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PREFACE

In this monograph we have attempted to gather in a few pages
some of the extensive nformation pertinent to the mechanism of
contraction 1n the normal and failing heart and the mode of action
of digitahis The book has been written so that the medical student
climcian and cardiologist with an elementary knowledge of physics
and chemistry can learn of the many advances 1 thus field in a few
tetsure hours  Sufficient references on the subject are included so
that the ambitious student may delve further if he chooses

We feel the bool will also appeal to the chermust and phystcist
who are curious about the development and apphcation of their
own subject 1n another very important field

Esery attempt has been made to give proper credit to first
discovertes Important contributions which have been omitted
represent gaps in the authors capacity to find or summarize all
of the relevant material

W C HoLranp
R I hrerwv
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Chapter 1

INTRODUCTION

In order for the heart to perform 1ts necessary function of
propelling blood through the circulatery system st must contain
the necessary metabolic machinery for the release consenation
and subsequent transformation of chemucal potential energy of
foodstuffs mnto mechanical work During the past fifty years many
advances have been made 1n our understanding not unly of the
chemtical mechanisms involved but also of the physicochemical
events that underle the conversion of chemical potential energy
to mechanical work 1n both cardiac and skeletal muscle In fact
we now have good evidence that one of the principal and fnal
causes of the mmportant forms of congestive heart failure 15 1n
essence a farlure of the utthzation of chemical potential energy

These advances have been made posstble by application of
techmques of classical organic chemmistry and physics and also by
the development of muscle models such as the glycermated psoas
preparation of Szent Gyorgy: ! The lauer are of great smportance
because they stand half way between whole muscle which was the
object of classical physiology and the protemn and enzyme systems
which were studied m the chemscal laboratory In the present
chapter we would like to review briefly these major advances In
this way the reader may approach the remaining chapters with an
integrated view of events associated with the contraction of the
normal and fathng heart

The history of the chemistry of muscle contraction has been
charactenized by a relatys ely slow esolution of concepts interspersed
with pertods of reyolution m which existing theonies were hastily
abandoned and new avenues of thought explored It was early
evident that the contractile activity of heart and skeletal muscle
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depended upon oxygen consumption and metabolism of foodstuffs
such as carbohydrates By the late twenties 1t was realiced that the
relation of these metsbolic pracesses to the contractile process was
an mdirect onc Unpil this nme it was beheved that hctic aad was
the agent that drove the contractie machimery Lundsgiard s dis
covery ® that contraction persisted after all respiration and lachic
acid formation was elvmmated dispelied this idea quickly Heguve
evidence that the chemical cvent supporting contraction was the
breahdown of phosphocreatne Jactic amd production occurred
after cortriction was over

N ~ CH,
CH — COOH
Phosphocreatine

A few years lter Lobmannt proposed that phasphocreatiae
w15 onlv indirectly mvohed and the essential role was assigned
toadenosme tnphosphate (ATP)  ATP was broken down to adeno
sine diphosphate (ADPY which m turn secepted phosplite from
phasphiocrertine  In this manner ATYP nas thought to energze thie
contractile mechanisim

N=C—unt
i
CH C—My [} [} [}
i \cn n H H 7 1 1
N CeN T —.({‘-c C— g D—~P—0nP—ONP—~OH
j
1 OH OH oH oH

Adenosine triphosphate

As ¢vadence continned to rccumulate 1t was soon tealized that
the prime functon of glyeolysis wd resprration was te furmsh ATP
by synthests from ADP and phosphate  The processes of respiratton
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were relegated to the recovery phases of muscle activity Mechani
cal work was achieved at the expense of chemical bond energy of
ATP with phosphocreatme acting as an additional reserve or
source of phosphate bond energy Respiration and glycolysis then
resynthesized ATP to replace that which was used up
By 1939 a reasonably conststent picture of the energetics of
muscle contractron had emerged The problems of the nature of
the mechano chemical coupling whereby energy obtained from
the breakdown of ATP drove the contractile machinery was left
unanswered
In 1859 Ruhne discovered that large quantities of a viscous
protem could be estricted from muscle by strong salt solutions
He named this protem myosin However 1t took more than 75
years for the full significance of this fundamental observation to
be appreciated because of the madequate techmiques of the ume
Later optcal studies® of flowing solutions of myosin revealed
a birefringence which suggested 1t consisted of elongated molecules
This made myostn a likely candidate for the structural component
as well as the working substance of the myofibril ' With knowledge
of the chemical nature of the working substance and of the energy
source ATP the question arose as to whether a definite relation
existed between the two enuties It was mdeed sigmiftcant when
Engelbardt and Ljubimowa n 1939 discovered that myosin was
an enzyme adenosine triphosphatase which catalyzed the break
down of ATP to ADP From these studies the concept arose that
myosin was a contracttle enzyme deriving its energy from the
hydrolysis of ATP
At about the same time Needham and coworkers® showed that
myosin underwent certain remarkable reactions with ATP The
birefringence of myosin solutions disappeared or decreased on
the addition of ATP  Myosin threads prepared by squirting
myosin 1nto aqueous solutions contracted with ATP It was
apparent that ATP affected the phystco chemrcal properties of
myosin - nd at the same tume was enzymatically hydrolyzed to
ADP
These observations were remterpreted in a cifterent Iight when
Szent Cyorgyt and collaborators® showed that myosin was m
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reahity a complex of two proteins acun and myosin which they
called actomyosin  From therr findings the 1dea arose that dur
ng the resting state actin ind myosin were kept dissociated and
that upon sumulation actin combined with myosin to form acto
myosin  Upon the adsorption of ATP actomyosin went mto a con
tracted state The moleculir event w1s visualized «s a folding or
cothing of a polyelectrolyte strand containing actomyosin ** It 15
important to note that in this proposed mechanism contraction was
energized by the adsorption and not the hydrolysis of ATP  Ques
tions concerming the locihization of these protemns i the muscle
fiber and the relition of the chemical events during contraction to
the known changes 1n muscle morphology were still not answered

Stnce the late nineteenth century 1t was known that muscle
striations were n important clue to the mechanism of contraction
In fact the changes in strirtions accompanying contraction were
accuritely 1nd clearly described by the mineteenth century micro
scopists 1 but unfortunately no coherent theory of muscle con
traction emerged These significant observations were neglected
probably because of the rapid progress bemng made in muscle
chemustry and energetics of contracuion

By 1910 muscle chemustry had reached a stage 1n development
where 1t was ready for correlaton with structure  Furthermore
the mechanics and heat production of muscle had 2lso developed
sufficiently to be Iinked with other lines of information on the
contractile process By 1915 there was good evidence that the
process which turned on contraction w1s a reduction of the resting
membrane potential 1nd that calcium 1n some s yet unknown
manner played a crucral role 1n this process of excitation-contric
uon coupling

By 1953 the techmiques of thin sectioning for electron micro
scopy 1s well 1s those for the speific extraction of actin and myosin
from ntact muscle fibers were developed to a high degree  Using
these methods the Huxleys 1nd their collabortors! 12 were 2ble
to attack the problem of localization of the structusal protemns w
the muscle fiber They found evidence that the amsotropic or A
band was due to the presence of thick filaments contuning myosin
They were also able to show that 1 second set of filuments thinner
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than the first nd containing actin extended from the Z membrane
through the 1otropic or I band 1nto the A band There the thin
actin filaments nterdigitated with the thick A band filaments
From these studies and a number of others they proposed a rather
stmple and radically different model of muscle contraction They
postulated that the wase of depolarization induced changes which
permutted the thin I filaments to shide pst the stationary and
thicker A filaments and shortening ensued This process was pic
tured as being energized by the breakdown of ATP

As a consequence of the many advances in our knowledge of
the chemnistry of the normal contractile process 1t was only natural
that the new techmques and 1deas were applied early to a study
of the nature of the defects i congestive heart failure

Much of what was known about the nature of heart failure
was obtained from hemodynamic and mechanical considerations
and was embodied m the Frank Starling Law of the heart This
principle states that the energy of contraction of the heart 1s a
function of the mitial length of the myocardral fibers that 1s the
diastolic volume of the heart Starling showed that contraction
energy increased up to a certain optimal length but with further
lengthemng of the fibers the energy of contraction diminished
He felt that this resulted from the fiber being stretched beyond a
critical length  According to the views of Starling congestive fail
ure could be thought of as resulting from excesstve stretch of the
muscle frbers

It has become ncreasingly 1pparent that only m the cise of
failures resulting from anoxia vitamn deficiencies and hormonal
tmblinces can a snetabolic defect be demomstrated  Here a failure
of energy release 1s reasonably clear cut On the other hand 1n
farlures resulting from chronic hypertenstve and valvular disease 1n
humans as well as mn spontaneous failuzes of the heart lung prepa
ration the metabolic patterns appear to be perfectly normal The
evidence avarlable to date strongly suggests that the basic defect 1n
these conditions 15 a failure to transform available metabohic energy
into mechanscal work ** It 1s only the latter type of failures that
respond effectively and efficiently to the digitalis glycosides

Several questions arise 1f we accept the concept proposed by
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Frank and Starhing that m final analysis congestive farlure results
from excessne stretch of the myocwdial Bibers Does excessive
stretch lead to the deselopment of sbnormal contractile proteins
a failure of exartatton-contraction couphing the lass of essenutl
mewabohites or electrolytes such as k and Ca or the partial or
complete withdrawl of the thin 1ctan filaments from the A band
where they are normally mterspersed among the thicher myosn
filaments® The msners to these questions are not wathble st the
present tuue

There 15 evidence that C1 tons are somehow mmaolied m the
genests of congestive fulure It has Jong keen known that digitalis
cn w part substreate for Ca ons and that Cx wons are tequired
for the beneficnl effects of this drug  Furthermore 1t has vecently
been shown that the chgitalis glycosides™ increase the wailable
myocrdiil Ca wons ewther at sites in the membrane or in the myo
plasm irrespective of any effect they might bave on metibolic
reactions Many of the problems prescnted above will be discussed
m some detail in the followmng chapters
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Chapter H

ELEMENTS OF THLRMODYNAMICS

Immduclmn {t1s very difficnit to grasp the full signitficance
of the chemical mechanisms involved in the relese and ransfor
matian of chemical potenual cnergy of foodstuffs mnto work by
the heart withour hav g w 1ppreciition for the concept of energy
Hustorically force 1s the basic concept n the consideration of
energy Farce 1s measured i tenos of accelerition imparted m
umtmass  3$ork 15 defined as the 1ction of force over umt Jength
and energy as the abihity or caprarty to do work  Energy ippens
m vanious forms heat hght hmnetic mechanical work electrical
potentinl wd chemical

The First Law of thermodvnamics stites that energy can
change 1> form but not us guanuty  In thermpchemistry the
chemical potenual energy of a given substance 1s expressed quantt
tatnely 15 is hear equnnalent (in ergs joules or calories) 1he
Second Law of thermodynumcs plices restrictions on the exchainge
and trimsformation of this hew equunnalent  Stated simply heat
cwnot be transformed mto work unless temperature ciifciences
exust in the system as 15 the case with 1 hewt engmne  In isothermit
systems such as the bving cell where no temperuure differentes
exst exchan,e and transformation of energy can occur without
wasteful loss 15 heat only by 1 process of couphng between the
rcacung components  Furthermaore the exchange ¢ anly occur
with lugh efficiency between substances of comprable chemuc?)
potentsal

Oviousty the biological system 1s not Tike 1 hent engine wmd
cannot convert heat and pressure changes into work  For mnstance
the unhizanon of enerpy from the chemical reactian

Colly Oy + 60 = 6CO + 6H O + Energy
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must be achieved by reactions designed to trap the energy released
These reactions must be of such a miture that large quantities of
chemical potential energy are broken up into smaller biclogically
useful packets of the order of 10 to 12 keal to accommodate the
dimenstons of the energy currency of the cell

The chemical reactions myolsed n this constant flow of energy
1 biological systems are catalyzed by enzymes or biocatalysts A
study of energetics provides an mtmate knowledge of metabolic
pathuays and life processes Furthermore the principles of ener
geucs are of value 1n predicting whether or not a particular reaction
15 thermodynamically possible and the extent to which 1 reaction
may proceed Enzymes only hasten the attainment of equihbrium
and cannot catalyze energetically unfuvorable reactions nor change
the final equilibrium ratio of reactants to products

Concept of Free Energy  In chemustry 1t 1s well known that
all chemical compounds contun potential energy This energy 15
m the form of forces that hold atoms together When chemucal
substances react part of that energy may be conmverted into work
m other chemical systems It 1s therefore extremely importint
to know the amount of work that c1n be obtained from the reac
tions of a given compound It 1s known from thermodynamical
considerations that at a given temperature only a portion of the
total energy of a system may be nsed for work  This fraction avul
able for work 15 known as the free energy It can be defined as
the maximum amount of work that can be obtained from a system
‘The symbol F 15 used to denote this quanuty

In actual practice not all of the maximum available energy
of any particular system 1s used for work some of 1t 1s wasted as
friction ind heat  The efticiency of the system 1s a measure of the
fractron of the maxtmum available energy that 1s converted to work
“Most biological systems have effictencies of the order of 30 to 60
percent  Thus af 1t were possible to carry out a reaction under
tdeal conditions the work that reaction could do 1s the free energy
For any specific system we cannot speaify the absolute value of
free energy However if the system undergoes a change there will
be a change 1n free energy AF which can be measured

That fraction of the tot1l energy of a system that 1s unavl
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able for work 1s called entropy and has been gien the symbol
§ Agun ounly changes m S AS can be measured There 15 a
relatnely simple relanion between the total energy the free energy
and entropy of any given system

H=F+TS8
or when the system undergoes change
AH=AF+TAS

AH 15 a change n mternal energy or for practical purpuses the
total energy and T 15 the absolute temperature at which the trans
formation occurred  From these consideratians it can be scen that
of the total energy chiange accompanying a chemical transformation
1t a guen temperature Al 1s that available for work and AS s
that unavaifable It 15 evident from the equation that the sign wnd
size of AF will reflect contribuuions from both the changes m 1t
ternal energy wnd the changes m entrops during the trinsformation

Chinges m free energy AF ather than providing @ measure
of the maximum amount of energy which may be obtamned as work
m the course of a matenal change also provides a quanntatne
mdicwion of the potential abality of the chemual substince to
undergo transformation  Depending upon the sign (=) of {ree
energy chinge reactions may be clasafied as exergonic or ender
gonic  Exergonic reactions have a ~ AF and tend to proceed spoid
taneonsly such as hydrolyti reactions On the other hand
endergomic reaction with a +AF must be coupled with an exer
gonic rexcuion m order to proceed spontaneously Manv biosyn
thetic reactions fall wto tins group

Due to the difticulties mn estunauing changes m entropy A5
changes 1 free energy can be determmed by other methods such
as from equmbibrium dat1 by the jollowing relation

A F = ~2303RT log K
where R 15 the g1s constant (1 98 calonies per degree per mole} T
the absolute temperature and h the equhbnam constant for the
recnon

Equibhriam and Mass Action  The 1hove cxpression feads us
immecduately to 1 discussion of the Law of Mass Action In 1 general
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way the law of mass action 15 an expression of the fact that (1) the
rates of chemical reactions are proportional to the active masses
of the substances reacting and (2) mn a reversible reaction the
ultimate position of equilibrium 1s determined by the ratio of the
active masses of the reaction products and reacting substances In
1 reaction such s

A+B=CLD
at equiltbrium the following relation holds
€1y
=AF 2 303RT log —5—
AF=AF + ° &IIE]

where the concentrations are those at equithibrium  The ratio of
the concentrations of products to reactants 15 known as the equu
Iibrium constant  The term AF 15 1 constant for the reaction
and 1s called the standard free energy change When the reactints
and products are all present in thew standard states o1 umt con
centrations (1 atmosphere pressure for gases pure liquids or sohds
and one molal for solutes)y AF = AF° The necessity for having
such a constant for any reaction 1s apparent since we cannot record
AF s for all possible concentrations of reactants and products

In a reaction which has reached equihbrium the reactants
and products are exchanging molecules at the same rate Therefore
AF = O and the equation becomes

A F° = —2303RT log K

It should be apparent from this relation that the sign of AF
1s a measure of the spontaneity of chemical change For example
1f K 1s greater than 1 (more products than reactants) the log of
K 15 positive and AF° 15 negative  On the other hand 1f K 15 less
than 1 the log of k 1s negative and AF will be positive When
k=1 the log of h=0 AF°=0 and the reaction 1s freely
reversible with no net accumulation of reactants or products

Coupling Mechamisms At first glance 1t mught appear that a
reaction with a +-AF° cannot occur at all  Many such reacttons
however are known to occur in nature The reason they occur
lies 1 the fact that living systems provide a coupling mechansm
whereby energy of an exergontc reaction (that 1s one with a —AF°)
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able for work 15 called entropy and has been given the symbol
§ Agan only changes in § AS can be mewured There s 1
relatn ely simple relation between the total energy the free energy
and entropy of any guen system
H=F+TS8
or when the system undergoes change
AH=AF+TAS

AH 15 a change i internal energy or for practical purposes the
total energy and T 1s the absolute temperature at which the trans
formation occurred  From these considerations 1t can be seen that
of the total energy change wcompanyimng a chemucal transformation
at a guen temperature Ak s that avatiable for work and AS 1
that unasarlable It1s evident from the equation that the sign and
size of AF wall reflect contnbutions from both the changes 1
ternal energy 1nd the ch inges m entropy dunng the transtornation

Chnges n free energy AF other than providing a measure
of the maximum amount of energy which may be obtained as work
m the course of a matenat change atso provides a qumnuame
mdicavon of the potenual ability of the chemicil substance to
undergo trnsformanon  Depending upon the sign (%) ot free
energy change reacnions may be classified as exergonic or ender
gomc Exergonic reactions have a - AF nd tend to proceed spont
twmeously  uch as hydrolyne reactions Qn the other hand an
endergonic reaction with a 4 AF must be coupled with an exer
gonic reaction 1 order to proceed spontaneousty Many brosyn
thene reactions £l into this group

Duc to the difficnlties in estimating changes in entropy AS
changes m free energy can be determmed by other methods such
as from equibibrium data by the follonimg refanon

A F = --2808RT logh
where R 15 the gas constwt (1 98 calories per degree per mole) T
the absolute temperature and h the equiltbrium constant for the
rercnon

Fguihbrium and Mass Acion  The 1bove expression leds us
immediately to 2 discussion of the Law of $ask Action In1 general
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nine phosphate mn imvertebrates  The mechanism of exchange 15
known as the Lohmann! reaction

creatine + ATP = ADP + phosphocreatine

Ths reactron has a very small A F° which means that the energy
of ATP exchanges smoothly and with high efficiency

Concept of ‘Energy Rich’ Bonds It will be noted that ATP
contuns pyrophosphate bonds Such chemtcal bonds liberate rela
uvely lirge amounts of free energy upon hydrolysis  Lipman
referred to these bonds as high energy bonds and designated
them with the symbol ~ m contradistinction to those bonds
which release relatnvely small amounts of free energy upon hydroly
sts such as simple phosphate esters  The symbol 1s now 2lso used
for other high energy bonds not mvolving phosphate In Table I
2 number of such substunces are histed with their standard free
energtes of hydrolysis

Relationslup Between Free Energy and Oxidation It 1s now
known that 60 to 80 per cent of the total free energy available i
foodstuffs 1s released durning the oxidative phase of metabolism ¢
Oxadation may be defined 1s the loss of electrons and reduction
as the gain of electrons A typical oxidation reduction system may
be written as

1educed form = oxidized form + ne

where n 1s the number of electrons (e) mvolved in the reactron
The maximum avaifable work that can be obtained from such a
reaction tn which a transfer of electrons occurs may be described
m terms of the potental difference or electromotive force All
oxidation reduction reactions of which there are many in nature

may be so described  The equation relating A F to the electro
motive force 15

AF°=-nFE

where n 15 the number of electrons taking part 1 the reaction
F 15 the faraday (23 068 calories per volt equivalent) and E s the
potential or experimentally measured quantity E 1s related to
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TABLE 1

STANDARD FRee FAERCIFS OF HyDROLYNS OF SOME 1 1roRTANT PHOSMIATE CoMPoLADs

Compound Bond Ty pe AF Cal
& Glycerophosphate ester phosphate ~o20
Glucose 6 phosphate ester phosphate --3000
Fructose § phosphate ester phosphate 3000
) pyrophosp — 12000
PyIophosp pyrophosy ~tow
Creatine phosphate nitrogen phosphate ~ 11,800
Phosphorylenolps st enat phasp —1 90
Acetyiphosphate acyl phosphate ~ 15000
Acetylcoenzyme A thiof phosphate —~ 120600

concentration of the oxidized 1nd reduced forms by the following
relation
RT (oxid}
— Reo 8L C1
E =E°+2303 wF g red)
where E 15 the standard electrade potentinl and equal to L when
the systern 1s half reduced

Work of the Heart  The mechanical wark performed by the
heart during ench contsaction has customanily been caleulated from
the sum of the pressure energy and Linetw energy ymparted to the
volume of blood ejected  The differences between pressures it
aort1 and pulmonary rtery makes u necessary to perform calcu
lations for the lefr and night ventricles mdnadually  The work of
atri 55 usunally neglected The work for each sentricle ts expressed
by

; pqV
W= gP + 2G
where g 15 the volume of blood ejected P the mean artenal pres
sure Vtheveloaty of ejection 1nd p the density of blood € s the
grustatsonal constant
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For the left ventricle q = 60 cm® P = 100 mm Hg = 136 cm
water V' = 50 em/sec and p = 106 1n the human at rest then

106 X 60 < 50
2 X 980

8160 + 80 =8240 g cm

W, =60X% 136 +

For the nght veniricle q = 60 cm?* P = 20 mm Hg = 27 cm water
V =50 cm/sec then

W =1620+80=1700g-cm

The total work under resting condtions =W, + W =
9940 g-cm or 1pproximitely 100 g m per beat  For 1 heart rate of
70/min this amounts to 7 000 g m/mn or 420 \gm/hr  In hard
exerase the total work per hour may reach 4 000 kg m/hr

In heat equuvalents this amounts to 983 ¢ cal/hr duning rest
and 9 370 8 cal/hr dunng hard exeraise

The Efficrency of the ¥Meart The overill efficzency of the
heart <an be pictured 1s comprising the purely mechanical effi
cency as 1 pump and the efficiency of conversion of chemical
energy denved from the fuel supplied 1nto cxternal mechanical
work done on the blood circulation

The efficiency of conversion of chemical energy mto mechan:
cal work hy the muscle fibers can only conveniently be estimated
by comparing the chenucal energy released and the external work
developed over a given period it 1s usually calculited mdirectly by
comparin,, the work performed with the myocardial usage of O
In the past calculations were made neglecttng the contribution of
anaerobic metabolism to energy production and O consumption
of the resting non beating heart  There 1s no evidence to ndicate
that anmerobic metabolism contributes much to energy production
On the other hand recent studies have shown that the O consump
tion of the non beaung heart 15 20 to 35 per cent of that of the beat
g heart * In the case of the dog heart Bing has shown that the O
usage of the beating heart 15 25 11 ml/min and 4 83 ml/mmn for
the arrested heart The O, utilization of the latter 15 20 percent
of that of the former Therefore 20 per cent of the total O usage
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of the left ventricle 1s used for bisal metabolic processes exclusne
of work The effictency durmg contraction 15

work of heart

'O usage/min X 20505 08 1%
where 2 059 1s the energy equnalent of 1 ml of O at an RQ of
082 and 0 8 1s the fraction used 1n contracule nork  Mrking the
suggested corrections Bing calculites myocardral efficiency to be
37 per cent 1n the dog and 39 per cent mn man He further esti
mates that 87 per cent of the energy stored 1n ATP 1s comerted
mto mechantcal work by the heart
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Chapter 111

CHEMISTRY OI' THE NORMAL HLCART
PART I FREE ENLCRGY RELCASE

Introdllchon The heart 15 a compact muscle mriss with the
fundamental function of com erting chemical potential energy mnto
mechanical work  As 1n sheletal muscle heart derives 1ts energy
from the breakdown of certun essentinl foodstuffs by a complex
sertes of enzyme catalyzed rexctions The purpose of these venctions
1s t0 release free energy 1 such form that 1t can be stored i energy
rich compounds ATP 1s the prototype The free energy 1s even
tually utilized by the contractile apparatus to perform mechamical
work

There 15 every reasott to beliese that the fundumental process
connected with energy productton 1s the oxtdation of foodstuffs
the essential substrates are ¢arbohydrate 1 the form of glucoe wd
fatty 1ad  Ovxidation of foodstuffs 15 a step wise process which
bemng diverse for the varnous substances mstially 1s quite umform
as the substrates reach the final stages of free energy relewse The
reacuions proceed simultineously under the influcnce of enzynics
The actvity of these enzymes mn turn 15 dependent upon smaller
organic substances called coenzymes Coenzymes 1re 1n Jrge patt
dernvatives of the well known vitamins of the B complex and con
stitute 2 means by which the nutntional stite may mfluence
metabolism

Hormones are another important cl1ss of chemical regulators
They appear to exert their effects on metabolism by controlling the
transport of essential metabolites across biological membranes For
example 1t has been shown that mnsulin enhances the entry of
glucose mto the cell mdependent of any effect on metabolic

reictions
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In the present chapter we shall briefly outlme what 1s known of
the mntermedinte steps involved 1n free energy release n the normat
heart Much of what 15 to be said concerns free energy metabolism
as we hnow 1t 1n sheletal muscle Recent studtes strongly mdicate
that both heart and skeletal muscle dernve their energy for con
tracion 1 the same manner and from the same foodstnffs
Information has been obtained necessarily from studies on tissue
slices homogenates and 1solited enzymes However mvestigations
on the mtact heirt both m v1vo wnd in vitro lewe no doubt that
mettbolic patterns to be discussed are of physiological significance 3

As pointed out earlier the prime function of metabolism 15 the
release and subsequent trapping of iree energy in the form of
energy rich compounds for eventual utilization by the contractile
apparatus n the performance of work There 1s strong evidence
that one of the primary sources of free energy 1s carbohydrate mn
the form of glucose The ultrmate breakdown of glucose can be
classified 1nto several types of transformations glycolysts hrebs
atric acid cycle and the electron transport system

Reactions of Glveolysis  Glycolysis can be defined as the sum
total of enzyme catalyzed reacttons in whicls glucose 1s degraded
to two molecules of lactic acid  In order for glucose to enter this
pathwny 1t must be phosphorylated to glucose 6 phosphate by ade
nosmetriphosphate and the enzyme hexokinise Once formed glu
cose 6 phosphate may be incorporated mto glycogen by way of
glucose 1 phosphate or 1t can enter the mam glycolytic sertes of
reactions ultimately to be broken down into two molecules of
pyrwvate or lactate  Under anaerobic condittons pyruvate 1s con
verted to lactate In Figure 1 we have outhned some of the major
reactions mnvolved

Lven though this 15 not the proper place to discuss every step
of glycolysts 1n great detail certain of the steps are very mportant
to our understanding of free energy release These reactions 1llus
trate 1n a most elementary way how chemical potentral energy 1s
released and consered 1n the form of high energy compounds

(1) Triose Phosphate Dekydrogenase Phosphorylglyceryl
Rinase Reaction  The oxidation of 3 phosphoryl D glyceraldehyde
formed by the clemage of fructose 1 6 diphosphate 1s an extremely
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Glycogen
Glucose 1-phosphate

Glucose 1 6 diphosphate

Glucose Glucose & phosphate
ATP ADP
Fructose —7—?}‘:-“(0" 6 phosphate
ATP ADP ATP
ADP
Fructose 1 6 diphosphate
3 Phosphoryl D glyceraldehyde z—=—>Dihy < “Glycerol
phoaphate
1 3 Diphosphoryl D glycerate
ADP
ATP

3 Phosphoryl D glycerate
(2 3 Diphospboryl D glycerate)

2 Phosphoryl D glycerate

Phosphorylenolpyruvate

ADP

ATP

Lactic == Pyruvate—3» KREB S CITRIC ACID CYCLE
Acid
Figure 1 Quiline of the glycolysis reaction
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mmportant reaction It illustrites 1 a clear manner those chemical
events associated with rearrangement of bond energy of the origmnal
substrate glucose whereby 1t 15 transferred and conserved 1n
energy rich compounds The mature of this reaction was estab
lished 1n Warburg s laboratory *

CH 0 —H PO,
CH,0 — H PO,
CHOH SH—_R
(‘BHO + H;P0, —-—————\‘_______ CHOH + DPNH
+ DPN CO0 — H PO,
3 phosphoryl D 1,3 diphosphoryl
glyceraldehyde D glycerate

DPN 15 the oxidized form of diphosphopyridine nucleotide
a dervauve of the B vitamin nicotnammde  The mammalizn en
zyme contains DPN 1n an enzymitically active form  One mole of
the enzyme contains two moles of firmly bound DPN  Cysteme or
another SH compound 1s requred for full «ctivity © At the present
time there 15 good evidence that essential SH groups are mvolved
m the binding of DPN  The product of the reaction 1 3 diphos
phoryl D glycerate contains an acyl phosphate bond a high energy
phosphate bond (see Table I Chapter 1I)

‘The acyl or carboxyl phosphite of 1 3 diphosphoryl D glycer
ate 15 transferred to ADP by the enzvme phosphorylglyceryl hnase

CH O —H PO, CH;0 — H PO,
CHOH _ Mgtt

i +ADP ——2—* CHOH -f ATP
C00 — H PO, COOH

13 diphosphoryl-

3 phosphory1 D
D glycerate >

glycericacd

Thus 1llustrates how free energy 1s conserved The enzyme has been
crystallized from yeast by Bucher and appears to be specific for
all components of the reaction Like other kinases this enzyme
Tequrres magnesium 10ns
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(2) Phosphorylglyceryl Mutase Enolase Reactions DBy the
actton of these two enzymes 3 phosphoryl Dglyceric acid 15 con
verted to the phosphate ester of enol pyrmate phosphorylenolpy
runvate by the following reactions

CHO—HPO;, [CHO_HPO, | CHOH

CHOH = | CHO—HPO, (= CHO- H,PO;
|
COOH COOH COOH
3 phosphory! D 2 phosphoryl D
glyceric acid glyceric acid

Enolse dehydrates 2 phosphoryl D glyceric aud to phosphoryl
enolpyruvic acid

CH OH CH
Mg++ N
CHO—HPO; —— L CO—-H,PO;,+HO
| N
COOH COOH
2 phosphoryl D phosphory lenol
glyceric acid py ruvic acid

Both phosphorylglyceryl mutase® and enolase® have been crys
tallized Enolase requires magnesium 1ons and 1s mhibited by
fluoride winch forms a Mg F PO, complex that competes with
magnesium tons ¢

(3) Pyrurate hinase The product of the wbove sequence of
reactions phosphorylenolpyruvic acid contns enol phosphate
bond The phosphite group 1s transferred to ADP by pyrunate
lnase The equilibrinm 1s greatly in the direction of ATP
formation
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CH CH,
bo wro, MK Lo are
COOH -+ ADP ('JOOH
Phosphorylenol Pyruvic actd
pyruvic acid

The enzyme has been crystallized from human muscle* and
requires potissinm 1ons 1n addition to magnestum tons It 15 quite
non specific 1n 1ts nucleotide requirement in that the diphosphates
of adenosine undine cytidine and guaposine can all accept phos
phate from phosphorylenolpyruvic acid *

Another 1mportant feature of the glycolysis reaction 1s the key
role played by phosphate and phosphate acceptors such as ADP
In glycolysis the metabolism of glucose is tightly coupled with that
of phosphate In order for the several reactions to occur phosphate
1s required as well as phosphate acceptors If the level of ADP falls
the overall rate of glycolysis decreases A sudden mncrease 1n the
level of ADP as might occur following vigorous muscle activity
where large amounts of ATP are hydrolyzed to PO, and ADP
could increase the overall rate of glycolysis Such a mechanism
might serve to explam how muscle functuion controls the rate of
release of free energy or why after vigorous muscular actnvaty the
metabolism of carbohydrates 1ncreases

hreb’s Ciric Aeid Cyele and the Electron Transport System
Since the heart 15 essentially an aerobic organ®® richly endowed
with respiratory enzymes pyruvate 15 transformed rather rapidly
by pyruvic oxidase 1n the presence of certain coenzymes (thiamine
pyrophosphate and lrpoic acid) to acetyl coenzyme A1t Acetyl
coenzyme A 1s a derrvattve of pantothenic acid and has the follow
g structure 15

In the presence of a condensing enzyme the two carbon frag
ment of cetyl coenzyme A 1s attached to oxalacetate to form citrate
thereby 1mitiating a cyclic process of reactrons known as hrebs
atric acid cycle * The net result of this cyclic process 1s the release
of twa molecules of CO and 8 hydrogen atoms by enzymatic
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o

OH OH CH;

| I | T4 i H In

-o-P-o-IIIJ—OCH -C~CHOH~C-N-CH -CHz-C -N—CH;-CH -s—lc-l
|

o CH, -

Acetyl Coenzyme A

decarboxylauon and dehydrogenition respectinely Oxalacetate is
regenerated to react with another molecule of acetyl coenzyme A
(see Figure 2)

The CO released can take part in fixation rexctions' or enter
the general arculanon It should be noted thit cirbon never
reacts directly with oxygen to form CO  The protons and ccom
pmying electrons enter a series of oxidrion 1nd reduction reic
uons known collectively s the electron trmsport system  This
sequence of events 1s given m Figure 3 The proper arrangement
of the components i the electron transport system has been estib
hished from thermodynamic spectroscopic and chemcal considert
tions At the level of the cytochromes the protons enter the solvent
phase and the electrons are transparted on by this system to O
Oxjygen 1s thereby activated and reacts with protons to form H O

The free energy made wvailable by electrons which drop from
therr lugh potenual at the substrate level mn the citric 1¢id cycle to
that at the level of O 15 trapped and consersed m the form of

ATP The sum total of these reactions 1s known 1s osidse phos
phorylation m contradistinction to phosphorylation 1t the sub
strate level which occurs during the glycolysis reaction

From a knowledge of the potentinl drop from the substrute
level to molecular oxygen 1t 1s possible to estimite the free ¢nergy
relexsed durin,, this process from the follow ing reltion

A F° = —nFE (see Chapter II}
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Glycolysis
Pyruvate

Acetyl CoA

CoA

ch; {c cis Aconitic
-~ Actd

Acid Acid

Taocitric

Malt,

poy Elect on Acid

Transport
e
System ~2H
x |

Fumarie - Oxalosucetnic

Acd Pid "\ Actd

-
\
"
N 21
CoA  Hz0 co; €Oz
Su cinic Succinyl __\_: S o Ketoglutaric
Acid CoA Actd

ATP ADP
+Ph

Figure 2 Outlme of hreb s atne aad cycle

Belitser'* showed that the A F for the transfer of a pair of electrons
from the substrate level in the citric acid cycle to molecular oxygen
was approxumately —55 000 cal/mole of oxygen Since the forma
tion of 1 mole of ATP requires an 1nput of 12 000 cal 1t 15 evident
that approximately 4 moles of ATP may be generated 1n the trans
port of each pair of electrons to oxygen providing suitable coupling
mechamsms exist

Calculations?? reveal that approximately 809, of the total free
energy obtained from the degradation of glucose 1s conserved by
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OXIDATIVE PHOSPHORYLATION
Subetr te Level Elect o T ansp_eSytm

Kr b Citrl Acid Cyele
x ADP
2

XNPOy AT}: DPN == DPNH;

L

VPO,
.
‘ FAD T—2X FADH,;

“ Cyt hom b(MN

ATP 1
Pol

€===-=rJFo,

Cyto b om ¢

Cyt hom a

Cyt hrm oay
+ y2or

H,0

Figure 3 Outhne of the electron transport system

the process of oxidatne phosphorylation  The remaining free
energy 15 trapped by phosphorylation 1t the substrate level The
detailed mechanism of the oxiditive phosphorylation reictton 15
not known with certamnty at the present ume This 15 probibly
due to the face that 1t has been etremely difficult to 1solite the
individual enzymes 1n a high state of purty ©

Encrgetic Conarderattens  An nlysis of the energetics of the
following reaction

CeH; Og }+ 60 ==6CO +6HO

indicates that the free energy change mvolved 1n the conyersion of
1 mole of glucose to CO and H O 15 approximately —688 0600 al
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If one A PO, represents 2 AF nya 1yu Of —12000 cal we have
688 000/12 000 or approumately 57 ~ PO, theoretically available
from the complete oxidation of glucose

When glucose 1s degraded to pyruvic 1ad some 50 000 cal of
free energy are theoretically 1ailable * An analysis of Figure 1
will show that 1n the anaerobic breakdown of glucose to pyruvate
2 total of four ATP molecules are synthesized However of these
four one 1s uttlized 1 the phosphorylation of glucose and one 1n
the conversion of fructose § phosphate to fructose 1 6 diphosphate
Hence a net synthesss of only 2 ATP molecules occurs There
fore the efficiency ts

2 X 12000 X 100 _
50 000 -
In the complete oxidation of pyruvate approximately 630 000
cal of free energy are made available  Accompanying this process
approximately 38 molecules of ATP are synthesized * Therefore
the efficiency of oxidative phosphorylation would be
38 X 12 000 X 100
630 000
and the overall efficiency would be
(38 + 2) (12 000) (100) __ 7005
88 000
Alternative Sources of Energy Recent studres indicate that
when the concentration of glucose n the blood falls below a cer
tamn level the myocirdium has the capacity to utilize fatty and
amuno acids for free energy sources * Infact there 1s some evidence
that the major free energy source for the heart may well be fatty
acids 9 Fatty acid metabolism 1s of considerable interest since mole
for mole the complete degridation of a fatty acid makes available
considerably more free energy than glucose breakdown

48%

=12%

(1) Fatty Acd Metabohsm  hnoop ® first showed that fatty

aads were degraded by g oxidation from the carboxyl end of the
molecule 1n the following manner

C C

] ]
R-c—:c—c—:c—cooni

1
' R-C—(c—coon—r»g-coon
I 1
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R CHz CHz COOH
CoA ATP (1) Activation
R CHp CH,-CO CoA
FAD {2) Dehydrogenation
R CH CH CO CoA
(3) Hydration
R CHCH CHz CO CoA
DPNH {4} Dehydrogenation
R CO CHz CO CoA

CoA (5) Cleavage

R CO CoA + CH3 CO CoA

Kreb s Citric Acid Cycle

Figure 4 Outline of fatty aad degradation

It 15 now hnown that 1n amimal tissues all the enzymes neces
sary for the actnation and degradation of free fatty acids exist
A typical sequence of rections 1s presented in Figure 4 It can
be seen from the figure that 1n the g oxidation of 1 mole of fatty
acid only 1 mole of ATP 1s utihized regardless of the chasn length
Once the fatty acid 1s 1n the form of the acyl coenzyme A dernatne
the thiol ester group 1s preserved unul 1t condenses with ovalacetate
to enter the citric acid cycle for further metbobhsm

The tot1l free energy release accompanymng the complete
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degradation of a fatty acid such as palmitic acid has been deter
mmed The reaction 1s as follows

CiH O + 230 4 30H O=216C0O +46H O
AF = —2230500cnl

The release of free energy occurs i two major steps $

(1) palmtic acid = 8 acetyl coenzyme A 4 34ATP
(2) 8acetyl coenzyme A - 16H O 4 160 =
16CO + 24H O + 104ATP
Thus a total of 138 molecules of ATP are synthesized per mole
of this fatty acid metabolized and the efficiency for the process 15

{138 1) 12000 X 100 _ 71cs
2230500

(2) Amino Aad Metabolism  The reversible transfer of an
amno group from an amino acid to a keto acid was first described by
Braunstemn and hritsman ® This reaction 15 catalyzed by a group
of enzymes called transaminases These enzymes require dernva
tives of pyridoxal phosphate as coenzymes Two of these enzymes
are of considerable interest and will be discussed briefly as they
tliustrate how certain amino acds enter the hreb s citric acid cycle

(1) ol aspartate tr. Thus enzyme catalyzes
the following reaction

(|100H COOH
|
C|H, ('IOOH CH (fOOH
|
CH, + i, ——=* CH, + CH
| N | |
(I:H—NH C=0 C=0 CH — NH
|
COOH COOH CoOoH COOH
1 glutamic oxalacetic a Letoglu 1
ac aad taric acid aspartic

acid
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(2) Glutamate alanate transaminase This enzyme catalyzes
the following reaction

?OOH COOH
(i?H CH

|
CH ('7H, CH CH,4

! |
CH-NH - C=0 —/——* C=0 CH — NH,
l (=0 e =0 !
COOH COOH COOH COOH
1 glutamic pyruvie a ketoglu 1 alanine

acd acad taric acid

The highest concentrition of glutamate aspartate trinsaminise
1s found m the myocardium and hiver % Apparently 1n sesere lver
or myocardral disetse this enzyme 1s released nto the serum and
serum levels of this enzyme are thought to measure the extent of
damage 3

Summary In the above considerations we have seen that
the release of free energy by the combustion of foodstuffs i the
myocardium occurs 1 two major phases In the furst phase small
molecules such as glucose fatty and amino acids are mnomplc[cly
metabolized to one of three constituents acetyl coenzyme A
a hetoglutarate or oxalacetate  Acetyl coenzyme A constitutes the
greater amount Two thirds of the carbon atoms of carbohydrates
all the carbon atoms of the common fatty acids and 1pproxumzel)
one half of the carbon 1toms of amino acids yreld acetyl coen
zyme A?

The three end products of the first phase are metabolicilly
stmilar  They take part in the second major phase of free energy
telease the hreb s aitric acid cycle and the electron transport s3s
tem The latter systems may be considered as the final common
pathwy for the complete combustion of all foodstuffs In Figure 5%
we have attempted ro summanze in a diagrammatic form the major
metabolic events assoctated with free energy releise and s subse
quent trapping 1n the form of ATP
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LIBERATION [CONSERVATION] _ uTILIZATION
T
{

Fory Acoi—, [Limron) %
Cucera. i

|
|

or T wwere | | acTososw
i

Figure 5 Schema of free energy release conservation and utilization 1n cardiac
muscle Reproduced by permission Olson and Piatneh Inn N Y Acad Ses
199

Localization of Enzymes in the Cell  There are 2 number of
factors that influence the rate of enzymic reactions within the cell
These include temperature pH coenzymes redox potentrals con
centration of reactants and the presence or absence of inhibitors
Another extremely important factor 15 the wtracellular organiza
tion of enzymes  Orgamization facilitates a rapid utilizatron of the
products of one enzymatic reaction by another The complex series
of reactions discussed 1n the present chapter requure participation
of many enzymes whose activities are mnterrelated and coordsmated
The formation of pyruvate from glucose requires the coordinated
and sequential action of at least ten enzymes As a result of this
action a portion of the chemical potential energy of glucose 1s
consened

Although we are now fully aware that many cell enzymes as
well a> enzyme systems function quite well 1n simple solution
the Irving cell cannot be considered to be simplya bag of enzymes
Histology and electron microscopy tell us that the Iiving cell has
2 beautifully elaborate structure Classically the cell contents have
been divided into cell membrane cytoplasm and nuclens The cell
cytoplasm 15 4 heterogenous system containing many particulate
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structures such as mitochondria microsomes glycogen granules
myofilaments and endoplasmic reticulum #

Due to the development of the techmque of homogenization
and differenual centrifugation by Bensley and Hoerr® Clude’
and Hogeboom 3 we hate been able to establish considerable infor
maton concerming the drstribution and localization of enzymes
wrthin the cell

(1) Muclens Itwasearlier thought that 2 number of enzymes
were located within the nucleus or on 1ts limiting membrane
However modern 1solation and purification techniques have estab
Dished that the nucleus 1s primarily the center of nucleotide metabo
Itsm and that all enzyme systems involyed 1n free energy release are
absent

If the nucleus does play a role in free energy relese 1t 1s
probably an indirect one  There 1s good evidence that nuceir
desoxyribonucletc acid and ribonucleic aaid control the synthesss
of the cytoplasmic enzymes msolved 1n the release of free energy

The studies of Mazia® ndicate thit the glycolyue and
resptratory enzyme systems remamn ntact for long periods after
enucletion

(2) Muochondria Mitochendna consume oxygen ngd con
tawn all of the enzymes necessary to catalyze the reactions m the
Kreb s atric acid cycle fatty 2aid oxidation eectron transport s3s
tem and oxidatne phosphorylatton ® The major role of these
organelles 1n aerobic metiboltsm wnd ATP production h1ve estib
hished them as the powcr houscs of the cell Irreversible damage
20 150lated mitochondria occurs after perrods of agerng noxia wd
exposure (o certawn surface actne 2gents  ATPase actmary usually
1increases under these conditions and the estertfication of morgme
phosphate into ligh energy phosphate compounds 1s dimimshed

Low concentrations of certain chemical agents such 2s 2 4 dnt
trophenol and congeners' are also known to uncouple oxidamne
phosphorylation 1n mitochondria almost completely while actually
sumulating (up to 100%) or hasing httle effect on sespiration
These agents appear to sumulate an ATPase or phosphatase like
acusity # ¢ The additron of ATP partially reverses thar 1mo:1‘
Other uncouplers include azide drcoumarot® and thyrowne
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Figure 61 An electron micrograph of rat veninde X50200 Reproduced by
permi ston  Siekevitr Ann N ¥ Acad Scr 1909

None of these chemical agents interfere with phosphorylation at
the substrate level as accurs durning glycolyss
Many authors have presented evidence that mitochondria may
function n cellular differentiation’ and cell membrane transport 4°
In Figure 6a we have presented an electron mmicrograph of
typical mitochondria*” from heart muscle (sarcosomes) A diagram
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Figure6b \ind 1 model of a ¢ enista b branched
cnstae fc intramitochondrial space o himuting double walled membrane
Reproduced by permission | Histochem Cytochem 1188 1953 (Pxlade)

matic sketch 15 shown 1 Figure 6b #* The typrcal mutochondrion
has been shown by 1 number of imvestigators Claude ind Fullim ¥
Dalton ** Palade ° and Sjostraind and Rhodim ! to possess 1 double
walled hmiting membrine approximately 80 A thick Invagmna
tions continuous with the mner of the two membranes pirtally
occupy the intramitochondrial space  These have been called
cnistac mitochondriales by Palade  The dumensions of mitochon
dria from heart muscle ringe from 0 3 to 1 7 1 length wind 02 to
10 g 1in dinmeter

It 15 well known that these particulates have certamn osmotic
or colloidl properties 1 thit they swell nd shrink reversibly m
various media * Permeability studies indicite a more or less func
tional membrane The dense inner matrix of folded crist1e present
4 very large surface rea for adsorption of substrates and metabolic

reactions
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The exact localization of the various enzymes 1n the mitochon
drion 1s not established  Upon frag 1on (by sonic vibration
or surface active agents) msoluble submitochendrial umts have
been shown to possess the ability to transport electrons or to medt
ate oxidatne phosphorylation 3 Most studies indicate that the
atric acd cyde and fatty acid oxidation enzymes ire m a more
soluble state witlun the mtramitochondrial matnx 3

(3) Microsomes \licrosomes are much smaller particles than
mitochondrin and sediment in hugher gravitational fields > Micro
somes probably form a part of the fine tubular network m the
cytoplasm called the endoplasmic reticulum ¢ These structures
contain large amounts of hpids and ribonucleic acids 3 Studies on
the incorporation of amino acids suggest that protem synthesis
occurs here 535

() Soluble Ensymes Many of the intracellular enzymes
appear to be present in simple solution 1n the cytoplasm Enzymes
myvolved 1n the glycolysis reaction are found in the cytoplasmic
fraction © However for full activity of this mult: enzyme system
the mitochondnial and microsomal fractions are required 81 Many
of the enzymes catalyzing ATP requining reactions are also in the
soluble fraction as well as those catalyzing the urea cycle 7

(5) Cell Membrane Two enzymes of great physiological
umportance are present in the cell membrane at least in the case
of red cells and squid axon cholinesterase® ® which hydrolyzes
acetylchaline and an ATPase ¢ There 15 strong evidence that
cholinesterase controls the rate of passive transport of cations n

excitable tissue 8 while ATPase 1s mnvolved 1n active transport of
these electrolytes 97
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Chapter IV

CHEMISTRY OF THE NORMAL HEART
PART I FREE ENERGY UTILIZATION

Inlroduumn In the preceding chapter we have discussed
some of the chemical mechainisms myolved i free energy release
from essential foodstuffs In the present chapter we intend to
review the known physico chemical events associated with the
utilization of free energy for the performance of work There 1s
now good evidence that the free energy unlizing system n the
myocardium 1s the protein complex actomyosin  ATP serves as
1ts major energy source A mere knowledge of the physico chemical
properties of actomyosin and 1ts interaction with ATP 15 not suffi
cient to describe completely the events accompanying muscle con
traction A coherent and mtegrated visualization of the events in
contraction requires addstional informatton necessary to answer the
following questions

What 15 the nature of the sumulus (excitationcontraction
couplng)? What 15 the chemical and physical nature of the com
ponents actually particrpiting mn contraction? What changes occur
betneen the participating components during the shortenng
process® 1Vhat 15 the nature of the physico chemical events whereby
the free energy of hydrolysis of ATP 15 utilized 1n the performance
of mechamicnl work? The farst two questions may be answered with
some degree of certainty

Numerous models have been proposed to explamn the contrac
tion process but the subject remains ughly speculative This 1o
only natural m view of the wide variety of techmques and pro
cedures employed by msestigators with diverse backgrounds Tach
has his own vienpomnt It should be pointed out at this time that
the authors have little confidence n chemical theories which make

15
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no attempt to account for morphological or phystological even!
accompanying the contractile response

As was mentioned previously the formztion in the presen
chapter 1n large part concerns skeletal muscle because most of ou
knowledge has been obtained from studies on ths tissue  How
ever there 1s lttle reason to doubt that cardrac muscle 1s stmla
to sheletal muscle There are difterences in morphology ant
chemistry but these are of a quantative wnd not of 2 qualitatiy
nature

Morphological Considerations  The listolo,ical structure o
both striated and cardiac muscle as well as changes that oceur dur
ing the contractile response were well described by 1900 ! With the
rapid advances 1n muscle chermstry the contributions of the 18t
century microscopists were soon forgotten The development ol
the techniques of electron microscopy < ray diffraction opticil
rotation and others has sumulated remiestigation of muscle struc
ture and activity

The umt of structure n both striated and cardiac muscle 15
the muscle fiber which measures 10 to 100 g 10 diameter and whose
length varies considerably (a few millimeters to several centimeters)
In cardiac muscle there 1s considerable branching and nastomos
ing of muscle fibers giving the appearance of a syncytium (Ngure
7) Each branch of the cardiac muscle fiber terminates 1t i mter
calated disc which according to recent clectron microscope studies
represents a portion of the cell border or membrane® The nter
calted discs are actually continuations of the mner and functionl
layer (plasm1 membrane) of the cell membrane (sarcolemma) Fach
disc measures 130 to 150 \ wide It 1s composed of two opposing
thickened segments of the plasma membranes of two cells separtted
by a narrow nterspace

The muscle fiber contains bundles of myalibrils the contrac
tile units of the cell The myofibril mesures 05 to 20 g1t
diameter * Flectron microgriphs show that there 1s no boundary
membrane separating the myofibril from the various substinces
1 the sarcoplasm * A free 1ccess of substrates coenzymes 1nd sons
15 entirely probable s

In Figures 81 ind b rypical electron micrographs of striated
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Figure 7 \n electron micropraph of rabbie myocardium X4800 D inter

calated dssc N nuclen Z hrause s membrane (Z hne) Reproduced by per
mision ] Piofhys Biockem Gytol 1957 (Muwr)
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Figure 81 An clectron mucrgraph of strivted muscle (crudil myotome

Amblyst ma linvy 48000 or cndoplastic retculum /7 Rrwses mem

brane (Z in; M M linen Hzone I Iband \ \lamd Keproduced by
permission J Bi f1ys Prochem Cytol 1954 (Iorter and Tatulc)



Figure 8b

An electron micrograph of rit ventnicle X15500 er endoplasmic
retculum \ \band I Iband H H zone Z hrauses membrane (Z hine)
1 ipid body Note large number of sarcosomes (mitochondria) between myo-
fibnls  Reproduced by permussion  J Biophys Brochem Cytol 19,7 (Moore
and Rusha)
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Figure 9 \n electron micrograph of an tsolted myofibrrl X50 000 Repro-
duced by perrmisston ] Brophys Biochem Cytol 1957 (Hunley)

and cardiac muscle® are presented  They 1lustrate the essential
structural features as well as the dufferences which exust in the two
ussues  Figure 9% 1s an electron microgrph of an isolated
myofibril

The cross strrations along the long 1xs of the fibnl are due
to dufferences mn optical and stuming properties  These striations
give the appearance of 1 series of discs or bands lined up side by
side The darker or mnsatropic regions are referred toas A bnds
the Lighter or 1sotropic regions are referred to 2s 1 bands In the
center of the I band there appers a thin ughly refricule zone
(kriuse s membrine)” cilled the Z line

7 hines of adjacent myofibrils are interconnected by continu
ous membranes ¢ They appear to divide the whole muscle fiber
transversely but 1n an ascending and descending step Iike fashuon
They eventually merge with the plisma membrane (inner Inyer
of the sarcolemma} at the outer border of each fiber
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In the middle of the A bwnd there 15 a less dense region called
the H zone which 1s particularly evident i stretched fibers In
the center of the H zonc wnother thin region of somewhat greater
density 1s observed 'The Iatter is referred to s the M hine There
15 some evidence that adjicent M lines are continuous similar 10
the Z hnes ®

The sircomere 1s the longitudinal unit of the mvofibml and
1s delineated by two 7 hines Therefore 1t includes one half of an
{band ateither side of an Abwnd In heartitss I 11024 p long 1

On closer eximinition of electron micrographs one can see
that each myofibril 15 composed of a number of myofilaments
arranged m par llel (see Figure §) These are basically of twa types
a thin tenuous filament wnd a much denser one The thin Gila
ments begin at the 7 lines extend through the I band into the A
band and end n the H zone In the A band the thin I band fila
ments mterdigitate with the thicker A band filaments

In a cross section (Figure 10)" through the A band 1t can be
seen that the thin Blaments (dinmeter 40 AY are locited i A regular
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Figure 10 An clectron micrograph  cross secuon through \ band region

X150000  Reproduced by permission ] Iiuophys Biochem Cytol 1957
(Huxiey)
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Figure 9 An electron microraph of m ssolated myolihril x50 000 Repro
duced by pernussion  J Biophys Biochem Cytol 1957 (Huxley)

and cardinc muscle? are presented They illustrite the essential
structural features as well as the dafferences which ¢xust 1in the two
ussues  Figure 9° 1s 1n electron micrograph of an tsolated
myofibri]

The cross strintions 1long the long 1xs of the fibril re due
to differences tn optical and staning properties  These striations
guve the appetrance of 1 series of discs or bands lined up side by
side The darker or anisotropic regions e referred toas A bands
the highter or 1sotropic regtons are referred to 1s 1 bands In the
center of the I band there 1ppears a thin hughly refractile zone
{hrausc s membrane)? called the Z hine

Z hines of adjacent myofibrils re interconnected by contint
ous membranes ® They appear to divide the whole muscle fiber
transversely but m an ascending and descending step-like fishion
They eventually merge with the plasma membrane (inner Tyer
of the sarcolemma) at the outer border of each fiber
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Diaggrammatic longitudinal sections of sarcomeres duning stretch
and contractzon  § sarcomere width & A band width I I band width s
elasuc component 1n H 7one sec sertes elistic component near Z ine m
thick A bind filament 2 thin I band hlament ¢ contracuon band  Repro
duced by permussion  Symposia Soc Exp Brol 1930 (Hanson and Huxley)
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These findings led the Huxleys to propose the shding model
of contraction to be discussed Iater 1 the chapter

Chemical Considerations  Almost 1 century 1go huhne ex
tracted a protemn from muscle by treating the ussue with strong
salt solutions ¥ He gave the name myosin to his preparation  For
the next one hundred years the name myosin w15 used to denote
the substance or substances which could be extracted from muscle
by solutions of relatively high 1omic strength In 1930 von Murih
and Edsall! showed that these solutions exhibited a strong double
refraction of flow suggesting the presence of elongated and rather
large molecules

During the late thirties and early forties a number of mvesti
gators!® 17 showed that ATP had profound effects on the physico
chemical properties of myosmn  On the additton of ATP to
myosin solutions the double refraction disappeared ind the vis
cosity decrersed  Furthermore threads prepared by squirting
myosin solutions into water contracted mn the presence of ATP
In 1939 Engeihardt and Ljubimoun! showed that myosin con
tamned ATPase which spht off the termmal phosphate of ATP
formmg free phosphate and ADP Thus 1t nas only naturil to
assume that these reactions might be the chemical basis of muscle
contraction

In the early fortres 1t was duscovered that classicyl myosin was
w reality 1 muxture of two protemns myosin nd acun ' Acon
exists 1n two forms  globular or G wctn and 2 fibrous or T et
F actin interacts with myosin to form a new protein actomyosiit
Thus the myosin of huhne can be considered to be actomyostit

From the many sided evidence accumulated 1n the last hiteen
years these discovertes encompss 11l that seem basiclly essential
m the chemustry of muscle contraction thit 1s myosin ctmg 35
an ATPase wcun and ATP

(1) Myosin*® ° The protem myosin can be extracted from
muscle with about half molir salt solution 1t pH G5 Tt has 3
molecular weight of the order of 400 000 to 4,0 000 Myosin s an
elongated patticle bemng approximately 1600 A long and 50 \ wide
Well punfied myosin splis the terminal phasphate group of ATP
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and related nucleotides Myosin ATPase 15 actnvated by calcium
1ons and inhibited by magnesium 1ons By the action of trypsin
each myosin molecule can be degraded mto one heavy fragment
(H meromyosin) and o hight fragments (L meromyosin) ¢ The
heavy fragment possesses all of the ATPase activity

There have been only a limited number of studtes on the
physicochemical nature of heart contractile protemns  According to
Gergely ™ myosin obtained from heart muscle has essenually the
same molecular weight and shape as that of skeletal muscle and
1ts reactions with ATP are similar  However Ellenbogen and
collaborators 3 present values for the molecular weight of myosin
which are considerably less (225 000) The ATPase actuty of heart
myosin 15 about one thard that of sheletal muscle myosin and
appears more resistent to trypsin and chymotrypsin degradation

(2) Aenn®® ° Acun s an unusual protemn 1n that 1t exists in
two forms a globular and a fibrous form * G actin has a molecular
weight of approxamately 70 000 and contains approximately one
mole of ATP per mole of G actin G acun readily polymerizes to
form Factin  Only the latter 1s capable of speaific interacuion with
myosin  Upon interaction ATP 1s sphit into ADP and norganic
phosphate

(3) Tropomyosn Tropomyostn comprises approxmmately
4% of the myofibrillar protein and 1t has been crystallized by
Bailey At low salt concentrations tropomyosin exists as a highly
viscous thread n solution 1t 1s largely depolymerized at 016 M
KCl (intracellular concentration) and has a particle weight of
120000 Actin and tropomyosin combined have a similar amino
acid composition to myosin 1n all species tested ¢ Tropomyosin has
been mterpreted as a precursor for some subunit of myostn  as

an elastic component  of the myofibmil and as the substance
cross bridges °©

{1} Delta Proten  Delta protem 8 * % can form a complex
with myosin and cause dissociation of actomyosin It 1s beheved
to be a dernvative of actin and may serve as the underlymg struc
tural component which facilitates proper orientation of actin
myosin and tropomyosin 1n the myofibril It may also Tepresent
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Figure 12 Gencral dustuibution of the myofibrllir protemns m the sircomere

an elastic component {5 filxrments)'s m the H zone At lest part
of the 15%, of myofibrillir protemn which remamns fter extrution
of mynsin 2wt nd tropomyosn 1s believed ta consise of delty
protem

Figure 12 dingrimmatially illustrates the general disrribution
of the myofibrsilir protems in the sarcomere

Interaction of Actomvosin and ATP ' Actomyasin 18
formed readily by the reaction of F 1ctmr mnd myosm The viscosty
of actomyosin solution 1s much higher than the sum of the viscosnties
of the two mdridurl components  Actomyosm ATPse Activity
15 ctvated by both magnesium 1ons and cxlaum ons In the
presence of magnestum 1ons its 2wty ity far exceeds that of myosn

Striking phystco-chemical chinges e induced when ATP s
1dded to solutians of Actomyosn or to actomyostn threads The
double refraction of flow disappears nd the viscosty of the solu
ttons decrerses markedly  ATP causes contriction of the threwd
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These changes have been interpreted as resulting from the action
of ATP to dissociate actomyosin into acuin and myosmn

Relaung Factor  The existence of 1 sarcoplasmic component
1 muscle which could induce relaxation 1n 1solited systems was
frrst shown by Marsh? ind Bendall *  They and other workers have
trzed to identify this component with various phosphate transfer
ring enzyme systems such as myokmase creatine phospholanase and
phosphoenol pyruvate pyrusic hinase  All of these transfer phos
phate to ADP and therr relaxing effect 15 activated by Mg 1ons
and mnhibited by Ca 1ons The fact that muscle ATPase actinity
15 depressed concurrently with the relaxing effect suggests a direct
correlation of the former with tension development

Recent evidence 1ndicates that relaxation depends on a critt
cal level of ATP 1n the center of the muscle fiber which could be
effected by any of the enzyme systems menttoned However in
single muscle fiber preparations these systems do not alnays cause
relaxation and may 1ncrease tension if the ATP concentration 1s
Tow enough It 1s now believed that the relaxing system consists of
at least two components a particulate component 1nd a dialyzable
labile substance which 1s readily absorbed on charcoal Neither
of these 1s one of the transphosphorylatin, systems mentioned
Pyrophosphate may replice the dialyzable factor but it 1s not
1dentical with 1t

The answers to the important questions of whether such sys
tems are operable in intact muscle and especially m the myocardium
are only speculative

Localizanon of Contractile Protems m Muscle In recent
years with improvement in physical and chemical techmques there
have been a number of attempts to relate the molecular compon
ents of muscle with the ultrastructure of the cell and the actual
process of contractton  The most elaborate of these studies hase
been those of H E Huxley 611133 A F Huxley! 3 and collabo
rators By the use of optical and electron microscopy % ray dif
fraction techniques and specific chemical methods for extracting
“arious proteins from isolated muscle fibers they reached the fol
lowing conclustons 1bout the distribution of contractile proteins
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Striated muscle (including crdiac) 15 butlt up of two over
Ihpping mterdigttating myofilaments  One 1s a set of thin fila
ments extending 1 either direction from the Z Line to the boundary
of the H zones and the other 15 1 thicker set extending from one end
of the A band to the other When muscle fibrils are treted with
solutions that ire known to remove myosin 60 to 709, of the
protein material 1s selectnvely removed from the A band Approu
mately 70%, of this protein 1s actually myosin the remainder 1s
N\ protem ¥ The miterinl or myofiliments left are the thin
filaments which extend from the Z membrane to the former border
of the H zone  When the treated myofilaments 1re exumned with
the electron microscope the thick filiments which formed the A
band are missing and only the thin filaments remun

When the myosin extracted preprations 1re treated with
solunrons that remove acun an wddinonal 159 of the ongmal
myofibnllar protemn 1s removed The fibrls lose all their vistble
material between the 7 hines and the H zones The 7 hnes and
some substance (deltr proten?) which muntains structur!
mtegrity remain

Thus 1 remarhably sumple picture emerges of two overlppimng
sets of filrments bunle primarily from two structural protewns actin
and myosin  The thin filaments re composed of wtmn and the
thick dense filaments re composed of myosin  Neither extends
through the entire length of the sircomere  The thun filiments are
present both m the T and part of the A bands the thick filuments
are mn the A band only The two interdigitate in the A band Such
a system gnves the banded 1ppearance to the muscle fibr!

A number of recent studies suggest that the A band contuns
ATP and m1ny of the enzymes essential for oxidatnne phosphory]
tron 1mndependent of muscle mitochondri 3¢

Theories and Vodels of Muscle Contraction At the present
time there are two basic theortes that attempt to correlite the
molecular and physiological events wccompanying the contrrctiie
response  The first may be called the one filament hypothesis of
the flexible polyelectrolyte theory The second may be called the
two filiment hypothesis or the shding model of muscle contric
tion The first attempts to correlate data obtaned from studies
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of the chemustry of contractile protems while the latter attempts
to correlate information attamned from physical studies of muscle
with 1 limited number of chemical observations

In the one filiment hypothesis contraction 1s considered to
result from physico-chemical changes in a contrictle unit consisting
of a single filament or molecular strand The clearest aind earliest
statement of this hypothesis was from k H Meyer 3™ He proposed
2 number of models 1 which attraction and repulsion of charged
groups on a helix were responsible for contraction and relaxation
The concept has been developed 1n a more quantitauve manner
by Risemin and hirkwood?® and later by Morales 32

Molecular chamns may extend from one Z line to another
Assuming free rotation about chemical bonds and some nternal
flexibility the chun would tend to form a coil (see Figure 131 b

(a)

(d)

()

Figure 13 Schema of the one filament or polvelectrolyte model of contrac
ton  Reproduced by permussion. Peveus of Modern Plysics 1959 (Morales)
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¢ d}* However if charges were distnibuted along the fiber the
tendency to torm a coil (entroprc forces) would be opposed by an
electrostatic force tending to maximize the distances between
charges  The resting state or equilibrium 1s represented by 1 bal
1nce between entropic forces tending to shorten the filament nd
electrustatic furces tending to keep the moleculir chun extended
Magnesium calaum or potassium myosinates might be so ex
tended Contraction or collapse of such a polyelectrolyte 1s thou,ht
to be the result of 1 discharge of the fiber by the quadrnalent
amons of ATP  The resting stite 1s restored by hydrolysis and
disorption of ADP

Inherent 1 the polyelectrolyte model 1s the wsumption that
the adsorption of ATP and not 1ts hydrolysis 1s the driving force
responsible for changes 1 the physictl properties of the thilament

One of the man objections to such 1 model 1s the difficulty
1 explanng the obsersation that tpparently one molecule of
ATP can affect as much 15 10 g of myosin  This seems to be too
Inrge a sphere of action for electrostatic forces It prompted Szent
Gyorgy1*’ to mvoke long range quintum mechanil forces of
energy trinsnussion and excitition  He proposed that in the resung
state actomyosin contamned stible filled electronic energy levels
wlnch were separated from higher unfilled electromc energy levels
(semi-conductor) Upon interaction with AT certain stable elec
trons were exuted 1nto the high v1cant energy levels (conducting
lesel) The spread of this event ciused the whole structure to
become excited to depolanze nd to go mto the contrcted state

Another shortcoming of the polyelectrolyte theory 1s that 1t
Fails 10 take mto wcount the hew work generalizabons of Hit
and Fenn * It 1s for this Teason that 1t should be discarded s 1ts
simplest form

The two filament or slding model operates on a ridiclly dif
ferent principle ** This model attempts to take 1nto 1ccount olner
vauens on the organizaton of protems withun the myofibril 'uu)!
the morphological changes which occur during contrictian St lu‘(l
m s simplest form  upon excitation the thin filaments 1 l)u:l
band shde past the relatnvely fived thick filaments m the b:m;
W hen the muscle 1s pssisely stretched the 1 band filments shide
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out agan  This hypothesis 15 1 keeping with the obseryation that
the width of the A bind remuns essentially constant at different
degrees of stretch and contraction and that the changes 1n sarco
mere length are primarily due to changes in the width of the I band
(see Figure 11)

This directed sliding motion during contraction 1s presum
ably brought about through the mediation of cross links between
the filaments  Such mteraction 1s the structural basis for the reac
tion between actin and myosin It 1s proposed that ATP reacts
with the cross linkages and enables the two filiments to criwl or
slide pist one another

One of the problems with this model 1s that during contraction
1t does not explun why the filaments slide only 1 one direction 1nd
not i theother The reaction scheme 15 actually quite symmetrical
Huxley attempts to solse this problem by mvoling 2 spitally
asymmetric probability of reacuon between the shding filaments

Recently Podolsky** has attempted to resolve the differences
between the two major theories  He accepts the basic shiding model
of the Huxleys but assumes that the thin actin filament 1s 1 poly
electrolyte If discharged the actin filament would coil or fold
as the result of entropic forces thereby causing the filvments to
shide pist each other He reasons that at rest the actin filament s
a positively charged polyelectrolyte and upon excttation some sys
tem s 1ctivated which deposits ATP molecules on the actin fila
ment  This discharges the filament and 1t begins to contract
develop tenston and draw the two Z lines together Simultaneously
the ATPase on the rehatnely fixed myosm filament begins to prck
off the ATP molecules which tends to restore the charge on the
acun filament  Therefore the tension developed and the energy
released will reflect 1 equilibrium between the charging rate and
the rite of ATPase activity This in turn s a funcuon of the rela
trve velocity of motion between the interacting sites on the two
filaments

‘The models of thie Huxleys and Podolskhy predict that the work
output developed during muscle contraction should increise with
a decrease i the relamve motion between the two filaments

{greater probability of interaction between sites) In this manner
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they tike 1nto account the well known relationships established by
Fenn 1nd Hill for intact muscle However neither model accounts
for the heat of activation of the contractile process

It 15 well known that 1n increise 1n the minia] length of the

myocardial fiber 35 paralleled by m merease 1n the energy of con
tracton  Thus it 1s probable that the mtal length determines
the veloaty of contraction and thereby the extent of mteriction
betn een sites on the two filaments
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Chapter V

CHEMISTRY OF THE NORMAL HEART
PART I ELECTROLYTE METABOLISM

Ion Transport Another aspect of the chemstry of the heart
which has recenved considerable attention 1n recent years 1s the
trinsport and accumulaton of electrolytes The heart 1s sumlar
to other tissues 1n that the ntracellular potissium concentration
(hy) 15 relatively high and the sodum (N1 and chlonde (Cl)
concentrattons are low

There are very good rewsons to believe that the quantty of
K or Na within the cell 1s the result of two fundamental umn
directional processes an mflow (influx) and an outflow (efflux)?
The quantity of K 1 the cell m1y be stated 1 1 rither simple man
ner by the following relation

dhy

at

where dh,/dt 1s the quantity of k m the 1ntricellular phase at any
time t kK, defines mflux and k K, defines efflux  When the con
centration of k 1n the extracellular phise (k) and K, are unity
the trinsfer coefficients K, and k  are the rates of mflux and efflux
respectinely Durmg the steady state when k| remains constant

the different1al dk,/de = 0 and efflux equals influx provided all
K, 15 exchangenble

=kh —kHk,

The mnflux and efflux of h may have 1cuve or passive com
ponents or both Active indicates that metabolism 15 involved or
that 1ons are transported against or 1n excess of an electrochermucal
gradient Pissive mdicates that the drivin, force 1s simple diffusion
or 1 fuvorable electrochemical gradient In heart recent studies
htve shonn that k efflux 15 essentually pissive while k ynflux has
both passive and active components 3 Atlow h (I 35 mM or less)
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k nflux appears to be purely passive i response to an 1ctnie
extruston of N1 At higher concentrations of h  active transport
components of influx are stumulated Studres using helium cocane
and changes 1 temperature show that at 5 4 to 10 8 mM k, 1pprou
mately 439 of k nflux s actrve and 579, 1s passne

The chemical mechamsms involved 1 passive transport or 1n
the preferenti1} accumulatton of A and extrusion of Na 1re not
known at the present ume There 1s good evidence that ovidative
metabolism maintams active transport by way of high energy phos
phate compounds 1n particular ATP ¢

In recent years two specific enzymes have been implicited
cation transport ATPase and cholinesterase The latter enzyme
hydrolyzes the chemucal transmtter acetylcholine Shou’ has
studied 1n ATPase 1solated from Carcinus maenas nerve He
showed that the substrate most rexdily attacked by the enzyme was
2 sodium magnestum ATP complex An mcrease mn the concen
tratton of Na or a decrease of K led to an increase in ATPase
activity He reasoned that as Na, mcreased or k, decretsed actne
transport mechamsms were sumultted The relatively Jarge
A FOhya otyn wasmecessary to drive the process smce active transport
was essenttally an endergonic rexction  VMore recently Post® has
suggested that 1 membrane ATPase was part of an actise trinsport
carrer m the human erythrocyte

There 1s now gaod evidence that chalesterase plays 2 role
m passtve electrolyte transport and thereby 15 mtimately myvolsed
mn the genests of the electrical properties of excitible ussu¢
Acetylcholine the substrate for this enzyme has long been hnown
ta affect the passtve electrzcal? and permexbility® propertues of the
heart It 1s interesting to note that 509 of this enzyme 1s located
1 the L meromyosta fragment of myosin ® Barrnett and Palade®®
suggested that this enzyme ws locilized m the M Nine The signift
cance of these obsersations 15 not obvious at this ume It should
be recalled that ATPase was associated with the H meromyoun
fragment

ATPase and cholinesterise both catalyze hydrolytic rexctions
and hve been Jocalized 1 cell mumbranes Whether these tho
enzymes re part of 1 large molecular complex (myosin hike see
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aboye) i the membrane which transports electroly tes 1s not hnown
with certamnty at the present tme  If it existed such a complex
could be referred to as 1 cation transport particle analogous to
the electron transport particle 1solated frem mutochondrit by the
actron of sonic vibrations or deter,ents (Chapter 3 Mutochondri)
In Table 11 we hav e summnanzed anadyses for several important
electrolytes in striated cardiac and smooth muscle ¥ Cardiac tissue
contains more water sodium and chloride and less potasstum than
skeletal muscle This suggests a larger extricellular space  The
concentrations of magnesium (Mg) 1nd calcum (C2) 1n the heart
1re comparable to those of other ussues Most evidence indicates
that wntracellular calerum exusts 1n 4 bound umionyzed form* 3
‘The distibution of electrolytes m nodal tssue atria and ven
tricles differ The analyses of Davies et al 1¢ and Mazel and Hol
land' show that the nodes and AV bundles appear to have 1 sur
prisingly large cation excess which 1s pnmanly due to the large
amount of Na, Mazel and Holland concluded that the mntrinsic
thythm of the various regions of the heart was directly proportional
to their Na content and nversely related to their k content
Isotope studies have revealed that myocardial K Cl and Mg
are completely exchangeable withan 1 period of 2 to 4 hours winle
Na exchanges at 1 somewhat slower rate* % ° Ca exchange 15 of
a very slow heterogeneous type and cannot be characterized mn a

sumple manner ¥ 1 This suggests that Ca exists 1n several different
forms or compartments

TABLE 11

FLECTROLVTE DISTRIBUTION IN SKELETSL CARDIAC AND SwooTH Misae

mFq/Liter
Skeletal (Dog) Gad c(Dog)  Stomach (Steer)

- - @ 70 80()
Na 2, 3¢ 39
e 9 8, 91

[ o R - — 16 76 30
Mg 15 16

Ca

— 2 2




66 Chemastry of Heart Tatlure

The wntrrcellulir distribution of these 1ons withm the myo
cardinl fiber 15 sull 1 matter of conjecture  Mitochondiia contun
K 1nd smaller vmountsof N Mgand C1 Histochemica! studies
have shown that k 1s localized 1n the A bands of cardiac and stinted
muscle ? Upon exatition of muscle 2 redistribution of k occurred
and the ron moved from the A binds mto the I bands and wccumu
lited 1t the cell surfwce™ Micromemeritton studies  * have
locahized Ca mdsor Mg i membrines A bands nd 7 hmes but
nocm the I bands

Electralvtes and Cardiac Contracton  That clectrolytes re
essentr] for ind modify cardric contraction has been known since
the tme of Ringer  Heuts perfused with 1sotonmc \1Cl solutions
mpidly cese to beat and remun in drstole 3 The addion of h
delys the Na effect ind tempoiriy restores ¢ndii contriction
C21n the absence of K increases the durinon of mechametl systole
2t the expense of distole nd eventually produces 1 contriture
K 1n excess prolon,s diistole and <auses imhibition and riest

It 1s now known that normal ¢ irdric exertation 1nd contricton
requires A N1 md (1 m ppropinte concentrations N1 15
myohed i the process of exaitability and depohirizaon h deter
munes the magnitude of the 1esum,, potenttt and € plws 1 role
in excitrbility nd exciration contriction couphin,

Bicelectric Potentials  In the restin, state 1 porennal differ
ence vasts between the mside md outside of Ml exarible cells
the terior being negative with respect to the exterior This
patental referred to 1s the resting or membrane potentinl 1s estab
Itshed -cross 1 thm barrer (plisma membrine) the thichness of
wh ch 15 of the arder of 50 ta 200 & The hert 15 no exception md
resung potentials of 70 to 80 millivolts hme been recorded from
single cclls m varous types of myocardinl ussue 00 A typica}
trmsmembrane resting wnd 1ction potential recorded from single
atrral and ventriculir cell are presented m Figure 1 These
potentits were reconded by mserting 1 capillary gl wlir nucre
clectrode (0510 g tip drameter) filled with 3 M hClnto smgle
myocardnl cells

There re distct fexcures of the trinsmembrane restirg md
action potenuals that requne description The nismg phsc or
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Figure 14 Typical transmembrane potentals recorded from a single atrial

cell (1) and ventnicular cell (B) Em membrane potential m millnolts ms

millsecond Depol depolanzaston  Repol repolanization OS overshoot
11 plateau

upstroke 1s referred to as depolanzauon That phase where the
sign of potenul difference 1s actually reversed 1s called the over
shoot At the peik spike potential repolartzation begins with an
miual rapid phasc folloned by a plateau where the potential 15
newrly zero and terminates with a faster phase of recovery The
plateru 1s particularly evident 1n ventricular cells Figure 15 shows
a transmembrane potential and surface ECG recorded simultane
ously from closely adjacent sites It can be seen that the QRS
complex comcides with the upstrohe and mmual phase of repolars
zauion of the transmembrane action potential  The 1soelectric Iine
comades with the plateau and the T wave with the termnal
phase of repolarization

There 15 now good evidence that the resting potential of
excitable cells results from an asymmetnic distribution of k and
a membrane selectively permeable to K wons  The membrme 1s
relatively impermeable to other tons  In electrochemical terms the
cell may be pictured 15 a K electrode The magmitude of the

resing membrane potential ¢an be estimated from the Nernst
equauon
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~-80

QRS T

Figure 15 A typucal transmembrane potential ind LCG recorded simultane
ously from djicent sttes

En=2803 50 log
where E,, 15 the resung potenttl or the h equilibrium potenti
R the g1s constant F the faraday n the salence and T the absolute
temperature When the appropriate umts ire substituted 2t 37 C
the equation reduces to

E, = 61 millivolts log {Z"—

The ratio h,/R, 15 of the order of 1 16 10 1 22 in heart muscle
which gne calculated values of E, of 73 to 82 millivols The
measured F,, 1s usually less than the calenlated value * Tius indt
cates that the resting membrane 1s permeable to ons other thm
K suchas Naand C1 2

Upon excitation the membrane suddenly becomes much more
permmblc to N2 1ons than to k or €l and the cell momentanly
becomes 1 N1 electrode  \s a result of the oppostte orientation
of the N1 gradient the interior becomes positine {overshoot) with
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Tespect to the exterior  The membrine potential gradually retuins
to that of the resting state (k electrode) by 1n mmtial raprd micent
tion of the 1nrush of N1 an mncreased outwird movement of h 1ons
and possibly by an mward movement of Cl 1ons All three of
these processes acting singularly or in combmation will restore the
potential to that of the resing state  Apparently in the heart the
pltean results from a delayed 1nactivation of the inrush of Nror a
delayed mcrease 1n outward movement of k. or a combination of
both It 1s thought thar the durition of the refrictory period 1s
determuned by the ease of which the 1nward moyvement of Na 15
turned on (wailability of the mward Na current) nd the rite
at which the outward movement of k restores the membrane
potential to the resting level Durnng the nterval between each
actton potential the normal N1, 1nd k, are re established by active
transport mechinisms

Exeitation Contraction Coupling The Nature of the Stimulus
The mechanism whereby the action potential propagated along
the muscle fiber surface actinates the contractile elements 15 not
known with certainty There 1s no question that 1 depolinizauon
or decrease In resting membrane potential 1s one of the prime
factors imolved How this event penetrates into fibers and myo
fibrils to excite the myoftlaments 15 certunly not clear It 1s well
known that accompanying activation there are distinct changes
n the mechamcal properties of the muscle before there 1s any
externil sign of tension development These changes re character
1zed by an increase i muscle stiffness resistence to stretch increase
1n optical transparency sncrease in pH latency relixation and heat
of activation 3 Whether these changes represent the assoctation of
actin and myosin adsorption of ATP mobilization of 10ns (Ca k.
Mg or hydrolysis of ATP 1sa matter of speculation During recent
years a number of theories 11l involving electrical forces have been
proposed to account for some of the changes observed

(1) Electrochemical Gradients and Deffusion On numerous
occastons there have been attempts to explaim the events of excita
tion by assuming the occurrence of diffusion of some essential sub
stance such 1s Ca K or Na from the membrane to the sarcoplasm
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These theoties 21l based on ditfusion suffer from a common defect
diffuston s not ripid enough *

(2) Z Line and Ca Actniation Linkage  Recent studies dis
cussed m the preceding chapter mdicue that the siranions of
skeletal and heart muscles are specralized to permit the action of
depolanzanion at the surfice to be transmitted quickly muard to
the center of the fiber Tiegs™ in 1934 postulated that the 7 Line
may trnsmit surface membrane excitation mto the mterior By
plcing fine electrodes along different pomts of the sircomere
Huxley ind Taylor® * showed that only depolinization 1long the
/ line ws effective i causmg shortening of the 1 band  They
pomted out thit the extent of spred of the contration in the 1
band was directly proportional to the degree of dcpolrizaton
This suggested 2 graded spread of the excitatory process from the
7 line and posstbly along the thin wun filaments  In addion
only certan lou iong the conunuous 7 hines weie sensitne o
depolarizition

Biancht and Shanes ! proposed that certain sensitine piiches
long the Z line corresponded to sites saturited with calcrum which
w1s released nto the sarcoplsm during excitation The quantity
and rate of release wnd its subscquent diffusion longrtudmally in
the I band may well be related to the magnitude of depolirizanon
It was pictured as a ¢hain reaction

Calaum 1s the only known phystological ton hat cwses
shortening when njected into the muscle fiber at low concentry
tions *® Since there 15 &y idence that Ca 1s leking m the 3 hund n
1s not unreasonable to 1ssume that the sudden ppearmce of
sonized C1 m this region could erther 1lter the charge or iewd w03
deposttion of ATP on the thin wctin myofiliments (Podolsky
model) The ltter may cause these Bilaments to fold or (ol snto
the A\ bmd  Although there 15 no expertmental evidence for a
transiocition of Ca n the sarcoplasm during excitation there Are
considerable datr which show that stunulation mererses C1
milow * ¢
The fact that there 15 €1 wailble m the L band suggests thit
the redease of the 1on here mught permut interiction with the por
von of the thin wcun filaments which overlap the thicker myosin
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filaments and eliminate the necessity of diffusion mnto the I bind
As the I band filaments are drawn mto the A band more mteraction
can occur

(3) Endopl R, tum as an k Cond Net
work  Brief mention h1s been made of the presence mn the sirco
plasm of a fine tubular or vesicular network clearly revealed by
electron micrographs called the endoplasmic reticulam  As early
as 1881 Retzius® suggested n excrtatory function for the latter

Porter 1nd Palade®! proposed that the membrine component of
the tubular network might behave as typical cell membranes and
relay the action potential from the sarcolemma into the interior of
the fiber In heart Moore and Ruska® have shown that the endo

plasmic reticulum appears continuous with the Z lines and extends
to mtracellular projections of the plasma membrane The reticu

lum may not only serve to transmit impulses transversely from the
plasima membrane to the Z lines but also longitudinally along the
myofibrils to the mtercalated discs * 12
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Chapter V1

CHEMISTRY OF THE FAILING HEART

Opumum cardine work can be performed only when the
chemucal Teactions responsible for the release transformation and
utilizanon of metabolic free energy proceed at adequate rates
Interruption of the normal sequence of events at any poimnt may
result 1n cardiac fallure Therefore from the pomnt of view of
energetics the problem of where the defect underlying a guen
type of farlure 1s located 1n the energy cycle reduces ntself to the
following question does the defect concern the releise of metabo
Iic free energy or does 1t concern the utilization of metabolic free
energy?

In the preceding chapters we have developed the thesss that
n final analysis energy metabolism m the heart revolves around
the synthesis and utilization of ATP and hke substances There
fore the problem of the cause of heart fallure can be re asked
asomewhat different fashion 15 the failure a result of tmpatrment
of the generation or of the utthzition of free energy of these

energy rich phosphate compounds?

Much ot the mformation to be discussed on these and other
features of the metabolism of the failing heart can be found n
several excellent reviews 1 ¢ We shall limut our discussion to those
findings which have a firm experimental foundation Much
tesearch m this field 15 exther wrrelevant fraught with technical
problems or carried out under condittons m which 1ts validity At
the phy 10logical level 15 certainly questionable

Disturbances m Free Energy Release It 15 only i failures
resultng from disturbances in free energy release that a metabohic
defect has been reasonably clearly estabhished Included in this
category are failures resulting from anoxia (either due to oxygen
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lack or metabohic nhibition) coenzyme Iack and hormonal
mbalance

(1) Anoxia  Both acute and chronic wnova lead to heart
fallure ‘These failures are usually characterized by relatiely hugh
cardiac outputs with low mechameil efficiencies  Many of the
oxtdative enzymes assocrited with the Rreb s cutnic aad cycle ind
the electron transport system deteriorate rather rapidly folfoning
periods of relatve anoxia 7 These changes are usually associated
nith fragmentitian swelling wnd distortion of che norml ultra
structure of the myocardial sarcosomes 8 ®

A number of studies hive shown that the dechine m work
capacity associated with anoxia 1s roughly proportional to the
decline of phosphocreatine content and later to a fall m ATP
concentrition *°}  Upon readmussion of oxygen both the work
capcity and content of energy rich phosphate compounds return
to normal Furthermore failures resulting from metabolic mhuib
tion (cyanide 2 4 dintrophenol) are also charactenized by a fall of
phosphocreatine and later by a decline of ATP

(2) Coenzyme Lach and Hormonal Imbalance Probably the
most important example of myocardial failure resulting from
coenzyme lack 15 that seen 1n the disease berthert resulang from
1inadequat of th in the diet 1 The heart and
other tissues undergo a depletion of cocirboxylase one of the coen
zymes concerned with the comversion of pyruvate to acetyl coen
zyme A ¥ In this condition the oxidation of carbohydrates cannot
proceed to completion

As would be expected 1n thiamne defictency the myocardiat
extraction of pyrusate and lactate 1s depressed 16 Lactate extractan
15 apparently mhibited more than pyrusate probably as a result
of the adverse effects of elevated pyrnate levels on lactic id
dehydrogenase  Glucose extraction is lso reported to be abnor
mally low

Another type of failure of considerable acrdemic and chimeal
snterest 35 that resulung from thyrotoxicosis  The mechansm of
the metabolic derangement 1n thyrotovic heart duseise 1s 1ot
known The avulible evidence points to 1 defect 1n frec energy
releise  Oxygen consumption of the heart 1s usually elevated but
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energy utilization 1s not improved and the overall efficiency 1s
low 17 The threshold for glucose extraction by the intact thyrotoxic
heart 1s elevated and the extraction coefficients for pyruvate and
lactate are reduced Observattons on fatty acid metabolism suggest
that the heart 1n thyrotoxicosis depends to a great extent on the
wlizatton of these substances for energy production

Myocardial ATP and phosphocreatine are also exhausted in
thyrotoxicosis 18 ® The decrewse n ATP 1s probably related to
thyroxine s effect on oxtdatnve phosphorylation 1

As with cardiac falure induced by anoxia that resulting from
thiamine deficiency and thyrotosicosis are relatively resistant to the
action of the cardiac glycosides

Disturbances m Free Energy Utilizaion  There 1s consider
able evidence that congestive heart failure may occur even 1n the
presence of normal free energy release Classical congestive heart
failure may be thought of as resulting from a defect 1n free energy
utilization It 1s characterized by a low cardiac output despite a
normal or increased oxygen consumption and substrate utilization
and normal contents of phosphocreatine and ATP 3 Such a situa
tion 1s found 1n failures resulting from chronic valvular and hyper
tensive heart disease in man spontaneous failures in the heart lung
preparation and failures mnduced by ion evcess and certain nar
cotics (nembutal ethyl urethane etc)® They all respond to the
digitals glycosides

The basic defect 1n congestive heart failure appears to be an
mnability of the myofibnl to assimilate phosphate bond energy
Whether this 15 a result of "bnormal physico chemmical properties
of the contractile protemn actomyosin or to the loss of essental
electrolytes or metabolites has not been clearly established

The failure to demonstrate a defect 1n free energy release i
these farlures served 1s sumulus for the search for causes at the
moleculnr level of the contractile apparatus  During the past decade
a number of reports have appeired dealing with the extractability
and physico-chemical properties of actomyosin obtamned from
hearts 1n congestive failure

Kovats was the first to develop methods for the extraction
of myosin and ~ctomyosin from the heart The techmiques have
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been refined by Benson et al 3 * and later by Detth and Bing
Benson ef al report that i dogs with chronic heart fatlure second
ary to surgcally produced valvular disease the concentrition of
ctomyosin 1s decrersed  These changes were found in both ventrt
cles desprte the fact that the ncresed nork load was usually imited
1o the left ventricle A decresed viscostty per unte of ctomyosin
as well as 1 reduced response of the viscasity of actomyosin solutions
to ATP was also reported  They felt that these chinges resulted
from 1ctomyosin exising in a partally dissociated state which
could be the result of excessive stretching of the myocirdial fibers
Somew hat sumlar findings hive been reported by Detth ind Bing
and Olson et al ¢

More recently Ellenbogen et al  report further studies on the
physico chemical characteristies of myossn  Cardiac myosin 150
Inted from dogs in congestn e fatlure w1s found to haye a molecular
weight three times (740 000) that of normn) hearts (223 000) and
the longitudinal dimenston of the pirticles was approxtmately twice
that of normal myosin (1200 A compared to 680 A) Apparently
duning the desvclopment of fulure myosin molecules aggregate w0
form large moleculir complexes These authors also mterpret
therr findings as resulting from chronic stretch of the muvocirdim
which leads to trreversible changes i the stze and shape of cardiic
myasin More will be sud of these changes later

Electrolyte Metabolhsm  T'he possible relattonship of electro
lyte disturbances to the mechinism of heart fulure has cngendcrcd
extensive discussion nd probific writing i recent years  For some
time 1t has been known that changes i the clectrolyte composttion
of cells may occur 1n congestive heart fulure 3 % They usitilly
consist of an increase mn cell sodium and a decrease 1n cell potas
stum T he question immedintely arises s to whether the obserny ed
changes m the heart 1re of ny basic smportance m the genesis of
the farlure or do they merely reflect the response of the heart to
an 1bnormal volume 1nd distribution of fluids d electrolytes n

The situation 15 further complicated m most clincal condh
tions stnce cigatalis usually has previously been adminustered t0

rdial fatlure As we shall show hiter the ghyeo

tients with myoca
Pa y However

sides cwse a release of hownd gam of Na in the harnt
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the elabotate and careful studies of Clatke nd Moschier clearly
show that m abnermal distnbution of electrolytes oceurs i hearts
of patients who have recen ed no glycoside therapy

In hight of the known role of clectrolytes 1 myocardial con
traction 1t 18 concervable that a defcet n electrolyte metabolism
mav be a causatne factor 1n congestive heart falure  Howeser
the warable evidence to date suggests that the abnormtt Na and k
metabohism 1n this condtion 15 sccondary and does not plav a
pumary role m the geness of fulure

\ demonstrable defect 1 caloum metabolism would be far
more sigmficant as this 1on 15 absolutely essential for the process
of contracion  Jr 15 mndeed signmificant that hapelier and
hutschera Aschenbergen® demonstrated a diminsshed cdoum con
tent 1 hearts m congestn ¢ fulure resulning from chromic valvular
disease  Part of the Ca was bound to the lipord fraction  The
decreased Cn content of the msufficsent heart was frequently most
pronounced on the side bearin,, the greatest fractronal load  With
the development of more refined techniques for esumanng bvatent
<auans these findings merit further study

Hyperirophy Morphological Considerations  Probably the
Wost important compensatory mech s mvolved in heart falure
15 that of hypestrophy The failed heart may increase 1ts mass by
as much as six times and s effectne work by 15 much as tnenty
times 3 Harnson® his postulated thit a decsse factor in the devel
opment of congestive heart failure 13 anoxia of the rwyocardium
resultuig from compensatory hypertrophy  He reports that the
thickness of the hypertrophied fibers does not permt adequate
oggen diffuston Wenn' reports that the wonal capillary crows
sectional area per unit volume of hypertrophic heart muscle 1 1/
as Jarge s that 1n normal he st muscle On the other hand Docl3?
pomits out that the coronary flow i cardiac hypertrophy wathout
coronary disease ¥ more than adequate to provide axygen in excess
of the requurciments of even the thickest bibers Bing ot af 37 report
that m patients with con,estie heart fatlure resulung from valvu
far discase oxygen consumpuion 1s either normal or shightiv elevated

The most distncin e morphological featnre of hypertrophy 15
the mcrease in the diameter of the mdividual myocardiat fiber with
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Dittle or no mcrease n capillary supply ¥ Linzbach®® his shown
that tnn muld hypertroplly there 1s probably no merease 1 the num
ber of frbers This physiologic hypertrophy s usually seen 1n
hearts weighing up to 500 grams Howeser both Lmnzbich nd
Lowe and Bate™ pomnted out tht when this weight 1s exceeded the
thickened ftbers split longitudinally produuing a net mcrese n
the number of fibers Apparently with further hypertrophy the
daughbter fibers also increwe 1n size and spht after reaching 7
critietl width

Recent electron microscopic studies hase revealed some inter
esting ultrastructural correlites to the changes described 1bove
Molbert and Injim® observed that with increasmng hypertrophy the
myofilaments enlarged and became thicker At 1 critrctl size they
sphit into daughter filiments These mvestigators also described
changes 1n the swrcosomes such s swelling dimmuuon ol the
crastae and shrinking of the muer of the outer two sarcosomal mem
branes Further detuls on the endoplasmic rettculum 7 hnes ind
intercalated discs hive been described by Brywmt et al®

Hypertrophy Chemncal Constderations It should be ponted
out that many of the studies reviened in the present chapter op
energy metabolism m the farling heart were carried out on hyper
trophic hearts There have been only 1 imuted number of studies
emphastzing the changes 1w the chemical composition ccompiny
ng hypertrophy

Schulze and Sudhof*® report an mcrease m the phospholip &
fraction and 1 decrease m glycogen  Sobel 1nd Cohent! malyzed
for @ number of protein [ractions in the hypertrophic 11t heart
Increases occurred mn 1l frictions 1nalyzed but i a dispropor
tionate manner The largest mcreises were observed in the myo
globm actomyosin and nutochondnl fractsons The authors sug
gested that these changes represented an wdaptation to the ncresed
demands placed on the heart

The increase actomyostn cantent may explam the observed
increase tn ATPase actiaty reported by Rosst ind Dranzams Mor *
The latter appeared to be related to sircosomal dimage howeer
oadite phosphorylation was not changed during the penod of
observation  The same quthors® also report that an imtial ierese
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m nbonuclere acid occurred m the tissue homogenates and 1solted
mitochondria  this returned to normal 1 four months The
desoxyribonucleic aad per unit weight was not modified after
observation for eight months but the total amount mncreased due
to the mecreased number of nuclet Nowy et al 4 report only a
shght increase 1n mbonucleic acid a shight decrease m desoxy
nbonucleic «aad and no changes 1n total phosphate or mnorganic
phosphate 1n rabbit hearts fter six months of hypertrophy

These findings suggest that an increase m protemn synthess
occurs during the mmitial stage of hypertrophy as one would expect
It 15 of interest to note that cardiac hiypertrophy does not occur m
hypophysectomized rats¢ Treatment of such rats with growth
hormone restores the 1bility of the heart to undergo hypertrophy
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Chapter VI

ACTIONS OF DIGITALIS

Wd\ermg‘ was the first to recognuze that dagitabis had pro
found effects on the motions of the heart He actuilly deseloped
successfitl methods for the use of this agent m treatng dropsy 4
disease syndrome which we recognize today as congestive heart
fnlure In 1882 Schumiedeberg determuned the busie actions of
the digitalis substances and began a study of the action of purified
glycosides Fraenhel miroduced strophantlun mn glycoside theripy
otheart disease n 1905 after preluntnary animal expertmentaiton ¥

The rapd progress mide n mitscle chiemustry and energetics
of muscle contriction durig the perod 1910 to 1956 served as 2
stunulus for 4 search for the mode of wction of these 1gents at the
chemical level During this unensal 2 bewildersn, number of
studies have appeared  Interest 1s continung at an accelerted rate

From a chemical and pharmacological pomt of view the most
rmportant site of action of the casrdiac glycostdes ts unguestionably
the myocardium  The systolic force of muscle contraction of the
faled or hypodynamic heart 1s mncreased  In fact all the effects on
the heart can be expluned by an action on this piameter  Admit
tedly these agents have effccts on cardiac reflexest and renal excre
toi of electrolytes Houwever the magnitude of the chiwnges
mduced are not sufficient 1o account for the therapentc effectne
ness of the drug

In the preceding chipter we noted that fartures resulung from
a defect sn free energy release do not respond effecinely and
efficiently to digitalss  Benefianl effects of the drug were only
obtamed in fadures resutung from disturbinces m free energy
utihzation “These findings mdicate that digitalis 1s active by virtue
of ts ability to 1mprove the untriton of metibole free energy
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In the present chapter we shall brefly revien some of the
perunent evidence which substantintes the 1bove hypothesis

Overall Metabolism  One of the most distinctive and ewily
reproductble effects of digiealis on overall metabolism s its action
on oxygen consumptiont of myocirdial tissue In 1912 Kohde wd
Ogana® reported tha strophanthin depressed O consamption of
the frog et In 1930 Eismayer and Quinche obtuned consider
le merewses m O uptike with 1 very low concemrinon of
strophanthin which bad no influence on the work output of the
heart In the sume year David® noted that strophanthin cused 1
sumular mcrease in respirition of frog atrin which was later folloned
by a decline to below normal levels Smce the frequency of beat
w1s lowered and the amplitude of beat not greatly wgmented tins
stimulatton of oxygen consumption seemed to be a primary effect

This etfect on oxygen consumption his been olnerved on
numerous occstons n steadily respiring cirdie tissie shees *!
‘The effect 15 observed at low pharmacologtcally 1ctse concentra
tions  Incretses of oxygen consumption tre usually observed m
aally (30 mumnutes to 1 houry folloned Tter by 1 profound depres
sion  This effect 15 blocked by 1ncrersing the k conceniration ™
but occurs in the absence of Ca ™ Significant chinges i the respt
rtory quottent have not been noted ' In higher toxie concentr
tions the glycosides merense the O consumption of bram shices **

The mtact crrdrre muscle fiber 1s requured for the abese cffect
In concentrations 100 times those excrung m cffect on ardine
tissue shices ouaban has no effect an forufied or untorufied homo
genate respiration . Turthermore the drug his no eltect on the
respirition of normal mitochondrir or those whose respntion
has been depressed with metabolic inhibitors © 19

Ths effect on resprrition has not been universithy weepted
For example Bing ind assocrates have found that strophmthin
did not modify coronry bload flow or terobic meribohsm i
esther normal subgects or prtients with cardiac insufficency '

At the present ume there 15 no sytisfictory exphntnon for
this merease 1nd subsequent decretse m the rite of resprration
Incrersed cedl permenbihity 2432 cathier to exogenous essentit sub
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strates o to norual uwracetiniir metabohtes has been imoled
on seseral occastons

Fmllestemn and Bodanshy* pomted out that the observed
Increase sn onygen consumption may well result from the develop
ment of 2 contracture that ocenrs in the presence of the glycosides
fn fact Victar © reparted that owibun i vather high concentrt
tions greatly increased O consumption and he found ventricular
mwcle {mmnly contrcted 1t the end of the expenment  This
hypothests could not xplam the mncreased ovypen comumption
of braan shces mduced by digitalis

Recently 1t has been shown thm owibmn naewses Ca
mies ¥ Yo s well hnown that Ga s an acuvator of ATPase
particlarly myown ATPwe The merened ATP1se activiyy that
might accur under these condstions would tead to an accumulation
of free PO, and ADP Both of these agents are activators of the
ghyeolysis and oxidanve phosphorylition reactions The elevated
oXjgen consutption may well be the result of such a sequence of
reactions In heeping wth this hypothess s the finding of a fall
of eseatne phospliate and later ATP mn hearts after prolonged
ireatment with ouaban 3 On the other hand thus wdez would mot
explam the subsequent decrease 1 respiration

Free Enecgy Release  An almost overnhelming and bewslder
mg number of studies on the effects of diguabs on the metabohic
Ppatterns mvolved m the release of free energy have appeared dur
g the past 30 years  Much of the da 1s conflicting and difficnlt
analyze Therefore we shall bt our discussion to studies that
tlustrate the problems mvolved

Gremels ¢ reports that digitalis mncreases glucose utshization ay
constant worl levels i the heart lung preparation  Apparently a
sharp vise 1n lacuie acid uptake occurred after adeumstration of
nantovse doses of puabain to dog heart jung preparations  Follow
ing the admmistration of dygitalis myocardsal glycogen content has
been reported to be mncreased ¢ decrewed T S or not sigueft
cantly altered ¢ Bing and associates report that digualts has no
effect on myocardial exeraction of glucose lactate pyruvate or
Letone bodies 1 the normal and fasled heart 3

Sverbeck? states that cardiac glycosides accelerate the anaere
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bic oxidtion of glucose hexose diphosphate glycerophosphate
and Iactate  Succinate onidrtion was reported to be ncresed
minced cardrac muscle

The cytochrome osidse system 1ppenrs to be unaffected by
digitahis 7 Nesther does the presence of cardiac glycosides have
any nfluence on the electron transport system * nor on the effi
ciency of onidative phosphorylation

Therpeutic concentrations of these agents have no effect on
the ATP and phosphocreatine content of the normal or fuling
heart * Higher toxic doses ciuse 1 rapid depletion of the energy
rich phosphate stores 3 3% This fall n energy rich stores h1s been
interpreted by some as resulting from n whibitton of ATP syn
thests reltive to ATP breakdown Houwever 1t w1s pointed out
above that these agents hne no demonstrible effects on oxdatine
phosphorylation

It 1s highly probable that the loss of energy rich stores miy
be the consequence of an increse i the rate of breikdown of
ATP It 1s concensble that the acintty of the Cr actn1ted myosin
ATPase of heart might be increased by the ghycosides perhaps
through mobilization of calctum 15 pointed out earhter

Free Energy Utiizatton  There 15 considerable evidence vl
able which suggests that digatalis s effects on the physico-chemical
properties of the ATP wctomyosin system  In 1940 Mallov nd
Robb* showed that the shortening of actomyosmn threwds mdaced
by ATP was wncrensed by digitalis This finding has been con
firmed by Bowen 3 Horvath et al > reported that the rate of poly
menzation of C actin was enhanced by small tmounts of digitovint
Stmular obserytions were made by Wollenberger 3 who compared
the effects of 1 number of active and e ghycosrles  However
he concluded that there was no correltion between the 1n e
action and the etfect on wsolated protem  Waser® ! found tht
pharmacalogically actne glycosides decreased the thivotropy of
actomyosin and tncreased the k binding cipacity of this protest
Inactive glycosides had no effect

Waser and Volkares? reported that several glycosides reduced
the Viscosity of 1ctomyosun solutions but not of myosin and did not
affect the degridation of ATP by myosut solunons Detth and
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Bingt found that actomyosin binds prepared from hearts m con
gestne fulure showed reduced contrictiity when compnred to
these prepired from normal hearts Both preparitions were umi
fected by digoxin or by C1 alone  However i the presence of
digoxan plus Ca (10 ™M) the contrictility of the protem 1solted
from hearts m congestive fulure returned to normil  The glyco
side had no effect on the glycerol extracted heart fibers Ty should
be ponted onr that the latter preparations have no tunctionat
membrattes arud are electrically mexcttable !

Elcetrolyte Metabohsm It hs long been kunown thae the
systolic Action of digualis 1 influenced by the soni environment
The NaCl content of the suspending medium does not seem to
affect the wtion directly for st may be reduced considerably with
out chmging the wtion of digitahis providing the osmiotic pressure
15 mamntamed with sucrose It 1s of interest o note that Daly and
Clark® observed that the effects of decreased Na showed remark
able simianity to thase of strophanthin - An mncrease of K lessens
v hile a decrease enhances the systohc ctron of diguahs Appar
ently 1n mereise m pH fnors the actions of strophanthin

Specinl interest 15 tached to the relanton of waluum to dig
tahs actton It has long been knoun that Ca mereases the tarce of
contraction wmd promotes the development of contracture mn a
manner stmir to digrtahs  Furthermore weakened contractions
of herts beatng 1n Ca deficient medit can he restored to normal
by the addition of strophanthin When the calctum s reduced
nearly tv zero the systolic action 15 greatly impured

In 1919 honschegg® worling m [oews s Iaboratory su_gested
that strophanthin could subsutute for Ca foeni* developed the
thesis further and pointed out that the glycostdes may actnvate the
€1 of the heare or sensitize the muscle to the Ca st contams

‘These observanons suggest that digitalis mught have actions
on electrolyte metabolism  Houever 1t was not until the studies
of Cathoun et al * that concerted eftotts nere made ta determune
whether digitahs hnd demonstrible effects on electralyte metabo
hism i the heart  The finding that hearts of pauents dying of
congestine future wese 1bnormlly Jow i K content lead ther; [
suspect that digiahs mught frwve effects on h metabolism 1n the
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heart In 2 well controlled series of experiments an dogs the
obserted that toxic ind fatal doses of digstalis marhedly demingshe,
the K concentration in the hert but not 1n skeletal muscle 30

Since these origmnal observations a large number of paper
bave appearcd which show that digitalis 1n therapeutic or 1oxi
doses decreases myocardal h 1 ¢ The Yoss of h 1s CCOMpaniec
by a corresponding mncrease of celf Na

Wood and Moe  showed a positive correltson betneen the
increased mechanical efficrency and rate of loss of myocardial
Thus thesis has been expnded into a rather elaborate theory by
Hajdu * to explam the mode of action of digitahs

Recent studies on erythrocytes’ and cardiac muscle ¢ mdtcate
that the loss of h and gam of Na result from an mnhubrtion of active
Naefflux and K influx Salomon et al #° suggest that digatalis com
petes in a reversible manner with Na and K for the 1ctive transport
carriers  Glynn ® reports that digitalis also blocks passnie trans
port of Na and h winle Holland and Klem® present data suggest
mg that digitalis under certam condutions increses prsie men
brane permeabrlity to these cations Recently Hollind and Sekul
have shown that digralis ncreases Cl influx

The chemical mechamsm mohied 1n the action of cardne
glycosides on active transport 15 at the moment incompletely under
stood As pomted out 1n an erlier chapter there 15 evidence thit
a membrane ATPase 1s part of the actrve transport crrier system
Recently Post® observed thatin hemoglobin free erythrocyte mem
branes ATPase activity was approximately dounbled by the additson
of both Na and h together but not by either 1on separately The
1ncrease 1n activity was prevented by ouabam (10-3M)

Earlter Holland Gresg and Dunn® obsered a simular compe
tition between h and ouaban 1n the acetylcholine cholmesterase
system  The concentration of onabain used was higher by a factor
of ten than that employed 1 the above stadies In an earhier chap-
1er 3t was postulated that the tno enzymes might be part of a hrge
molecular complex 1n the cell membrane controlling actve and
passtie movement of Na and h Therefore 1t 1s possible that lh:
ghycosides produce therr effects on active and passtve moyement o
cations by mteraction with this molecular system
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Interest 1n C1 and its possible relation to the mode of 1ction
of digttalis has been recently revived  Wilbrande and Cavierel®
have described experiments which appear to show that digualis
prevents the loss of myocardial Ca probably by depressing Ca out
flow Later Thomns et al ! and Hollnd and Sekut  showed that
onbain had no demonstrable effect on Ca efflux but markedly
inereased Caanflax The 1atter wuthors showed that this cffect was
enhanced by 1n increwse of C1 and blocked by an mncreise of K m
Ringer s solution

Niedergerhe® presents evidence that much of the cilciom
mvolved in contraction 15 very ripidly exchangeable and probably
mvolves that in the membrane  The fast exchangin,, fraction repre
sents only a small portion of the total (1 0 2%) ¢ The more slowly
exchanging calcram (bound form) 1s not mvolved i rapid changes
1n contractlity Tt s possible that digitalis affects only the rapidly
exchanging component This might explan why some investt
gators report systolic effects of cardiac glycostdes m media which
were thought to be free of calerum  Haydu and Leonard®s suggest
that the mcreased Ca mflux may result from the great loss of k
that oceurs 1n the prescnce of digiealis

The cardiac glycosides also have elfects on the electrical prop
erics of the heart an action probably resulung from an cffect on
membrane permedbility Iniually these 1gents lengthen the dura
tion of the transmembrine 1ction potentiil by ncreasing the
platcau  Later a shortenng and spiking of the potenual 1s
observed  This 1s followed by a loss of overshoot an increase 1

membrane vesistance and after long cxposure a decrease of mem
brane resistance o7
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Chapter V HI

THL NATURL OT' CONGLSTIVL HEART I'AILURL
AND THE MODE OT' ACTION OF DIGITALIS

r.[‘hc analysts 1 the preceding clipters reverled that only
i those cardinc failures resulting from mectabolic minbition ta
mm defiaaency or hormonal imbalance could a metibolic defect be
mmplicated 15 the cause of reduced mechanical efficiency A dis
turbince mn free energy release seems reasonibly clear  Such ful
ures do not respond well to digitalis and only by allevniting the
precipuating factor can they be effectively corrected

We presented strong evidence that i those fatlures which
respond to digitalis the cause of mechanical nefficiency seemed
not to reside 1 a reduced energy supply but i an inbihity of the
myocarchal fiber to transform metabohe free energy into mechan
ical work The most important examples in humans 3re congestive
failure resulting from chronic hypertensive and valvular diseise
and certain experimentally mduced fulures n the dog heart lung
Prepiration  Only these types will be considered in the present
chapter

Theories of Congestive Fatlure  There 15 now general agree
ment that the development of congestive fatlure results from a
diminishing work capacity per umit weight of myocardial tissue
Apprently when this parimeter falls below 1 critical value symp
toms of frank congestive farlure appear

Probably the oldest and most widely accepted theory to wccount
for the events accompanying the development of congestive heart
failure 15 that due to Frank and Starling® These mvestigators
showed that the contractile energy of the heart was 2 function of the
imtial length of the myocardral fiber Contractile force increased
m direct proportion to mitial fiber length up to a certain entical

a7
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one further lengthemng resulted m dmunished contractile energy
Starlng Further proposed that congestive failure resuited when the
fibers were stretched beyond this critical length due to evcessne
loads being placed upon the heart Therefore according to the
Views of Frank and Starling excessie stretch of the myocardmm
1 of prime 1mportance to an understanding of the mechanism of
congestive farlure

The validuty of thus concept has been recently challenged pir
ticularly by hatz ¢ He helieves that the inuual length of the fiber
15 not the sole factor goverming the relexse of contractile energy
the velocity of contraction and nenrohumoral events shonld also
beconsidered Houwever the carefully controfied studes of Srnoff?
clearly show that under any given set of hemodynmic condiuons
a direct proportionality exists between contractile energy nd
diastolic volume  Thus the validity of the Frank Starking prmciple
seems to be well established 2t the present time

The 1mportance of the velocity of congraction s 1 factor con
troliing the release of energy should not be minimized  In skeletal
muscle 1t has been shown that the slower the velocty of contracuion
the greater the rate of energy releise ¢ Furthermore sheletrl mus
cle liberates extra energy for work? (Fenn effect) Such cruant
findings have not been tested on the heart and their role n con
trolling the work of the heart 15 not clearly evaluated

Harrison® postulited that a decisise factor in the development
of congestise farlure was relats e anoxir resuling from compens
tory hypertrophy  He thought that the thickened myocardial frber
Iimaited the diffusion of oxygen and essential substrates However
m Chapter VI we presented arguments that mahidate this thesss

There 15 considerable evrdence avulable which suggests that
congestive hewrt Fulure 1s the result of chinges in the physico
chemical properties of the contrictile protems This 1s certunly
1n keeping with findings of a diminushed actomyosin concentration
n fuled liearts as well as the 1solation of cardiic myosns hwing
abnormal physieil properttes  In addiion  the contrictility 18
reduced m glycerol extricted fibers prepared from hearts in conges-
e falure  One of the myjor obstacles to the acceptance of such
a theory 1s that muscle protemn changes were found in both vinrs
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cles despite the fact that the imcresed work lord s esther tamited
to the right or feft ventnicle ®

Another explanation for the reduced mechwmical efficiency
1s that there 15 some alteranon 1n the ntriceliular 1onie environ
ment which results in a diminished contriculity  Jt was pornted
out earhier the hearts of panents dying of congesne farlure are low
m k and hugh 1n Na This finding was complicated by the fact
that many of the pavents had recessed cardiac glycomdes agents
Lnown to prodice 1 comparable electrotyte distibution However
m the studies of Clarke and Mascher'® a sumilwr prcture was
observed 1n patients not recenmg digitabs In fact these authors
belteve that digatalis elesates the low h levels back to normal

It 15 sull a controversnl matter as to whether the reduced h
and elevated N1 1s the cause or result of cardiac msufficiency
Stmiar changes have been reported m sheletal muscle of patents
with non<ardiae edema ® McDowall f al 1 beheve thar cardiac
fatfure results from the mability of the heart to extrude Na actively
The accumdation of N1 has deleterious effects on the contractile
appitatus  Thus hypothesis would explain why decreasing the Na
content of the mnedinm mcreases the contrachle strength of heart
muscle However Niedergerhe and Harms® have recentlv shown
that a decrease of N1 increases the uptake ot Ca

The role of Ca tons wn congestive fature should be considered
because of their well known effects nn muscle contractshty  Unfor
tunately little or no attention has been given to this problem 1n
recent years Fhus 1s probably a result of the fact that total tissue
calcum 1s daffacult to determime and that calcium exasts mn several
forms 1 tssue  In this connection 1t should be noted that hapeller
and hutschera Aichenbergen® found a hed Ca content 1
hearts in congestive farlure resulting from chronic valvalar disease
The decreased Ca was most pronounced on the side bearing the
greatest work load

Of the varraus theories proposed over the past 50 years to
explain congestive farlure that of Frani and Starling 1s the most
Teasonable and 15 1 hkeepmg with recent studies on muscle
contraction

Farlier we discussed evidence which mdicated that heart and
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skeletal muscle contract to perform wotk by 1 interaction between
sites on O\erhppmg myoldlunents i the strcomere \pparently
the mteriction 1s betneen ATPwe sites au the dense myosin fila
ment 1y the A bnd and ATP bound (o 1ctm 1w the thin I bind
filament The reaction pernuts the 1ctm filament to shide potthe
more ngdly fixed myosin one  The energy relewsed i the form
of work 15 determined by the extent of mteraction which m tum
1s controlled by the redatne velocity of motion beewcen fil ments
and the concentraion of somzed caluum the slower the relatie
motion the greater the mteriction  Ionized Ca is thought to act
either by strengthenng or estabhislung cross links betwcen the il
ments or by wcreasimg A TPase 1ctrsiey nd thereby enfreng
the probability of interaction

If the <hiding model 1s a correct sepresentation of the events
assoctated with normal contriction then contriction should he
weakened or cease when the sarcomere 1s stretched bevond el
length (about 3 5 ) Thus length should be the sum of the langthy
ofthe \ (I 5pu)and I (20 x) bnd frliments  Huxley and Pechey!
showed that 1 muscle fiber with 2 surcomere langth of 35 ¢
shortened gretly on sumulatton but if stretched to 36 p at did
not shoreen at Al Ths 1s yndeed 1 relatrvely nrcow ringe For
thermore they pomnted our that when an mtact musde fiber s
stretched the sarcomeres m the middle of the muscdle bundle
extend more than those 1t the ends

1t should be recailed that Starling fele that congastne bature
resulted from the myoctrdinl fiber bemng seretched beyond 1 ¢l
length  Therefore i hight of the shding model 1t 15 concenable
that excessive stretch may so displace the myolilhments achine
to eich other that wmterrcuion 1s decrersed or absent rosulun, it
dumished comtrctile strength When 2 sufficient numbes of the
myofibrils are ivolved frank congestive Fulure results

Teessive stretch my fewd o other chinges that contrilite 10
the severity of fulure For example excessive stretch my dntort
the physico chemreal structure of the 1ctomyosm molecude so thit
s oo bmdin cipraty 1s disturbed and essentrl clectrolvies ar¢
lnt Tt 1s well known ehat romized calcium is 2 potent acin sor of
myosn ATPase actnaty  According the shubng moded the
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probability of mteriction of the AT1ase site on the thick myosin
filament with bound ATP on the actn Bilament would nise or fall
with an increase or decrese of ATP1se activity  Thus a decrease
of 1omized Ca 1 the environs of the contractile elements s 1s
reported to occur 1n congestive fulure would reduce the rite of
energy released with each contraction

The Mode of Action of Digitalis  There 15 no doubt that
digutalis improves the mechinical efficiency of the failling heart
At the present time there 1s good evidence that thns results not
from an actron on free encrgy release but by correcting a defect
of free energy utiizatnon

We presented esv1dence that cardiac glycosides 1ct on the con
tractile protem 2ctomyosin as wcll as on the cell membrane We
are of the opinion that the two basic actions are inseparable and
that the glycosides act through 1 common mechanism  the trns
port d distribution of electrolstes 1cross the cell membrane

It 1s very difficult to implicate changes in Na and K trinsport
1 the mode of action of digiealis as these agents produce changes,
In1on distribution simzylar to those that occur 1 congestive farlure
The effects of digitalis on C1 exchange appear far more sigmficant
Present evidence indicates that digitalss increases the availabl
1onized calcium in the vicinity of the contractile apparatus exther
by mcreasing 1ts rate of mward movement across the membrane
orby Teleasing 1t from binding sites in the membrane or myoplasm

By mcretsing the available 1omzed Ca 1n the mmediate vicin
ity of the contracule protemns digitalis would act to enhance the
€Xuting interaction between these proteins Ca may functton by
establishing more cross links between the overlipping filaments or
It my act to stimulate VTPase activaty which would increase the
probatnliey of interaction The sum total cffect 15 to make the
Inferaction between the contractile proteins the same per unit tme
m the fuling heart 2 that i the normal hieart even though the’
overlap of thesc filaments 15 considerbly less Figure 16 tltustratey
this important point

It 15 well } nown that the systolic effects of the cardiac glyco
sidles are only temporary Apparently this 15 not the result of the
dt\elopment of tolerance as the toxic manifestations are evident

1
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Figure 16  Hypothetical interaction between [iltments tm normal (1) and
faihing (B) myocardiun

at the dose levels originally employed  According to the shding
model digitalis glycostdes would be effectnve only as long s sufft
uentoverlap existed betw een the actin and myosin filaments With
further stretch nteraction diminishes or may even be ehmmated
m some fibers  When interaction 1 a sufficient number of fibers
1s absent 1ntractable congestive heart failure would become et
dent and the beneficial effects of digitalis would disappear

We feel that this 15 a rather provocative hypothesis 15 to the
nature of congestit ¢ fatlure and the mode of actton of digitalis At
the present nme there are no studies asulible on the ultristruc
tural changes n the myofibril accompanying the devclopment of
heart fulure Additonl research preferibly along the Iine of the
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Huxleys will be needed before we have a clear and exact picture
of the nature of the physicochemcal events responsible for this
mtriguing chinieal syndrome
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Chapter I\

FIRRILLATION

A monogriph on the chemistry of heart fulure would hrdly
be complete without 1 consideration ot fibrillation It 15 well
knonn that hibrillation 1s usually the termmal event 1 many types
of tatlure both 1 ute nd chronic

By 1900 vemricular fibrmillaton had been described by
Erichsen (1812)' Hoffa wnd Ludwig (1850) and I endoff
(1898)% m hus perfused heare preparition  Physiologic micrest w1
hmited and its clintcal counterpart was not suspected  Hermng® m
1906 3t the Physiological Congress in Heidelber,, dunonsuned
that 1 excess of potassium inhebited Ebrillation of the perfused
hewrt and that a subsequent perfusion with normal Rmers solt
tion restored the rirythm to normal

There are now wailable a number of chemucrt md physcat
methods for producing hibrillinen  In atirr Rothberger md
Wiaterberg? i 1910 produced ¢ by rapid stmulation ewss and
collborators® in 1920 mduced it by ritythnuc stunulation riving to
1 ential rate between 350 and 500 per minute nd Andrus and
Carter produced it tn dogs by 1 single stimulus 2t the nd of the
refractory period durmng v121! stumulation

In 1937 Meek Hathaway and Orth?® produced ventricular
fibrillion by the admmstration of epmephring m conjunction
with cyclopropane anesthesin Nahum and Hofl® in 1910 produced
atnal frbriliation wath the 1pplicauon of acetyl # methylchobne to
localized regons on the atrnal surfice  Sherf Romano md fumn
nova™ produced both Putter and fibnlhen by jection af a
d@ilute solution of acontwe ar by 1pplymng crystals of wonume to
the atral surfice West Tumer and T oomis? noted occurrenes
of arrhythmias when the intery ! betw een sumul was such that the
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latter fell in the relative refscary period  The arshiythmrs bted
a fen seconds to several munutes nd were repored to owur
regularly n the presence of acetyIchotine

Bum Vaughan Williims md Walker? desenbed 1 method
by whith fibnillation could be mduced md turned off 2t will by
sumulting ateer of the dog heart lun,, prepyrition perfused wich
acetylcholne Later Holland and Burn®? produced the arhythmn
n wolted rabbit atrer by stumulating 1t hugh Erequency m the
presence of tcetylcholine The production of Bbrillation 1 this
Prepration was dependent wpon three factors (1) the presence of
alow canceatrition of potissium s the medusm (2) the presence
of 2 tugh concentranon of acerylcholne and (3) brief Jecirual
stumulation at a agh raze {600 to 1200 per nunute

Theories of Fibmllation The lisst 1nd oldest exphuniton of
fthrillation was offered by Engelman'* mn 18% He propoved the
euntence of a iumber of sumultaneous stimuli producieg foc wn the
hewt each hasing ws own mtnnac thythnicity nd apersun,
tdependently  Fngefman s theory was brsed on the asnmpuion
that Bibritlaton was the result ot the hietrt existin, it 1 stawe 6t
mereased excitaiadity Winterberg? extended ths conc ept md pro
posed that hreanse of the mneresed exewabibiy the beart fibers
became mdependently rhythmutl  kogelmans hypothests was
soon abandoned when 3t was shown by MacWilltames'® that de
<reased excitabrhity was ale an important factor m the causition
and mantenance of the disorder

Kothberger and Winterber,! 1 191 { proposed another theory
according 1o which Gbrillanon was due to an extremely rapud
umifocal tachysystole  Frbrillation  ther view was merely 1 tachy
<ardia of exceptionally rapad rite. They emvisaged the existence
of a simgle ectopic focus ot hiyk mherent 1hythm which discharged
Tepetitiely and therefore acted as a pacemaker  This theory
became known s the ectopc focus theory of fibnilauon

At thoue the swne tume Minest and Carrey™ proposed
anather mechamism  the socilled  rius mosement theory of
bbnllaten Thy theory 1s bed upon the 16 entry of an unpulse
mto an arca of tssae that had responded previousty to the same
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exaton wine The exisence of a tircus movement of excitation
was expertmentlly demonstrated by Garrey
Ths hypothesis had 1ts ongin with the evidence presented by
Porter ° that an inermuscular block would deflect an impulie and
caurse 1t to pursue an abnormal path  Mayer * tn 1908 first observed
that 1f an excitory wave started sn one direction only i a ring of
muscular tissue of the jelly fish 1t wonld trnvel for a protonged
period of time  Garrey® and Munes' demounstrated thrs phenome
non n nings of atrial and ventriculir muscle 1 ewss advineed
the 1dea that circus movement would arse 1nd pass around 1 ring
of atrial nssue surrounding the qunctions of the nferior and
superior \vena cavae However the exastence of such a muscle entity
hay been disputed
Recently the ectopic focus theory of fibrillation his been
revived prumarily as a result of the studres of Scherf™t and Punt
metal + and collaborators Scherf was able to produce trisl frbrid
Jatron by tapical application of aconitne to the exposed atnal
surface of the dog The ectopic focus theory drew strong support
when 1¢ became evident that aconiune mduced fibrilation could
be arrested by cooling the site of Apphcition
Fibnllation was vlso produced by the action of 2conydiholine
Tt duffered from that produced by aconstine m drat 1 stlr i
bition at the site at which acetylcholne w1s 1pphed A1d not rrest
the condition  Homever simultaneotis mhibteon of the Sy wnd
AV nodes usually stopped fibriilation produced by both topcily
2pplied acetylcholme and by means of electricri sumulation .
Thas diffevence 1n response suggests that the mechansm ©
fibnlltion 15 not due to 1 sngle agency At least m the case of
atrnal fibradlation two forms cn be distingshed one with single
focus and the other mith multiple sustumng focr  The two forms
however crunot be differentiated npon mspechion of the ﬂmxrx:
cardiogrim Rtz and Piek ? prefer ta visualize sentriculir mml
fion as a ste 1m n hich the heart has been dsssded wto a mtil
pliaty of ectopic focr with numerous mdiy rdually zenng vmts
“The 1onte b1ss {or
Tt duneg fbnlizoon
4 ghseryed 1 tranment

Tomc Mechamsms and Fibrillationt
(hanges w the electrictl propertics of the}
13 NOW available 101933 hehar and Hooker
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wise of h m coronary sinus blcod of fibnllatng dog hearts  They
concluded that readily diffustble h 1ons seere 1ssoctated with the
phenomenon of ventncutar fibriflanton VMore recently these find
mgs have been confirmed and extended m our own Iaboratory
working with solated rabbnt atrsa In the instsal study 7 data werey
obtained which suggested that fibriflaton only began when the
rate of net Joss of h and gain of Na exceeded a crstical one  For h
this tate was of the arder of 20 ta 2 5 mMoles per kgm wet tissue
perminute The rate for Na could not be established with accur
acy but it appeared to be considerably higher

Later ssotope studies ™ revealed that the net loss of h
resulted from an increvsed efflux of h mfluxwas shighely mncreased
or umaffected  The net gan of Na that occurred resulted from a
marled increase in the mward movement of Na esen though out
flow was also mereased 10 some extent Since homflux was not
greatly changed dunng fibnilatton 1t was reasoned that an
inereased membrane permeabibity to h was not the prime factor
mioked Itvwas postulated that a more bikely cause was the marked
increase m the mward movement of Na with k lea g the ussue
i exchange

Several other points of nterest were also established  The
changes m Na and h Buses were only transient m natare with
Hux rates Tetuming o notmal even though fibnillauen continued
The changes 1 Na transport persisted for longer pertods of ume
than those for k. Thus tdicated that the mcreased mesmbrane
permeabibity 1o Na was smvolied primandy with the sittation of
Bbnllation How ever these studies did not rule out the possibthty
that an increased Na permeability was a factor of imporiance m
the mauntenance of the arrhythmia

Calenlwuons revealed that the positive charge entering the
atria as Na exceeded that which was fost as h Thus suguested thar
Permeabitity ta an anson possibly Gl was also increased  Studiest
Bsing CI% showed that the net gam of positnve charge (difference
between Na uptihe and h loss) was balanced by a net gan of CI

These findings led to the followmg rather crude pictare of the
nature of omic evens accompanying fibritlation The onset of
fibriflauon probably results from a marked increase in the inward
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movement of N1ions I the atrl cells are to respond repeatedly
and ¢ 1 fast rate there must be some device which rapidly it
vates the inward Na movement That s the process of N1 mmactt
vaton (see Chapter V) must be greatly accelerated 1f the wrryhthmea
15 to contmue An mcretse m the outnard movement of K or
muard movement of C! or a combm1uon of bath would be pos
sible mechanisms  The outward movement of k m1y contnibute
ntaaily to the inactn ation process whereas the mcreed mward
movement of Ct m1y mthe a predommant contribution to the
pracess of nactnuition ance the archythaua has perssted for some
fime  Recently 1t hs been shown that (1 1ons determine the
extent to which the inward movement of Cl and ontflow of K con
tribute to the mactsavon process 8 At hugh Ca concentritrons
the inBow of € 1s the predominating factor

According to ths scheme the antiarrhythmic agents should
act by depressing the mward movement of Nt The wultble
evidence® to datc would indicate that such 1s the (e

Metabolte Events and Fibrillatton  There hive heen 2 hmred
number of studies on changes 10 oxypen consumption wl b
strite nutlizatton during ventrienlir fibriilation # % The cudence
indicates that as long as the ventnicles are supphed with Blood by
N extracorporeal pump oxygen consumption exiriction of ewen
tal substrates and the content of energy nch compounth y7e wiell
withun normal hmits
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Chapter %

PLRSPECTIVLS

Al the current e of progress there 1s hutle doubt that n
the foreseeable future we my Anow the detmled chenustry of
most hmloglcal processes mcludmg muscle contraction  When
all the chemustry 15 known we will still be untble to understand
how the processes are effecied and how the high state of celtular
organization s mamitamed without 3 much greater emphasts on
physical mechamsm  In the present monograph the authors hae
cursed the reader from the macroscopse throngh the micrascoptc
then to the molecular and submolecular level n an atempt to
understand the processes wssocated sith contraction of the norml
and f:nlmg heart

We have adhiered to the classical view of Frank and Starling
that alt phenomena assocrited with congestive heart faiture can be
explamed by the concept of excessive stretch of the myocardial
fiber resulsng from incresed demnds placed upon the heart
Our thests 1s that heart and sheletal muscle contract to perform
work by an interiction between sites on mterdigatitung myofila
ments m the sarcomnere This mteriction appears to be between
ATPase sites on the thick myosin filtment mn the A band and ATP
bound to actin 1 the thin I band filament  The ehemrcal correlate
of the Franl, Starhng princple was pxcmrcd as a dirmmishung inter
action resulting from gradual withdruwal of the T band filhment
from the A band The htter was due to excessive stretch of the
myocardaal fiber

The role of Ca tons to enhance and mamntain mteraction was
tmphasxzed A decrease of Ca jons as 1s hnown to occitr 1t con
gesttve fulure should lead to less mteraction and weaker con
trictions We presented evidence that digitthis acting at the

11
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membrine increased the mahble C1 i the emirons of the con
tractile filiments thereby restoring tire norma! rate of mterction
It was pomted our that with excessive stretch mterictton would
disappenr in some Bibers When a suffictent number of fibers nere
mvolved tractable heart failure should 1pperr wnd the benefiail
effects of digiralis should be lost

We briefly reviened some of the recent adsances 1 our knonl
edge of fibrllatton 1 phenomenon ntimately assocrited with
heart farlure Apparently this arrhythmia results from the estab
{ishment and mawtenance of an 1bnormal membrane permea
bility to N1sons  Here agam Ca plays a very cructil role

Many problems reman to be solsed The wast waportant 1s
the nature of the physico chemical mechrism imvolved i the
detvelopment of hypertrophy It 1s hoped that with the application
of the powerful physical techmques avalable that we will soon
Know more of this mtriguing phenomenon
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