half-relaxation
.fimes for vastus (18 msec) and for soleus (114 msec)(Fiehn.and Peter,
‘1971). ﬁxperiments of fhis kind to determine the calcium uptake

rate of the S.R. as well as the mitochondria from A and P should be-
very‘informative.r

4. dT/dt/MT ' _ ‘

K .0

Results obtained aftér normaliz;tion of dT/dt per MT
developed in a particﬁlar twitch further substantiates the faster rate
in A relative to P. This index expresses the maximum rate Qf
proporticnal rise of developed tensidn, has'é dimension of—éimgnl and
is independent of crossectional area and preload-(Eigure 26). The

' data derived by blotting the different values of this index at various
temp;ratures as a function of TMT indicate stfongly that the atrigl
contréct;on-may be a special form of thelventricular contraction or
‘vice versa. ,Thus';érfain atrial contraction characteristic; may be
prediété& from the ﬁechaﬁical features of the.ventricular contraction -
ﬁccording -to the genefal equation d%‘;dt = K(%) where the K \

.value appears to be the samé for atria and ventriclés in the same

species. In an actual experiment, atrial and ventricular twitches

with identical TMTs were prbduced by two different temperatures, and

the twitch contraction curves became reasonably superimposed (Figure 15).

. , <r
In response to an increase in temperature the P and A ?re

- ™
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shifted upward along ; common slope described dn the plot of dT/dt
against 1 . It can be postulated that temperature mey exerrTits
influenczMEy”altering the speed at which calcium ions diffuse to the
myofilaments as well ‘as the rate of chemical reactionsJassociated ;
with the contractile proteins and calcium sequestration.

In contrast to the typica¥ inotropic responses caused by

temperature change, the rate of electrical stimulation has little

influence on the atrial position; however, it causes the papillary

.muscle values to shift upward along-the common slope K. In fact,

at a selected temperature (for instance,28 C) and with an increase 1n(7«\ :
SONpie

frequency,(s to SOO/mlnute) ‘the P are shlfted to the region of the next R

higher temperature studied (33 C) (Figure 25). It has been suggested

that an increase in contraction frequency may make greater quantltles f

of calc1um available to the contractile system (Nayler, 1967; Langer,

1971) and this is associated:with a positive inotropic response. The

proposed scheme is such that an increase in frequency of contractlon

Causes more calcium 1nf1ux aCTOSS the cell membrane to the myofllaments

where it binds to troponin sites and more completely inhibits the

.. troponin-tropomyosin interference with actin-myosin coupling.  The

result is a greater rate and amount of tension development. -

5. Restlng_Ten51on.and the Length-Tension Curve

‘The resting tensiom in the atrial and paplllary muscles was
expressed as a % of the MT produced in the twitches aS/length was

increased. It was noted that this RT was consistently a greater

S
kS
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fraction of the developed tension in the A than in the P (Figure-g).
This greater RT may be expected in light of the highef‘collagen content’
reported.  Jewell and Blieks (1968) alluded to a higher PE componentt
in atrlal muscle but no further information was presented It must be
cautloned that a statement 1nd1cat1ng a greater quantltatlve amount of
the PE should be made only after ana1y51s of normallzed ten51on/cross—
sectlonal area as a functlon of % length change from Lo; Lo being
defined as the unstretched muscle length at O tension. On this basis;
a brief comparison of an A aﬁd a P of rat which have similar_weights
and lengths suégést that the RTs may not be different. This type:of
analysis to quae;itatively compere atrial and papillary muscles may
prove very fruitful in the futﬁgétparticularly utilizing very carefully
chosen muscles from larger animals such as cat or dog where the atrial
‘trabeculae may"ha\_(e a fairly parallel arrangement 'of‘fibers and
normalization by‘eross sectional area is-pessiele. This type of
analysis assumes that the CE is freely ‘extensible at rest and that the
passive L-T curves reflect the characteristics of PErpresent.

B.  ACTION POTENTIAL

1. ShaEe

There are obviousl&ifferences in the shape of the A.P. con-
.sidering A and V.  However, no complete explanation for this has been
forwarded either based on an ultrastructural or blochemlcal ba51s
Information remains incomplete as to the specific ions and their

respective rate of transport'across the cell\qembrane during the

.,'.;.‘-I-. .

e
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excitation and return to resting state.. The A.P. difference appears

to suggest structural or conductance differences in the membrane

assoc1ated with exc1tatlon but as mentloned in the Literature Revigw

further caution must be exercised in relatlng the A.P. to the resul ing
twitchicontraction. | |
With alteration of the Na+.and'Ca2+ ietels there was no
evidence'of significant TMT or .total coﬁtraction time change in rat
atria or papillary‘muscles even though the hT‘and dT/dt decreased to
very low values. In all 1nstances .the direction of the.changes
appeared to be the same in both types of myocard1a1 tissue and no

indication of possible transformation of the shape of atrial into

ventrlcular tw1tch or vice versa was achleved Fairly consistent ,
relatlonshlps between A. P duration and TMT was reported by various
authors as reV1ewed in an early sectlon .of this dissertation and a
brief consideration of the effect on_the.A.P of external ca1c1um or
sodium fluctuation should be of- value.

Lowerkgg the external Na" concentration shortened the
‘duratlon of the A, P and lncreased the steepness of phase-2 of the
AP in wventricular fibers of several species (Deleze, 1959; Brady
and'Woodhur&, 1957). A four fold increase in Ca 2z resulted in near
abolition of phaee 2 so that the A.P. resembled the."atrial typeh
of potential, but 1% of Snormal calcium was without'any'great effect

in dog papillary muscle. (Hoffman and Suckling, 1956). Low -

concentration of Ca2+ jn the ‘extracellular fiuid prolonged phase 2
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in dog atrial muscle; 1 n addltlon, with both Caz+ anﬁ Mgzw reduced,
the A.P. assumed a shape 1dent1ca1 WIth that seen in the ventricle
and phases ﬁ; 2 and 3 were clearly demarcated.

It appears quite c0nv1nc1ng that Ca2+ as well as Na'

24 -
contribute to the cardiac A.P. Slow inward currents of Ca~ have

been identified in mammalian ventrlcular muscle . (Mascher and*Peper,

i

1969; Beeler and Reuter, 1970) in addition to other muscles Fufthermore
the slow iaward current has been 1mp11cat;d in phase 2 plateau production
in cardiac muscle. Interestingly, strontium apparently has the’
ability to tepiace Ca2+ in the plateau phase, (Ni%dergerke aad Orkand,
1966) . ' In tﬁe'present stady Sr2+ greatly proloa%ed the TMT in both

rat atria {Figure 21) and paplllary muscles and one ultlmate.effect '

may have been in prolonglng phase 2 of the A. P. \ThlS is not suggested

to the exclusion of the p0551b111ty that there may be a decrease in the

ablllty of the 3. R. to sequester St 2+ in comparyson with Ca (Hajdu, .

1970) . o . o

Atrlal strips re5pondast>oner to change in bath ionic cogy
p051t10n than -do ventrlcular strlps ' Both MT Lnd dT/dt deerease or
increase more rapidly in atria: w1th large 1on1L changes. « Brooks
et al., (1955) also commented on a similar phermenon which . oegﬁ:red
in.-cat andldog Heart where atrial - flbers became rapldly 1nexehtable in
a selution nearly calcium-free but papillary mLscles remalned normally ‘
excitable for hours

A great deal of evidence has been accumulatlng relating the

A.P. to energy metabollsm but until recently the studies have used
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only papillary musclesfor variaus;trabeculael ~ Hyde et‘ala, (1972)
used cultqrad rat heart cellarand\studied.tha affects of'energy 
_deficlency on’the transmembrane potentials and contraﬁtions.
Inhibiting the energy paoduction or “increasing the rate.of.utiliZafion
grea£ly reduced the duration and amplitude of the action potentiala.
Their conclusion was that the drop in enefgy—rich compouads in ar naar
the plasma membrane modulated the Ca 2* influx associated with. the

*

plateau of an A.P. The results from this study suggest that a cell
with a higher ATP content .or higher energy producing capac1ty may
indeed have a‘ﬁifferently shaped A.P. Directly related to this

i report , McDonald and Macleod (1972) published a study indicating that

A P. duratlon declined at a faster rate in anoxic guinea pig ventricular

muscle than 1n‘atr1al muscle.’ During the anoxic incubatiocn, atr1a1
muscle maintained a higher glycolytic rate, ATP content, glycogen content
and less potassium loss than ventricular muscle. The situation in T -

‘anoxic A and V seems pa}tially agreeable with the hypothasis of Hyde.

\-That is, since the A maintain higher ATP stores during anoxia the A.P.

will be maintained near normal for a longer period of time; however,

2+
as the energy storage decreases the Ca”. would rapidly ‘accumulate at

the plasma membrane or its vicinity during the-A.P and cause Shlft

' 2+
of ECA2+ toward Em-to’occur earlier and therefore shut off the ICa N

The result should be a shorter A.P. which is not in agreement with

- ]

McDonald and Macleod who ‘observe a longer A.P. w1th anoxia. . Since »
normally the ventricle contalns more ATP than the atrium, the hypothe51s

of Hyde may still be applicable in non—anoxlc COﬂdlthHS The higher
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ATP store in the ventricle would hypothetically caﬁse a longer A.P,
duration because the IC32¥ is maiﬁtained longer. This hypothesis \
probably 1is greatly oversimplified but seems attractive as reference
for-future'ex;eriments.

2.. Rate of Depolarization

’

With a similar sarcoplasmic. composition a fiber with a larger
cross-sectional area would be expected to conduct more rapidly than
a smaller fiber. Extending this basic concept to fibers from the

atrium and vekM®icle, the faster rateé would occur across the ventricular

fiber since it is larger in -diameter. Hewever, this ‘isnnot consistent
with the 1onger lMT in V and probably is not a valid conclusion since T
ventricular cells have .a large array of T tubules whlch are 1ack1ng in
atrial cells  Variation in tubular mass has been shiown to alter the J ----- L

electrlcal capac1tance as in skeletal muscles (Adrlan and Peachey, 1965):

t--»

Capac1tance ‘ Re51stance
slow fibers - no triads . o
or T'system . S - C R
fast fibers - triads
+ T system 3C. 0.1R

Hypothetlcally, if the fleIS from the V and A were the same
‘size, except one fiber with and the other without T- system, then there
would be an increased capacitance in the cell with tubules and a slower
A.P. conduction. In effect there would be more membrane area to
dep%iiiize before an A.P. could be propagated across the fiber. In
actual”fact, the atr1a1 cell is approximately 1/2 ‘the size of a

ventricular cell but.it has no T system.. Therefore the A'probably
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* has lower capacitance a?H this 'may be instrumental in-faster
depolarization and calcium release.

C.  KC1 CONTRACTURES

Many experiments have dealt with contracture development

in muscle initiated by compounds such aslcaffeine,.acetylcholiné ’
and KCl.  Although nd experiments with KCl contr;ctures-were presented

in this.dissertation, the method does offer a worthwhile step between

the electrically stimulated twitch contractions of normal fibers and %
the Ca2+ - induced contractures after EDTA treatment. In other words,
KC1 c3§§ractures are initiated by the effect of high potassium instead

13

of a direct electrical stimulation.

‘The procedure involves a sudden increase in potassium

concentration, and this causes, in order, membrane depolarization,

calcium flow to the myofilaments and contracture. The cont;acture time
course has been analyzed in only a few instances and there is great
paucity of experiments on mammals.  However, szzard and Gibbons (1971)
have studied the potassium contractures of sheep atrial and ﬁentricular
trabeculae. After I visually inspected an atr1a1 contracture and one
from the ventricﬁlaf.muscle, it was apparent that the A reached peak

{"‘
contrgcture;in approximately'lo seconds and the V in 50 seconds.
' Therefore, the ratio dflV is 3 and this is similar to‘the TMT ratios
e : X

of normal tW1tches of ‘severdl species - (Figure. 23

Even though no experlments were presented on KC1 contractureswmm

of rat heart muscle, one m;ght exPect similar ‘results regardlng the

L2 . M
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contracture time course differences between A ahd V. Indeed, the
EDTA-treatea.Cazi.induced contractures showéd ay fime to ée:k
contracture of approximately 2;5. Both of thesi experimental procedures
(KC1 and EDTA-Ca++ treatmeﬁt) to evoke contracture have elimina£ed

the requirement of an electrical stimulus.

It is most probable that the contfactures'are the result of
calcium release from internal pools and/or disélacement from membrane
'sites‘associated with the sarcolemma. Consequently, the fact that
the time courée differences of nérmglIA and P twitch contractions and

of these contractures are similar, strongly suggests that transport and

binding rates of calcium and/or sites further aI%Pg within the fiber

_are capable of determining this difference.

D.  CONTRACTURE RATE AFTER EDTA

After EBTA treatment it may be postulated that the diffusion
of ca1c1um, magnesium or ATP may be restricted and this may cause a
slower rate of contracture force development. However, since the
subcellular structufes involved in metabolic processes are still intact
and assumed functionally active,, it seems likely that ATP may be
produced within the cells and consequently ATP supply.by diffusion —
1s of limited importance. Nevertheless, both calcium and magnesium
were drastlcally depleted from the muscle bundles by EDTA.  Therefore,
~ the re-entry of required calcium and magne51um may retard activation
of gﬁe’fﬁﬁtractile proteins.

In physically skinned skeletal muscle fibers, Hellam and
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° :
'hqudoisky (1969) used the CaEGTAZ- buffer with pCa 5.0 in the bath;;g

" ’ 4
~ solution to facilitate activation of the fiberé to maximum force
development. When the& uﬁed”the same pCa‘S.O with no EGTA buffer,
the fibers developed very little force. In this latter case, it was
surmised that the calcium ions were taken up by the sarcoplasmic
reticulum as qu1ck1y as they diffused into the fiber. " If this is so,.
then with use of the EGTA- ca1c1um buffer system, the CaEGTA probébiy
diffused through the fiber wlthout interactin g with the peripheral

myofibrils or sarcoplasmic reticulum.

The present studies of atrial and ventricular contractures

post-EDTA treatment did not incorporate an EGTA buffer system for(ﬂﬁ\

calcium.' Since a maximal rate and time‘course of force development
was sought, a bath calcium concentration (pCa 2. 60) was used to give
a high concentration gradient into the fibers. This pCa should be
.suff1c1ent to saturate.the _sarcoplasmic retlculum, mitocheondria, anq
any other calclumlblndlng sites as well as the myofllaments- fhe
diffusion of calcium,'not complexed with EGTA, should be more rapid.
In addition, with free -calcium there 'is no necessity for the time
-dependent process of CaEGTAz-‘dissociation to Telease calcium at the

myofilaments.

E. EFFECT OF GLYCEROL TREATMENT

I. Short-Term in Glycerol

The results presented here for rat atria and papillafy muscles
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indicate that the A react differently to bfief glycerol treatment than
the V. The loss of cardiac tontractility in A was transient but V
twitch tension was never lost. Similar response has been seen in

rabbit (Schmidt et al., 1971) and guinea pig atria (Duckles and Jensen

1971). The latter authors found no electrlcal response during the
time when developed tension was lost. This contrasts with skeletal
- . Q . .

muscle data where normal A.P.s are seen even when the tension is lost.

Removatl of the glycﬂl appears to be the time when ultrastructural
» 1N .
damageg occurs, that is a swelling of the S.R. and mitochondrial dis-

. .f‘, ) B )
integration possibly because of a large concentration gradient between

intracellular Tegions and the bath solutien. It 1s inaeresting that
Niemeyer and Forssman (1971} observed no T tubule dlsruptlon in the rat
ventricle after glycerol removal and only minor ultrastructural change
_Thisrmay suggest that in A the lack of T tubulqa‘lessens the ability of
the fibers to rapidly equ111brate when placed back into normal bath
solution from glycerol.  Thus, ultrastructural damage as well as ionic
imbalance may contribute to loss of both A.P. and coptractlon.

2. Contracture Rate After Long-Term Glycerination

In glycerinated psoas the rate of.contracture development

was increased progressively as the ATP concentration was raised from
.14 mM to 2.3 mM. (Ranney, -1954) - This general trend was also

observed by Edman (1957). In the present experiménts on rat
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‘myocardiﬁm the ﬁaximal tension was produced‘by iO mM ATP. This
concentration was optimal for maximal rate and amount of tension in
both A and P. The diffusion of ATP and the breakdown by‘ATPasé
evidently £each an equiiibrium at this concentration.

Deptﬁ;and rate of ATP diffusion into a fiber bundle is

- important when déaling‘with contracture development in muscle because
of the lack of substrates and metabolism within the fibers. In the
case where the depthmof diffﬁsion equals the radius of the'fiber °

‘ . - h .

and based on diffusion coefficients and rate of ATP splitting for Lo

skeletal muscle fibers,
-

- @liééil;')l/z | (Meyerhof-Schulz, 1927)
Where ' r = radius of fiﬁer, also depth of di £usion a0
C = external ATP concentration
N =f4 = integer used when diffﬁsion distance approaches !
v (Edman, 1957)
"D = diffusion coefficient
2 x 1078 cn?/sec v " (llasselbach, 1952)
1-2-x'10_6~cm2/sec (Bowen and'Martin, 1963)
2 x 1077 sz/sec (Manhherz;fIQSB) .

A = rate of ATP Splitting
505 x 10'6g<cm3/sec (lasselbach, 1952)
100-125 x 10 %g/cm’/sec (liayashi et al., 1968)

in moles/cm3 tissue or moles/cm fiber length
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Terefore, if: € = lomM = 6.23 x 107> g/cm>
. N = 4 '
D = 2x 10f6 cmz/sec..'
-6 3
A = 100 x 10 ~ g/cm™/sec

*

Then, T = 0.0223 cm or 223u.

- This value. is yithin the range of radii used in the studies
on' glycerinated A-and P muscle presented here. llowever, the calculated ¥
radii may be 1/10 of this value 223 if othe; constants for A and D
(shown above) are chosen. Diffusion coefficients have not been presented ™
for card{ac muséle but may be differeht than for skeletal muscle fibers. \
Consequently the diffusion radius may be meaningful only in reference
to skeletal muscle and even with-this restriction the variétions in

values for D are very great.

One assumption has beeﬁ-that.there-is'Susf one fiber, whércas
in reality there are 10 - 50 fibers per bundle which are separated by
an intercellular, matrix. _Consequéntly diffusion ‘rates through the
bundle may be different. from that through a single fiber. In fact, in

a skeletal muscle bundle of 7 single fibeégfpthe diffusion gradient was

-~ .
only twice as much as fbr a single fiber (Mannherz, 1968) . This suggests

»

that a bundle does not behave as a tissue cylinder with uniform ATP

L)

diffusién coefficient. Ruegg (1971) suggested that bundles no larger

than 200-300y in diameter be used in skeletal muscle.
The creatine phosphokinase system has been shown to increase

the ATP. concentration in the core of glycerol-treated skeletal muscle

fiber bundles which range from 125 to 700u diameter {Bowen and ﬂ@ttip,
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1963}_—“_Theﬁcontractures of A and P from rat are not affected by the

use of this systemor deoxychollc ac1d. This suggests that‘the glycerol- .
treated fibers are sufficiently sm311 50 th:t-tﬁe maximum rate of
actin—mfosin interaction and subsequent tension output are not slowed "
by an ATP deficient core. ) -

As mentioned previously, there are fast and slow skeletel
muecies which are attractive as comparisons to the heart ftfast" atrial
and ''slow" ventricglar musele; In one sfudy (Sexton and Gefsten, 1967),
evidence was présented to show that the rate of onset of tension

f

development in glycerinated gastrocnemius (fést muscle) exceeded that

in the soleus (elow muscle).  This diffefence was attributed to the | i
number or natdre of actin-myoein cross-links formed since this difference
was seen not only at the glycerinated fiber level but also in in vivo ‘
contraction. -Howeyer, there was no mention or -comparison of total
time courses. . . ; i ' ’
In another study, peak contracture tension and rate of tension
development have been determined in'hyperthyroid versus pormal rabbit
right venericular papillary muscles after glycerination (Su et al.,
‘i970). It was concluded that the contractile protelns from the
hyperthyroid animals developed greater tensxon and had a hlgher rate
than the normal!
. - In contrast to'ehe dlfference in contracture rate seen with
fast and slow.skeletal.ﬁUSCIes, the rate of. contraeture development

-

per maximal tension and overall time course of "fast' atrial fibers
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are not significantly different from the "slow" papillary muscle fibers.
In addition, the -ATPase activify of the myofibrils from these glycerinated

muscles are not sigﬁificantly'different. This seems to_iﬁdicate ﬁhat
the difference in time course of cqntfactions seen in EDTA treated fibers
or in normal twitch fibers is not mediated by the contractile protein
hydrolytic -activity.

F. MYOFIBRILLAR ATPase

In a myofibril preparation the contractile proteins should

more closely represent the natural contractile system, as compared to

the more'purifiéd actomyosiﬁ or myosiﬁ preparations. The major
disadvantage is that total ATP hydrolysis is only partially associated
- with the myofibril contractile response. ATPase activities of cell
structures such as mitochondria are al;o included. °~ However, sodium
‘azide hés beeﬁ shown to inhibit mitochondrial ATPase. = In fact, Fanburg
(1965) showed that after aboiishing the contaminating ATPases with azide,
the remaining activity closely resembled that of actomyosin ATPase.
It was suggested that actomyosin 1is probably the actiye moiety of
myofihriilar ATPase (Chandler et al., 1967).

Values reported in this paper for rat ventricular fibrils.;t
ioﬁic strengfh .17 are similar to those reported by Aoki et al. (1971),
where values ranged between 0.18 and 0.12 uMPi/mg protein/min. at ionic
strengths, respectively, 6.1 to 0.2. . Glycerol-extracted, azide-

treated myofibrils indicate a slightly lower activity but certainly

i
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still near the range of Aoki's work mentioned above. Other workers,

including Hen;y et al. (1972) found that glycerination of muscle’
fibers did not eliminate inherent phyéiological differences in ATPase
activity. Specifically, they reported that ATPase activity of
Iglyderinated fibrils from hypertfophied rabbit heart was lower than
from glycerihated‘normal rabbit heart. | |
. The ﬁyofibrillar ATPase activities. reported hefé‘and by
most other autﬂors are steady-state values measuréd thiougﬁ time in

mifiutes. In fact from approximately 1 minute to 8 minutes the

activity rate increases linearly iﬂ'A andfP. Recently, Takauji and

Honié (1972) have emphasized that bundles of m}ofilaments isolated

by homogenization procedures are invariably preshortened and offer

little gdﬁantage over myosiﬁ B. These workers perfuse the heart with

EGTA at the outset to deplete calcium more thoroughly. Their experi-

ments present evidence that the individual{safcomeres are not preshortened

an& that the AfPase activity during the first several hundred

milliseconds of contraction is more representative of the true in vivo

contractiié protein activity.

~This kind of experimental procedure should be most beneficial

‘|in extending the myofibrillhr study which I have started in comparing

and P. Since nofﬁalization by éross-sectional area or protein is
p%obiematic with A, the use of a few distinct sarcbmeg%s with a monitor

'o% length change and simultaneous'ATPase activity would contribute a

gfeat deal. Furthermore, the definition of the initial kinetics of
I .
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this_hydrolytic activity in A and P may reveal interesting information.

In formulating the relationship between ATPase activity and

shortening velocity, Barany used purified myosins. In recent

“conversations with me, Dr. Barany has suggested a schema which should

yield actin and myosin from atria in a pure state. The information
gained at this‘Ievel of chemical activity should be very useful in

comparing to the myofibrillar ATPase activity of A and V presented

in this diéser;ation.

“
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VI. SUMMARY AND CONCLUSION

" This study has characterlzed 51m11ar1t1es hnd dlfferences
between the atrlal and veqtrlcular myocardium. Some aspects of. cardlac
. muscle electrophy51ology, ultrastructure and biochemistry have been
major areas of concern as related to ‘the contraction mechanics.

A.  NORMAL TWITCH CONTRACTIONS

1. It has become clear that the atrial muscle contracts faster
and has a shorter time to maximum tension than the ventricular'muscle.

‘Thls difference. is - present in very young rat where the T-tubules have not

yet developed.

2. "With an increésingh%témulation rate (from g to 300/minute).fhe
tension decreases similarfy-in?A and V; however TMI does not decrease
significantly in'A as it does in V. | ”

3. Between 18 and 36°C the dT/dt is higher and the TMT less in A
than P cbmpared af the samehtemperaturé. The te@perature coefficients
.of MT, dT/dtﬁ dT/dt | aqd‘of TMI were not statistically diffefent when
Comﬁaring A andMg throughout mdgf of the tehperature ranges studied.

4. -The TMT is alway§ significéhti& shorter in the A than in the Vv
in rat, cat and gu1nea pig. This is also obsgrved in cardiac muscle
preparatlons WhICh have 51mllar axiﬁg? ﬁéveloPed tension and persists
after treatment with reserpin€ apd/or propranoloi. TMT is approximately
1/3 of hhe fotal contraction time in rat, guinea pig and éat at various

sfimulation‘rates and bath temperatures for both A and V.  The TMdT/dt.

and TMVce appear chronologically later in the twitch pf‘an'A than a V

1
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“line was the same in A and P.

in 7he A ‘than in the V.conpared at severel preloads. : K
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_».,

in both isometric and isotonic. contractions. ’

5. Alterations in the ionic composition of the bathing solution
- _ , o ¢ !

reveal the follow1ng

a) _the. A respond faster, as far as mechanlcal output

. ' change, after belng placed in a solutlon which has
. low ca1c1um or eodlum. ‘

b). 1ncrease or decrease in ca1c1um did not’ alter the TMT
significantly; however increase in muscle length aftex
low caibium.didnlengthen the TMT;

ce) - replaeement“of calcium with strontium”lengthenedlthe
| and P eqnaily but increased the total-conA“

duration twice as much in the A as in the P.

6. i ' ]dt,'was used to compare the A and P contraction

mechanlcs and was always hlgher in A under the samé conditions.‘ This

1 |

index was sensitive to 1notrop1c agents such as temperature and

isoproterenol. If dT/dt was plotted agalnst the inverse of TM™T, it
ST
1ncreased in a Iinear fashlon with decrea51ng “TMT. The slope of thls
1 .

-

N
\

7. The force veloc1ty curves from isometric contractlong appeared

hYPBTbOllC in ‘the papillary muscle but more 11near in the K. The A

Y

' and V: force veloc1ty curves were equally respon51ve to 1notropec agents.

}8. Measured 1soton1celly\the maximum dL/dt is 51gn1flcantly hlgher

I . 3
. 1

”; - . Lot : ' . ‘l. ' ‘ g -
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"1 hour in glycerol.
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<}y . 9, At Lmax the resting ten51on constltuted 25~ 35% of MT in the

bl

p but 80-90% in the A. There was a greater resting ten510n relatlve
to MT throughout the extent of the pa551ve 1ength tension curves.

10. An indication of the SE extension was galned by allowing the muscles
to shorten rapidlf to zero tegsien frem‘maximum developed tension. fhere
was‘no difference in the change in‘length expressed as a % of muscle

length comparlng A to P,

-

B, EDTA—TREATED MYOFIBERS ~ o .

After the EUTA treatment which caused high sarcolemmal
permeability, the muscles'were stimulated with calcium to develop tension.
1. The .initial rate of tension developed normalized per maximumi

tension yield values which‘were significantly higher in. A than P.

' 2. The average time to peak contracture tension in A was 2 - 3

times shoérter than in P, . R s R '

C. GLYCERINATED;MYOFIBERS - o {

1. Short term (hours)

L
There is no major dlfference in TMT after glycerol treatment
in A or P, but the A temporarlly loses its ablllty to genei;te tW1tch
l

b
tension after .return to normal bathing solution followlng a period of

L

2, Long-te (weeks) ' ) " ¥

| After glycer:.natlon for at least 2 weéks which disrupted :

e - '

cellular membran'es#but leﬁt the contractlle protems 1ntact,3, the flbers

. - 24
were stimulated wittha2+, Mg and ATP.
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A &1,
1). Optimal concentratlons-ﬂf calcium and ATP for
generatlng highest. ten51ons were 6 5x 10 Mand

IOmM respectlvely

2) TInitial rate of developed tension normalized per

- maximal developed tension and the overall time course
of A and P tension development was not significantly

different in these .2 muscles.

1

3) lefusion did not appear as a causative limiting factor

in contracture development for the following’ reasons

-

a) the time course of tension redevelopment after

shorteplng fS or -10% was not smgnlflcantly altered
in A or P. | )
. bj_ Creatine phosphokinaSe or deoxychollc a. treatment
| did not 1mprove the rate of coﬁtracture development
'.4j The.muscles were allowed to shorten rapldly from maxlmum.
. contracture tension to zero tensiomn. There 'was no

statistical difference in the change in.length expressed

as a % of musele length comparing A to P.

D.. MYOFIBRILLKR ATPase ACTIVITY
| The hydroly51s of ATP by contract11e protelns 1nd1cated that
_the ATPase act1v1ty is not 51gn1f1cant1y dlfferent between_A and -V
in glycerinated flbers:' Normal fibrils,. non- glycerlnated showed
the highest rate in the right V,-lowest in the left v and 1ntérmediate in

A, S

ot
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The dlfferences in the time’ course of tension deveiopment
between A and V-were stlll observed in- the contractures developed after ’
EDTA treatment or after 1n1t1at1ng the contractures with KC1 1nstead
of electrical stimulation. The experimental procedure whlch ellmlnates

g - e
) the tension time course dlfferences between A and V is glycerination

'whlch causegﬁgafcolemmal as well as subcellular membrane dlsruptlon
~The biochemical act1v1ty of the myofibrils does not appear to reflect T

I

" the differences between A and v shortenlng velocity oT ten51on develop-

‘ment of the ‘whole muscle fibers. It is suggested that ca1c1um dlffu51on
tlme, b1nd1ng or uptake may determlne the time course dlfferences

between'A and V.
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Isometric éontractions of Papillary Mu.scle-s of Rat. Mean
values * SEM.are given for 8-12 papiliary xrmsg:les at various stimulation
rates and tempe‘ratures.h | |
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. ' TABLE B
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. Isometric Contractions,of Atrial Muscles of Rat.  Mean
- ,values * SEM are given‘fqr 8-12 atrial muscles at various Stimulation

S, rates and temperatures.
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