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Bericht

iiber die 37. Ordentliche Mitgliederversammlung
am 17. April 1971 im GrofBien Horsaal des W. G. Kerckhoff-Institutes
der Max-Planck-Gesellschaft in Bad Nauheim

1. Wahl von zwei neuen Vorstandsmitgliedern:

Anstelle der ausscheidenden Herren Schneider, Kéln, und Spang, Stutt-
gart, wurden einstimmig die Herren Loogen, Diisseldorf, und Weiterer, Er-
langen, als neue Vorstandsmitglieder gewahlt.

2. Wahl von vier neuen AusschuBmitgliedern:

Anstelle der in den Vorstand gewdhlten Herren Loogen, Diisseldorf, und
Wetlerer, Erlangen, und der satzungsgemal ausscheidenden Herren Greefi,
Diisseldorf, und Knebel, Bad Nauheim, wurden die Herren Gauer, Berlin,
Gillmann, Ludwigshafen, Holldack, Berlin, und Schoenmackers, Aachen, ein-
stimmig als neue AusschuBmitglieder gewahlt.

3. Wahl des Themas fiir die ndchste Tagung:

Es wurde mitgeteilt, daB der Vorsiizende des Kongresses 1972, Herr
Meessen, Diisseldorf, folgendes Thema vorgeschlagen hat:
«Herzhypertrophie".

4. Kaszenberichi:

Aktiva
1. Fesigelegle Werte DM DM
Inventar = = = @ w0 ¥ % w ¥ B & 8—
Wertpapiere . « « + . « . + & = . « . 30438,50 30 446,50

11. Fliissige Mittel

Kassenbestand . .. . . . . . . . . . ., 51,94

Postscheckguthaben . . . . . . . . . . 2147 45

Bankguthaben . . . . . . . . . . . . 3751907 39 718,46
II1. Aktive Rechnungsabgrenzung . . . . . . 889,72
IV. Ungewisse Vermégen . . . . . . . . . 1

71 055,68



Bericht

Passiva
I. Vermdgen DM
LEAOZO o v e v o ow om ow omoowe v ow o ow 10418943
Fehlbetrag . . . . . . « . . . . « . 222723

[1. Riicklagen
IlI. Riickstellungen .
IV. Verbindlichkeiten .

V. Passive Rechnungsabgrenzung . . . . . .

UberschuBrechnung
fiir die Zeit vom 1. Januar bis 31. Dezember 1970
Aufwendungen DM
Verwaltungskosten . . . . . . . . . . 4 558,99
Beitrage . . S PR R S U S 3 738,16
Absmrelbungen e 755, —
Tagungskosten . . . ¢ w W Gk

Kosten der Verh andlungsberlchte

Erirdage

Mitgliederbeitrage
Tagungsgebiihren .
Sonstige Ertrage

Fehlbetrag

XXXVII

DM

14 192,20

31 500,—
1300,—
5988,48

18 075,—

71 055,68

DM

9 052,15

20 416,65
31011,88

60 480,68

DM

30 725, —
14 615—
12913,45

58 253,45
222723

60 480,68

Der Bericht wurde von der Siidwestdeutschen Revisions- u. Treuhand-

Gesellschaft m. b. H. aufgestellt. Er schliefit mit dem Vermerk:

.Nach dem

abschlieBenden Ergebnis unserer Priifung aufgrund der Biicher und Schriften
der Deutschen Gesellschalt fiir Kreislaufforschung sowie der erteilten Auf-
klarungen und Nachweise entspricht die Jahresrechnung den Grundsdtzen

einer ordnungsmabigen Rechnungslegung.”

Frankfurt/M., den 15. Marz 1971.



KXXVIII Bericht

Auf Antrag des Vorsitzenden der Gesellschaft wurde dem Geschifts-
flihrer einstimmig Entlastung erteilt.

5. Ehrungen:

Herr A. Strano, ltalien, wurde einstimmig zum korrespondierenden Mit-
glied der Gesellschaft gewahlt.

Es wird mitgeteilt, dafl der Preis der Arthur-Weber-Stiftung ,Forschen
um zu helfen” Herrn P. Lichtlen, Zirich, verliechen wurde.

Das ,Fraenkel-Stipendium" wurde 1971 nicht vergeben. Dafiir ist fiir 1973
die Verleihung von zwei Stipendien vorgesehen.

6. Aufnahme neuer Milglieder:

Es wird mitgeteilt, daB 37 Antragsteller Mitglieder der Deutschen Gesell-
schaft fiir Kreislaufforschung geworden sind.

7. Ausschuf} fiir Klinische Kardiologie:

Es wird mitgeteilt, daff anstelle des bisherigen Kliniker-Ausschusses ein
«Ausschull fiir Klinische Kardiologie” mit Herrn Loogen, Diisseldorf, als
Vorsitzenden gebildet wurde. Weitere Mitglieder des Ausschusses sollen
von Herrn Loogen kooptiert werden.

Prof. Dr. R. Thauer

Bad Nauheim, den 5. Mai 1971
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3.

From the Cardiovascular Division Peter Brigham Hospital,
Harvard Medical School, and the Bio Research Institule, Boston, Mass. (USA)

Mechanisms of heart failure®)
By Edmund H. Sonnenblick and Edward W, Geriz
With 2 figures and 3 tables

The question of why the myocardium fails to contact normally and ulti-
mately leads to congestive failure, has occupied the attention of both clini-
cians and basic scientists for decades. Nevertheless, it is only within recent
years that improvements in clinical diagnostic techniques and development
of more sophisticated physiological and biochemical methods have permit-
ted a broader understanding of and direct approach to the problem. Our
present purpose is to review certain concepts dealing with myocardial fai-
lure on both a physiological and biochemical basis with emphasis on some
of our most recent experimental work. In the process we would hope to
redefine certain ground rules by which the problem may be approached,
and review a number of experiments which have been conducted in our
laboratories recently as well as over the past several years to explore the
underlying bases of the failing heart.

It is generally recognized that certain major defineable primary evenis
lead to failure of the myocardium to contract adequately (Tab. 1). In the

Tab. 1
1° ETIOLOGY OF MYOCARDIAL FAILURE

1. WORK OVERLOADS

A. Increased Pressure Load
a. High "central” resistance
eg. valvular stenosis
b. High "peripheral” resistance
eg. hypertension

B. Increase Volume Load
a. Valvwular regurgitation

b. High output: A-V shunt, Thyrotoxic

2, OXYGEN DEPRIVATION Akinesis
A. Hypoxic and Ischemic Asynergy

I Dysynergy
B. Infarction

and/or fibrosis

3. MYOCARDOPATHY

A. Idiopathic: hereditary or acquired
B. Wiral
C. Metabolic: eg. EtOH, Cobalt

‘) Supported in part by HE 11306 and Training Grant HE 5890
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Tab. 2

2% COMPENSATIONS OF MYOCARDIAL FAILURE

Mechanism Limit
1. Increased Length = Tension i. Structure of Sarcomere
Volume Curve
Sarcomere ii. "Fibril Slippage"
iii. Luplgce Relation
(T=P xr)
2. Hypertrophy Increased Muscle i.fTofal force, but
Mass {'Farce/unif mass.
i Actomyosin
ATPase
3. Increased Norepinephrine i. NE depletion
Sympathetic Relecse ii. Reduced fyrosine
Drive hydroxylase.

presence of such primary events which include work overloads, ischemia,
and various cardiomyopathies, the myocardium calls upon its compensa-
tory mechanisms (Tab. 2) in order to maintain its necessary function as a
pump. These compensations include: 1) the Starling phenomenon in which
increased intra-ventricular volume leads to increased cardiac output; 2) in-
creased catechomaline release by cardiac nerves by which means the sym-
pathetic nervous system can augment the contractility of the myocardium,
and 3) hypertrophy in which the depressed myocardial mass is augmented.
Initially, these compensatory mechanisms may prove adequate to restore
relatively normal performance of the heart as a pump, although muscle
function may be substantially reduced. However, each of these compensa-
tory mechanisms has a limited potential, and each in turn eventually fails.
The limitations of the compensatory mechanisms may be both structural
and biochemical; terminal failure of the myocardium as a muscle, and ulti-
mately as a pump, depends on failure of these compensations. Our major
findings will demonstrate: 1) a failure of excitation-contraction coupling,
2) abnormalities of biochemical function of the contractile proteins and
3) ultimate ultrastructural limitations to contraction in the failing heart.

At the onset, we wish to give due credit to our numerous collaborators
who contributed to the substantial body of work to be discussed. At present
these include Drs. Robert Forman and Allan Stam, Jr., and in the past Drs.
Eugene Braunwald, F. Norman Briggs, Peter Pool, John Ross, Jr., and James
Spann.

Initially it is important to draw the distinctions between myocardial fai-
lure and congestive heart failure. Myocardial failure may be defined as a
reduction in the force and speed of contraction of cardiac muscle. Ultima-
tely this reduction in force and speed of contraction leads to reduction in
the function of the heart as a pump, and this in return leads to peripheral
responses of the body to altered pump functions. It is these peripheral
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responses of the body to inadequate cardiac outputs and increased venous
pressures which constitute congestive heart failure. Our present comments
will be directed to myocardial failure rather than congestive failure.
Nevertheless, vicious cycles are created by a reduction in myocardial
function, where depressed contractility leads to abnormal pump function,
which in turn leads to congestive heart failure and generates further de-
pression of contractility. Hemodynamic overloads may initiate any part of
this cycle and worsen the rest. Myocardial failure as a primary event is well
known to occur under certain conditions, including prolonged work over-
loads, ischemia, and the various cardiomyopathies and myocarditis (Tab. 1).
We have studied the mechanics of contraction experimentally in all of
these situations. Work overloads have been explored in the cat in which
the pulmonary artery has been occluded and right ventricular hypertension
has resulted with subsequent hypertrophy and failure (48). Ischemia of an
acute nature has been studied in vitro utilizing isolated muscles (58, 59).
The problem of cardiomyopathy has been studied in the Syrian hamster in
which a hereditary cardiomyopathy exists (13). In all of these situations we
have been able to demonstrate that both the force and the intrinsic speed of
the myocardial contraction is reduced initially. Subsequent increases in
ventricular volume with increased fiber length help to restore the force of
contraction in such circumstances, but do not correct for the reduction in
intrinsic myocardial speed (38). In addition, this reduction in myocardial
function does not occur due to an initial excessive siretch of the muscle,
since force of contraction and intrinsic speed have been shown to be redu-
ced at all muscle lengths (48). Stated in other terms, failing heart muscle is
not working on the descending limit of a length tensions curve but eviden-
ces a decreased force of contraction at all lengths. Instead of reviewing our
findings within each of these experimental arrangements separately, we
will deal with the problem of primary and secondary events in a more ge-
neral context. As will be seen there are many broad generalities which
apply to all of these forms of failure both as primary events and as compen-
sations, independent of etiology.

Once primary failure of muscle ensues, compensalory mechanisms are
brought into play to maintain overall myocardial function so that the ven-
tricle may function adequately as a pump despite the fact that there is a
reduction of muscle function per unit of hearl. These include: (1) an in-
crease in myocardial fiber length which yields an increase in force pro-
duction and shortening, so that stroke volume may be preserved, albeit
from a larger end-diastolic volume, (This phenomenon has been termed the
Frank-Starling mechanism and is associated with the length tension curve
of muscle) (2) increased sympathetic nervous syslem aclivity with augmen-
ted norepinephrine release into the myocardium and (3) hypertrophy of mus-
cle which increases the myocardial mass so as to sustain the added load
upon the myocardium by a larger number of contractile units. Evidence has
now been accrued to demonstrate that each of these compensatory mecha-
nisms has a limit and each in turn ultimately fails and serves to further
augment the failure of the heart as a pump. While we cannot deal with the
total body of this information in any depth, the various limitations to the
compensatory mechanismus, as we have found them bear nothing.
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Since the initial studies of Ernest Starling (54), following upon the ele-
gant observations of Otto Frank (15) it has been known that an increase in
the diastolic volume of the heart leads to an increase in myocardial force
production and stroke volume. Ultimately, a limit is reached where increa-
sed end diastolic volume no longer leads to an increase in stroke volume.
Recent studies have demonstrated that this Frank-Starling phenomenon is
related to the length-tension curve of myocardial tissue (47, 53). Moreover,
it has been demonstrated that the tension produced by heart muscle is
directly related to the structure of the sarcomere which forms the funda-
mental unit of contraction within the myocardium. The sarcomere, is com-
posed of two sets of myofilaments whose interactions leads to the genera-
tion of force and shortening. These myofilaments are arranged within the
sarcomere so that the degree of overlap of myofilaments determines the
number of sites between them that can generate force and shortening. An
increase in muscle length appears to provide a more advantageous overlap
of the two sets of myofilaments within the sarcomere, leading to further
force production. Once the apex of the length-active tension curve is rea-
ched, the most optimal overlap of thick and thin filaments has been obtai-
ned and further stretch of the muscle can only lead to a reduction in force
(45). It ist now known that at the upper limits of the filling pressure of the
normal heart the sarcomere also reaches its most optimal dimensions (53,
39, 46). Further augmentation of diastolic volume cannot lead to more ad-
vantageous force development. Thus, as the heart enlarges during the early
stages of myocardial failure, an increase in volume serves as a compensa-
tion. As the volume is augmented further, a limit is reached at which the
sarcomere can no longer generate increased force development as il is
elongated. At this point, stroke volume becomes relatively fixed. In addi-
tion, when an increased volume is imposed on the heart, a mechanical dis-
advantage is placed upon the myocardium due to the Laplace phenomenon
(5). Accordingly, the tension in the wall of the heart is determined by both
the pressures that are generated as well as the radius of the ventricle (45,
55, 56). With an increased myocardial volume, an increased tension is neces-
sary to generate the same pressure. Ultimately this forms a large tension
load in the wall for a given pressure and shortening will be reduced furt-
her. Furthermore, as progressive dilatation of the heart occurs, certain pla-
stic alterations in the wall of the myocardium occur in addition to the ela-
stic changes that occur secondary to changes in sarcomere length. Recently
we have shown that when the myocardium is constantly stressed with dia-
stolic volume loads, sarcomere length does not maintain its elongated
length relative to the increase in volume that would be appropriate (53).
Rather, ,slippage of myofibrils" appears to occur so that the register bet-
ween myofibrils is lost and sarcomeres are shorter than one would predict
for the augmented volume (40). With marked distension of the myocardium,
changes in the structural order of the cell can occur quite rapidly. These
structural changes may well contribute to the creation of the large dilated
heart which may not be reversed by a reduction in volume load if this dila-
tation is maintained for any prolonged period of time. Thus the Frank-Star-
ling mechanism and its ultra-structural basis serves as an initial compensa-
tion for myocardial failure but reaches a limit when the sarcomere reaches
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a limit of advantageous myofilament overlap. Moreover, as these limits of
distension are reached, alterations in the structure of the wall take place
and slippage of the myofibrils relative to one another occur so that the cell
becomes disordered. Slippage of entire fibers may also occur but this is har-
der to document. Since there is stretch upon such activating membranes us
the sarcoplasmic reticulum, it is possible that such degrees of overstretch
may damage the activation system as well. In this manner the Frank-Star-
ling mechanism, which serves as an initial compensation, has a final limit.
Further impositions on this mechanism can only lead to further failure.

A second compensation for the primary failure of myocardial contraction
is augmenled sympathetic nervous system activity with increased release
of norepinephrine into the myocardium. It is well known that an increase in
norepinephrine release into the myocardium serves to augment myocardial
contractility and is a major compensatory mechanism for such activities as
exercise during the normal state. During initial stages of failure there is
evidence to suggest that the urinary excretion of catecholamines is aug-
mented (11). However, during sustained loads on the myocardium and de-
veloping myocardial failure, it is quite clear that the myocardium becomes
depleted of its catecholamine stores (10, 49). This depletion of catechol-
amine stores is related to a failure of the adrenergic nerves of the heart.
Thus, in the presence of chronic failure, the myocardium becomes effecti-
vely denervated with the inability of the sympathetic nerves of the heart to
either synthesize, store, or release catecholamines (50, 12). Thus it has been
demonstrated that in the situations where the myocardium is most depres-
sed, the myocardial catecholamines are most depleted. This does not mean
that a loss of the myocardial catecholamines per se leads directly to failure
since complete depletion of myocardial catecholamine stores in the normal
state does not alter basal contractility (52). However, in the presence of
myocardial failure where a primary depression of myocardial contractility
occurs, the ability to augment this depressed contractility by localized
release of catecholamines is lost even though the responsiveness of the
myocardium to catecholamines is normally sustained (51). Other studies
have demonstrated that this loss of catecholamines from the myocardium is
due to a reduction in Lyrosine hydroxylase in the myocardium, which is the
rate limiting step for the conversion of tyrosine to norepinephrine (35, 27).
The finding of effective denervation of the heart in chronic failure is rather
surprising, considering the need of the heart for its catecholamine stores
when there is a primary depression of myocardial contractility, While there
is an augmentation of the circulating catecholamines returning to the myo-
cardium from peripheral nerves and adrenals in the presence of severe fai-
lure, the degree to which this circulating store of catecholamine serves to
support contractility of the heart to any critical degree is unknown. Howe-
ver, it is now recognized that use of beta blockade in severe myocardial
failure may be limited by further depression of the heart which could be
due to blockade of the action of these circulating catecholamines. The third
compensatory mechanism, hypertrophy of the myocardium, is directly rela-
ted to the primary events which lead to failure. Thus myocardial hypertro-
phy is a response to a tension overload of the heart. When right ventricular
hypertrophy has been induced in cats by stenosis of the pulmonary artery,
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papillary muscles from the right ventricle reveal a decrease in intrinsic
speed of contraction (Vmax), although force development is little altered
and congestive failure in the intact animal is absent (48). A similar reduc-
tion in Vmax has been demonstrated in markedly hypertrophied skeletal
muscle (26) and hypertrophied left ventricular muscle in the rat (4). In these
situations there is an increase not only in myocardial mass due to augmen-
tation of contractile elements but there is also an augmentation of connec-
tive tissue (4, 8). Recent evidence suggests that this increase in connective
tissue may not parallel the increase in myocardial contractile units and
may precede it in certain circumstances (19). Hypertrophy of the myocar-
dium helps to reduce the load per unit of muscle mass and this serves in the
initial stages to compensate for loss in force per unit area of the myocar-
dium. However, hypertrophy contains within itself the seeds of its own
limits as will be discussed. Investigation of muscle biochemical abnormal-
ities in failure have been mainly carried out on hypertrophying or hyper-
trophied muscle. Unless otherwise specified, the following discussion will
center around biochemical alterations in such tissue.

Defining etiological events in terms of specific biochemical abnormalities
is somewhat simplified by categorizing these events into functional
systems (Tab. 3) (1) energy production, including substrate supply and utili-

Tab. 3
BIOCHEMICAL LESIONS IN FAILURE

. ENERGY PRODUCTION STATUS
Glucose
A. Energy Supply ‘ Foztty Acids Normal
Eeme——— O
B. Substrate Utilization ATP Generation
and Energy Storage - P:O ratic MNormal
Mitochondrial Resp. Coupling Normal ( ? )

nction

Il. CONTRACTILE ELEMENTS ( CE )

A. Activation
1. Sarcolemma Na-K* stim ATPase Normal
ATPase Digitalis inhib. ¥ Abnormal ( ? )
2. Sarcoplasmic Calcium Sequestration
reticulum - (SR)  Rate ¥ Abnormal
Capacity of SR Normal
Concentration of SR t Abnormal
B. Contractile Proteins
1. Actin }Aclornyosin
2, Myosin Myofibrillar ATPcse t Abnormal
( Troponin } Actomyosin ATPase ¥ Abnormal
Myosin ATPase ¥ Abnormal

Il. TRANSFER OF CE WORK
TO PUMP FUNCTION

1. Course of Conduction (?)
2. Uniform Contractility + Abnormal

Synchronization
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zation in which these substrates are converted to high energy phosphates.
This area is primarily concerned with mitochondrial function; (2) the coup-
ling of high energy phosphates with the contractile elements of muscle or
energy utilization. This is mainly concerned with the interaction of the con-
tractile proteins actin and myosin with the utilization of high energy phos-
phates for the production of force and shortening; and (3) the excitation-
conlraction coupling system, by which electrical events of the cell surface
mediate the movement of calcium, which controls the force generating pro-
cess and ifts subsequent cessation. An initial difficulty in defining the
potential site of biochemical lesions in heart failure is the interconnection
of these events. Thus, were excitation-contraction coupling to fail, there
would be an inadeqate interaction between high energy phosphates and
contractile elements. Moreover, were there to be decreased mechanical
contraction, the utilization of substrates would also be reduced. This essen-
tial coupling of events makes independent analysis quite difficult. Thus,
specific studies have aimed at the analysis of various components of this
tightly geared system.

Energy production must be broken down into two parts: 1) Substrate
availability and 2) Substrate utilization. Substrate availability has been
recently reviewed by Scheuer (41). Evidence now at hand suggests that
heart failure, either acute without hypertrophy or chronic with significant
hypertrophy, due to hemodynamic overload is not associated with a decrea-
sed oxygen or exogenous substrate supply to the heart on a per unit of
myocardium basis.

Substrate utilization in the form of high energy phosphate production in
mitochondria is one of the most controversial areas of study in myocardial
failure. Alterations in mitochondrial oxidative energy production have
been proposed for myocardial hypertrophy and for the stage of circulatory
decompensation. Various groups, using many models of myocardial fai-
lure have shown that isolated mitochondria have impaired oxidative phos-
phorylation (42, 37, 2, 60, 17). An almost equal number of investigations
have contested these results (14, 7, 44, 33). Using new techniques of isola-
tion and analysis, Lindenmayer et al. have demonstrated impaired oxida-
tive phosphorylation only in cardiac mitochondria isolated from guinea pigs
(29) and hamsters (20) in terminal failure. However it should be noted that
in the presence of severe failure both in man and cats, mitochondrial func-
tion as well as structure may not differ significantly from normal. In early
stages of failure and in stable hyertrophy the evidence for impaired mito-
chondrial function is not well defined. With these observations in mind, it
is difficult to attribute a limiting role to mitochondria in the causation of
myocardial failure.

A final point of consideration in energy production is high energy stores.
Contractile activity of muscle is dependent on the availability of ATP.
Diminished levels might be responsible for failure, however the majority of
studies indicate that ATP levels are maintained in hypertrophy and in chro-
nic decompensation (16, 31, 36). Creatine phosphate levels have been found
to be diminished in chronic failure but creatine concentrations are also dec-
reased so that the ratio is normal (31, 36). Furthermore, the concentration of
these high energy phosphates can be restored toward normal when abnor-

3



36 E. H. Sonnenblick and E. W. Gerlz, Mechanismus of heart failure

mal loads are taken off of these muscles (36). Nevertheless marked reduc-
tions in contractility persist. It thus appears that although subtle abnormal-
ities of both energy production and storage may exist in myocardial fai-
lure ensuing from severe hypertrophy, these abnormalities do not appear lo
be a primary cause of the subsequent failure of the myocardium.

The major consumption of ATP in the heart occurs with the interaction
of the myosin and actin to produce shortening. When myosin and actin in-
teract, the ATPase of the heavy mercomyosin splits the terminal phosphate
from ATP to form ADP. This reaction correlates well with contractility. It
has been demonstrated that a defect exists in the myofibrillar system in
severe failure (Fig. 1) (I, 9, 21). Moreover it may be reduced in the presence
of severe hypertrophy even when congestive failure is absent {9), but this
requires further study. Recently in the purer actomyosin (36) and myosin
(30), systems, the enzyme has been found to be depressed in failure. While
such a reduction in the enzymatic reaction between actin and myosin may
not provide the entire explanation for the failure of both intrinsic myocar-
dial speeds and force, these abnormalities may be compounded by certain
inadequacies in the exitation contraction coupling system. This will be dealt
with in more detail subsequently. Moreover, this reduction in myosin
ATPase appears to follow upon hypertrophy which in essence is not a pri-
mary event but a compensation for an abnormal overload. Whether myosin
ATPase is ever reduces as a primary event is unknown. Current work in
our laboratory has focused new attention on failure of the excitation-con-
traction system as a possible cause of myocardial failure in certain primary
instances as well as in the presence of severe hypertrophy.

Previously, using the spontantaneously failing heart lung preparations as

02r A

ATPase ACTIVITY — umole/mg permin

NORMAL HYPERTROPHY F.n. I.l; l:JRE

Fig. 1. A. Magnesium-activated myofibrillar ATPase activity of normal, hypertro-
pniea and failing right cat ventricles (ISE)
B. Myofibrillar ATPase of normal cat left ventricle and cat left ventricle in the
presence of the right ventricular failure. (From B. M. Chandler et. al., Circ. Res.
21, 720, 1967)
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a model of failure, we found the ATP dependent calcium pump at the isola-
ted sarcoplasmic reticulum to be defective (18). It has been postulated that
were this pump depressed less calcium would be stored after each contrac-
tion (6). Since tension or force development is directly related to the con-
centration of free cyroplasmic calcium, a decrease in the amount of calcium
released by the sarcoplasmic reticulum would lead to a decrease in force
development. This observation has recently been confirmed using human
material obtained at transplant (22) and in bovine right ventricle failing
secondary to surgically produced pulmonary artery stenosis (51).

As a model for spontaneous failure, we have now explored the cardo-
myopathy which occurs spontaneously in the Syrian hamster (3). This form
of heart failure which resembles certain human cardiomyopathics is cha-
racterized by spontaneous myolytic lesions in the young adult animals, fol-
lowed by cellular repair and subsequent hypertrophy (3). Most animals pro-
ceed to a stable state of cardiac hypertrophy, while others proceed to pro-
gressive cardiac dilatation with the rapid onset of congestive heart failure
and death, We have studied the mechanics of the left ventricular papillary
muscles from such animals (13). It has been demonstrated that early in the
course of the disease when the animals develop their lesions there is a
marked reduction in force of contraction as well as the rate of force deve-
lopment. There is also a marked reduction in the intrinsic speed of myocar-
dial contraction (Vmax). With healing and hypertrophv the total force de-
velopment and speed of contraction returns toward normal. That this return
toward normal is due to hypertrophy and not to a return of normal muscle
function, is attested to by the fact that the force per unit area remains redu-
ced. Thus, function is restored through the process of hypertrophy alone,
Subsequently some animals maintain a stable state with maintained hyper-
trophy while others show a progressive reduction in force development and
congestive failure. During this late period there is also a secondary reduc-
tion in intrinsic speed of myocardial contraction.

The excitation-contraction coupling system (i. e. sarcoplasmic reticulum)
has also been studied relative to this course of events in the Syrian Ham-
ster (20). Two aspects of sarcoplasmic reticular function can serve to cha-
racterize its performance: (1) the rate with which calcium can be pumped in-
to the sarcoplasmic reticulum, and (2) the total capacity of sarcoplasmic
reticulum for calcium, In addition to the speed and capacity of the sarco-
plasmic reticulum, the problem of the concentration of the sarcoplasmic
reticulum in the myocardium in the face of progressive hypertrophy is also
of interest. This has been assayed by determining the ratio of the calcium
capacity of the sarcoplasmic reticulum to the calcium capacity of the mus-
cle. In brief, we have demonstrated that early in the course of the cardio-
myopathy, when there is a reduction in myocardial performance, there is
also a slight reduction in the rate of calcium pumping (Fig. 2). This occurs
in conjunction with a modest reduction in the total capacity of the sarco-
plasmic reticulum (20). Thus the amount of calcium that can be pumped is
altered, and the rate with which it can be pumped is reduced. As time pro-
gresses and the restoration of muscle function reaches an initial plateau,
the function of the sarcoplasmic reticulum is restored. However, as hyper-
trophy continues the content per unit of muscle of the sarcoplasmic reticu-
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Fig. 2. Rate of calcium oxalate pumping in isolated hamster cardiac sarcoplasmic
reticulum. (normal = LSH; Myopathic = Bio 14.6)

At 60 days when acute myolytic lesions are present and when studies of muscle

mechanics show the muscle to be failing, the pumping rate of the sarcoplasmic

reticulum (SR) is depressed. Likewise from 200-300 days when the muscle is fai-
ling the SR rate is also depressed.

lum appeares to be reduced. Thus there appears to a dilution of the sarco-
plasmic reticulum by the process of hypertrophy itself. Recently, Kaufman
et al. (24) have lent further support to this concept. Accordingly, one may
argue that there are two abnormalities in the excitation-contraction coup-
ling system: (1) a reduction of the pumping rate and capacity of the sarco-
plasmic reticulum, and (2) a dilution of the sarcoplasmic reticulum by the
process of hypertrophy itself, Taken together with the reduction of myosin
ATPase it is not surprising that the muscle functions abnormally under
these conditions. It should be noted, however, that the reduction in myosin
ATPase has been demonstrated in other models of failure and has yet to be
studied in the hamster model. Moreover, these two biochemical alterations
may form limitations to the usefulness of hypertrophy as a compensatory
mechanism. Thus, in myocardial overloads where hypertrophy ensues and
in cardiomyopathics distinct abnormalities in myosin ATPase and/or in the
excitation-contraction coupling system have now been defined. These ab-
normalities now deserve further study.

From these studies we have concluded that there are at least two abnor-
malities that occur in the failing myocardium resulting from either myo-
cardial overloads or cardiomyopathies. The first abnormality relates to an
inadequate activation of the myocardial cell by calcium which appears to
be due to abnormal functioning of the sarcosplasmic reticulum. In addition,
there appears to be a reduction in the intrinsic rate of the enzymatic process
associated with myosin ATPase. The primary cause(s) of these defecis is
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unknown. However, the summation of these two deficits of enzymatic func-
tion result in a decrease in performance, This may help to explain the ob-
servation that reduction in either of the two alone may be subtle or minor.
However, the summation of these two phenomenon may lead to a very mar-
ked reduction in muscle performance. This viewpoint is somewhat apart
from the previous views which have held that individual defects of a uni-
tary nature might explain the entire deficit of muscle function. Rather, a
more complex interrelation of multiple systems failing to function normally
may results in reduced muscle function. It is also possible that other deficits
in enzymatic function may be found such as in mitochondria and/or sarco-
lemma but these remain to be defined. In either case, there does not appear
to be a limiting contribution from the systems related to energy production
and storage. Other enzyme systems associated with membrane function are
only now being studied such as the adenyl cyclase system which appears to
be reduced in failing cardiomyopathic hamster hearts (25) and in failing
guinea pig myocardium (43).

Finally some note should be taken of possible biochemical causes of
myocardial failure related to myocardial ischemia. That myocardial func-
tion is reduced and necrosis occurs from lack of blood supply is not surpri-
sing. What is of greater interest is the reversible reduction of myocardial
contractility associated with ischemia when adequately oxygenated blood
flow is restored. We have found that in the presence of temporary anoxia,
major alterations in the course of activation occur which can lead on a pri-
mary basis to asynchrony of constraction (58). These abnormalities may lead
to asynchrony of contraction of an entire ventricle and reduced pump func-
tion. While the intracellular biochemical events associated with failure of
contraction are not entirely defined, initial studies suggest that they are
not due in early phases to a marked reduction in high energy phosphates.
Thus, the level of high energy phosphates is well maintained early in the
course of ischemia with an early reduction in creatine phosphates but a
preservation of adenosine triphosphate levels (34). During this period,
however, myocardial contractility fails and initial results would suggest
that intracellular acidosis reduces both sarcoplasmic reticulum function as
well as myosin ATPase activity (23). The limiting reactions in such a situa-
tion have also not been defined, but the degree of acidosis appears to be a
readily reversible process.

From the aforegoing, it is evident that there is new and cogent informa-
tion dealing with the primary events in myocardial failure. These appear to
be related to problems of excitation-contraction coupling as well as the bio-
chemical activity of the contractile units themselves. Moreover, there is in-
creasing evidence to show that the late problems of myocardial failure
relate to a failure of the compensatory mechanisms which initially help to
sustain ventricular function despite reduces myocardial performance. It is
evident that these events are not only complex but that more than one fac-
tor is changing during the process leading to a rather complex set of
events. Careful study of these interrelated events should offer us conti-
nuing and growing insight not only as to the causes of myocardial failure
but also to the opportunities for alteration in the course of these events.
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Hémodynamik und Kontraktilitit des gesunden und kranken Herzens
bei korperlicher Belastung

Von H. Roskamm
Mit 8 Abbildungen

Die einzige Aufgabe des Herzens besteht darin, die Kérperperipherie in
Ruhe und wédhrend Belastung ausreichend mit Blut zu versorgen. Die aus-
reichende Pumpfunktion des Herzens wird durch eine lineare Beziehung
zwischen Herzminutenvolumen und Sauerstoffaufnahme des Gesamtorga-
nismus bestimmt [Zusammenfassung bei Rowell (46) unter Verwendung
auch der Untersuchungsergebnisse unseres Arbeitskreises]. Die Linearitat
ist bis ungefédhr 70 */v der maximalen Sauerstoffaufnahme gewéhrleistet. Die
Steigerung des Herzminutenvolumens geschieht in erster Linie durch Stei-
gerung der Herzfrequenz. Das Schlagvolumen des Herzens erfdhrt in liegen-
der Position durch die kérperliche Belastung nur eine sehr geringe Steige-
rung. In sitzender oder stehender Korperposition kommt es im Ruhezustand
zu einer erheblichen Abnahme des Schlagvolumens, wird in derselben Kor-
perstellung eine Belastung durchgefiihrt, wird das bei Koérperruhe im Lie-
gen vorhandene Schlagvolumen im wesentlichen wieder erreicht.

Zur Steigerung der Sauerstoffaufnahme wird gleichzeitig auch das der
Peripherie angebotene Blut stdrker ausgeniitzt. Die arteriovendse Sauer-
stoffdifferenz steigt von 5 in Ruhe auf 17 Vol °/s bei maximaler Belastung
an.

Fiir die Hdimodynamik des Sportherzens sind 2 Befunde von Bedeutung:

1. Die Senkung der Herzfrequenz bei gleichen geringen und mittleren Belastun-
gen bzw. bei gleicher Sauerstoffaufnahme ist bei gleichem HMV allein durch eine
entsprechende VergroBerung des Schlagvolumens und nicht durch eine VergroBe-
rung der arteriovendsen Sauerstoffdifferenz moglich.

2. Die Erhéhung des maximalen Herzminutenvolumens, das zur Forderung der
vergroBerten maximalen Sauerstoffaufnahme notwendig ist, ist in erster Linie
Folge einer VergroBlerung des Schlagvolumens bei anndhernd gleicher maximaler



