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ABSTRACT

While donor hearts for cardiac transplantation have
traditionally been harvested from head injured brain
dead victims on the premise that these donors manifest
neither macroscopic nor microscopic evidence of cardiac
damage it has been shown both experimentally and clini-
cally that brain death is associated with severe haemo-
dynamic deterioration. However, it has alsc been shown
that acute severe haemodynamic derangement can be fully
reversed and that this, therefore, does not constitute
an impediment or contraindication to transplantation of
a donor heart. In contrast to the acute cardiac impair-—
ment which occurs in the brain death period immediately
preceding cardiac transplantation, however, few studies
have attempted to address the issue of %he long-term
cardiac implications of head injury, implications which
may carry profound connotations both for the integrity
of the *ransplanted heart and the recipient's future
clinical cardiovascular status.

In an attempt to examine this issue, a pros-—
pective study was undertaken of all cases of cranio-
cerebral injury coming to medicolegal autopsy over a
six-month period in order to determine the nature of
any histopathological changes which might arise
following head injury. More importantly, the issue of
whether any progression and evolution of these latter
changes was explored, changes which might, with A
chroniéityw carry potential implications for the
patient's future cardiovascular status.

In this study the role played by catecholamines
in the induction of cardiac hypertrophy and cardiomyo~
cyte necrosis was explored together with the signaling
mechanisms iﬂvolveda In addition, in view of the effect
of head injuries and intracranial lesions on the myao-—
cardium, the electrocardiographic abnormalities occcurr—

ing in assocliation with these lesions and mimicking
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myocardial infarction and myocardial ischaemic changes
was reviewed hopefully alerting clinicians to the pre-
sence of unsuspected intracranial pathology.
Statistical analysis indicated a statistically
significant relationship between antecedent cranio-
cerebral injury and subsequent myocardial fibrosis at
a level of significance appropriate to exploratory re-
search. Hence, it is suggested that all long-term sur- %
vivors of head injury and, in particular, young ‘
survivors undergo routine follow-up, surveillance and
monitoring of their clinical cardiovascular status in
ocrder to detect this potential complication which

carries with it the risk of impairment of myocardial

contractile function and, therefore, possible myo~—
cardial insufficiency. With regard to cardiac trans-

plant recipients in whom donor hearts have been

harvested from head injured brain dead victims, it is

similarly suggested that they be monitored for the

possible advent of cardiac decompensation on the basis
of this latter complication in addition to standard

monitoring for signs of transplant rejection.
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PREFACE

While i1t has long been recognised that donor hearts
may develop rejection and coronary arteriosclerocsis,
as well as hypertension in the recipient, an issue
which appears fo have been inadequately addressed
are the long-term implications of the cardiac histo-
pathological changes developing after head injury.
These changes may not only compromise hearts for
transplantation purposes but may, if the heart is
nevertheless transplanted into a recipient, carry
with histopathological progression the potential for
compromising the integrity of the transplanted heart
and therefore the recipient's cardiovascular status.

In an attempt, therefore, to determine the
nature of the histopathological changes developing
after head injury which may, with progression,
evolution and chronicity carry pathological implica-—
tions with regard to the long—-term integrity of a
transplanted heart a prospective study of all cases
of fatal craniocerebral injury coming to medicolegal
autopsy at the State Mortuary, Johannesburg over a
six-month period was undertaken.

This thesis is the outcome of that study. It
is thus hoped that the findings emerging, as well as
the attention drawn to the electrocardiographic
changes which accompany intracranial pathology and
which may mimic myocardial ischaemic changes and myo-
cardial infarction may alert clinicians, in particular
cardiologists and neurosurgeons, to both the immediate
and long-term cardiac implications of antecedent
craniocerebral injury. In so doing, it is further
hoped that the survival and quality of 1life of the
less severely head injured patient, in particular the
young patient, as well as that of the cardiac transplant
recipient, be enhanced.

Extracts from the methodology, test results




and discussion in chapters 7, 8 and 9 of the thesis
were presented at the 15th Triennial Meeting of the
International Association of Forensic Sciences held
at UCLA, California, over 22-28 August, 1999, and
were published in abstract form in the Proceedings
of the IAFS, 1999: 196 and in Cardiovascular Patho-
biology 1998; 2(3-4): 207-218 under the title 'Po-
tential long-term cardiac implications of antecedent
craniocerebral injury: a prospective study of 42

cases'.
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CHAPTER 1

THE ORIGINS AND BASIS OF CARDIAC TRANSPLANTATION AND
THE POTENTIAL IMPLICATIONS OF USING DONOR HEARTS
FROM HEAD-INJURED VICTIMS

While the first human heart transplant was carried
out by Christiaan Barnard at Groote Schuur Hospital,
Cape Town in December 1967,1 thevcurrent most
commonly used techrique for cardiac transplantation
originated with the work of Lower and Shumway in
195952’8 Historically, however, the father of human
organ transplantation was Alexis Carrel who was
awarded the Nobel Prize in 1912 for his pioneering

- 4,5
work in vascular surgery.

In a series of imagina-
tive experiments, Carrel demonstrated that a heart
could be transplanted and resume functioning in the
new host, albeit in a non-orthotopic position. With
the advent of technigues for successful cardiac
surgery in the 1950's, attention could be directed
to transplantation of the heart in the chest in the
orthotopic, or normal, position.

Since then, advances in immunosuppressive
therapy have permitted widespread application of
cardiac transplantation with some 257 centres world-
wide having performed this procedure in 1994 alone.
Heart transplantation has since been extended to a
wide variety of recipients, including neonates with
hypoplastic left heart syndrome, patients with
primary lung disease and elderly patients aged 60 to
70. However, while cardiac transplantation is thus
established as Ttreatment for end-stage cardiac failure,
selection of donor hearts is nevertheless subjected
to a number of exclusion criteria.

It has long been recognized that donor

. . . 6 -
hearts may develop rejection and coronary arterio-




} . . . B . -9
sclerosis, as well as hypertension in the recipient.

However, an issue of paramount importance in view of
the fact that donor hearts are harvested from
irreperably brain damaged head injured victims and
which appears toe have been inadequately addressed are
the long-term implications of the cardiac histopatho-
logical changes developing following head injury.
These changes may not only compromise hearts for
transplantation purposes but may, if the heart is

nevertheless transplanted into a recipient, carry

with lesion progression the potential for compromi-
sing the integrity of the transplanted heart and
hence the recipient's cardicvascular status. L
In an attempt, therefore, to determine the
nature of the histopathological changes which may

develop following fatal head injury and which may,

with evolution and progression, carry pathological
implicatiocns with regard to the long-term integrity
of a tramsplanted heart, a study of all cases of

fatal craniocerebral injury coming to medicolegal

autopsy at the State Mortuary, Johannesburg over a
six-month period was conducted on a prospective

basis. All hearts taken at medicolegal autopsy were
examined in accordance with a technique of cardiac

mapping specifically devised to determine the presence

of global cardiac pathology, an essential prereguisite
for detecting what may be only patchy and focally
distributed areas of pathological change. |
While all histological slides from the 20

areas of myocardium sampled were subjected to histo-
pathological examination by the author of the study,
in order to provide standardisation and eliminate
observer bias slides were periodically reviewed by a
histopathologist holding Principal Specialist rank in
the Department of Anatomical Pathology in the School
of Pathology at the University of the Witwatersrand

and whose particular expertise is cardiac pathology.



This latter pathologist similarly assisted in selecting
those slides deemed most suitable and appropriate for
photomicrographic illustration and lesion demonstration,
acting in his capacity as previous supervisor when the
thesis had originally been submitted for Ph.D.

A background and literature review of the
early experimental findings in catecholamine-induced
histopathological lesions in the myocardium reported
in the English, Gérman, and French literature since
1905 was conducted tbgethér with a brief description
of cardiac organizatibn and the conducting system of
the heart in view both 6f the relationship between
electrocardiographié abnbrmalities and intracranial
lesions and their éentral nervous and cardiac morpho-
logical substrates resulting in ECG abnormalities
which mimic myoéardial infarction. The issue of
intracranial lesions giving rise to ECG abnormalities
of this naturé was deemed to be of sufficient import-
ance as to merit inblusibn in a separate chapter.

The physiological basis and the patho-
physiological corrélati@n betwéen the development
and evolution of the histbpathological lesions ob-
served in the study and the underlying pathogenetic
mechanisms in lesion prdgression were explored. In
particular, the pathogenetic factors involved in the
production of cardiaé hypértrophy and cardiomyocyte
necrosis following antecedent craniccerebral injury
and its catecholamine stbrm were sequentially developed.
These multiple pathogenetic mechanisms included, inter
alia, the role of calcium ions in myocardial contrac-—
tility and hypertrophié protein synthesis, autonomic
control of the heart and the role of angiotensin IT
in signal transduétion in the myocardium, the messenger
systems involved, and the role of the contractile
apparatus in end-stage myoéardial dysfunction.

Two questions were essentially formulated in
this exploratory study and subsequently subjected to

statistical reduction and evaluaticn: i) is there a




myocardial change related to a scored craniocerebral
injury that may be a predictor for survival outcomes
in transplanted cardiac patients?, and: ii) is there
a predictable signifiéant change that occurs in the
myccardium following a certain craniocerebral injury
score? In this regard, statistical analysis was per-—
formed by a biostatistician from the Institute of
Biostatistics of the Medical Research Council (MRC)

and holder of a Ph.D. degréé in biostatistics.

Conclusion

The pathological and statistical findings emerging
from the study, as well as the attention drawn to the
electrocardibgraphié éhanges which accompany intra-
cranial pathélogy and which may mimic myocardial is-
chaemic changes and mydcardial infarction may, it is
hoped, alert élinicians in particular cardiclogists

and neurcsurgeons, to both the immediate and long-term

cardiac implications of antecedent craniocerebral

injury. It is suggéstéd that all long-term survivors
of head injury and, in particular, young survivors
undergo routine félléw—upy surveillance and monitoring
of their clinical éardibvaséular status tc detect any
impairment of myoéardial contractile function. With
regard to transplant récipients it is similarly
suggested that they be ménitored for the possible
advent of this éémpliéation in addition to standard
monitoring for signs of transplant rejection. In so
doing, it is thus hbped that the survival and quality
of 1life of the less severely head injured patient, as
well as that of thé éardiac transplant recipient, be

enhanced.
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CHAPTER 2

CARDIAC ORGANIZATION, THE CARDJIAC CONDUCTION SYSTEM
AND THE EARLY EXPERIMENTAL FINDINGS IN CATECHOLAMINE-
INDUCED HISTOPATHOLOGICAL LESIONS IN THE MYOCARDIUM:
BACKGROUND AND LITERATURE REVIEW

The human heart is a pair of valved muscular pumps
combined in a single organ. However, while the fibro-
muscular framework and conduction tissues of these
pumps are structurally interwoven in a single complex
functionally interdependent unit, each pump (the so-
called 'right' and 'left’ hearts) is physioclogically
separate. However, even this statement is an over-—
simplification as the two pumps have completely con-
trasting haemodynamic roles, and their cutflow
channels exhibit a mutual spiral of almost 180° as
they discharge towards their primary destinations.

The higher peripheral resistance of the syS~
temic circulation, together with the metabolic demands
of the tissues supplied by this circulation, in particu-
lar the cerebral tissues, explains the more massive
structural organizaticon of the '"left heart®' as opposed
to the 'right heart'. This includes the geometry of
the cavities, flow vectors, and the thickness of the
left ventricular myocardium. Hence, the stresses
imposed on the left ventricular wall are very much
greater than those imposed on either the right ventricle
or the atria and may explain the greater preponderance
of lesions observed in the left ventricle in the‘study

as opposed to the right ventricle or atria.

Vertebrate cardiac conduction originates in specialized




myocardial cells the nodes and networks of which consti-
tute the cardiac conduction system (Figs. 2.1 and 2°2)°1
The system comprises the sinus node; the atrioventricu-
lar node, the atrioventricular bundle with its left and
right bundle branches, and the subendocardial plexus of
ventricular ébnduétion éélls (Purkinje fibres). In it
the main pacémakér rhythm of the heart is geﬁerated
being transmitted from atria to ventricles and thence

within ventricular musculature.

Sinus Node

This, the cardiac 'pacemaker', initiates each cardiac

cycle. It is located at the junction between parts of i
the right atrium derived from the embryonic venous |
sinus and the atrium prbpér éxtending between 1 and 2

cm on the right from the crest of the right auricle

and runs posteré—infériorly into the upper part of

the terminmal groove.

Atrioventricular Node

This structure, located within the atrial component of

the muscular atribvéntriéular septum, lies at the root

of an extemnsive tréé of édnduction tissue reaching the
apex of the v«antlt‘iéles,7 the papillary muscles and other

ventricular régidns (Fig. 2.1).

Atrioventricular Bundlé

This structure is the direct continuation of the atrio-
ventricular node. It branches bn the crest of the muscu-
lar interventricular séptumy dividing almost immediately
into the left and right bundle bramnches that lie sub-
endocardially on either side of the septum. The right
bundle branch divides into fascicles at the origin of

the anterior papillary muscle which then surround this



The conducting tissue of the heart seen from the right aspect

Aorta e

Righr pulmonary
artery

Bachman 't bimdle
Superior tens exd

Riyht awricular
i
prpendag

Padmpnary valiv

Sinasriol node

Torus agreicuy
Lary mrembranaoea tepii
(atrio=veniricsdar pari)
Radiation of Left
Cuenicdlet brane
— Riphi bowdle
ranch

T Atroenirioulae

node
— Sepuaad cuspof
trcuspid palie

Fouea ovals
Tendan of Tixlaro

Vit of ‘

ferior tona gata ——""""""§
Coronry sy mm—""""

- Septamangnal irabecula
(Moderator band)

Infurior Lena €a2a ..

™~
N Papillary mussles

Fig. 2.1. A diagram of the conducting tissue of the heart as seen from the right
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The conducting tissue of the heart seen from the left aspect
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muscle and then recurve subendocardially to the rest of
the ventricular wall (Fig. 2.1). The left bundle branch,
on the other hand, runs along the crest of the muscular
interventricular septum separating into anterior,
posterior and septal divisions which course back sub-
endocardially to reach all parts of the left ventricle
(Fig. 2.2).

Early experimental and clinical findings in catechol-

amine-induced histopathologiéal lesions in the myo-

cardium

While the injurious effects of catecholamines and their

analogues on the myoccardium have been known since the 5
beginning of the twentieth century, it is mevertheless
valid to examine these early experimental and clinical
findings not only in view of the development, evolution
and progression of the lesions of focal myocytolysis to
stromal condensation and fibrosis noted im the study
but also to provide the relevant background and litera-
ture review to the study.

As early as 1905 Ziegler, writing in the Ger-
man literature,2 reported the occurrence of intramyo-

cardial haemorrhage, éedema” patchy areas of myofib-

rillar damage, round céll infiltration and, in paricu-—
lar, proliferation bf fibrous tissue in the hearts of }
rabbits subjéétéd to répeated injections of adrenaline.
Ziegler found these lesions as early as six days after
the onset of injéetiéns and noted areas of increased
connective tissué and 'anaemic infarcts' after ten
days of adrenaline administration. Pearce in 19063
found similar lesions with myofibrillar oedema, loss
of striations, and increase in fibrous tissue imbthe
heart after seven to 15 injections of adrenaline. He
considered the lésion to be related to comstriction of
the coronary arteriés caused directly by adrenaline,

of interest in view of the finding of contraction band



11

"necrosis similarly emerging in the study. Such constric-

tion was felt to be sufficient to interfere with augmen—
tation of the blood supply that was needed by the more
vigourously ébntraéting myébardiume Pearce further
noted that the lesions were similar to those found
after ligation 6f a éorbnary artery.

During studiés of induced cardiac hypertrophy
Josue, writing in thé French literature in 1907,,4 noted

myocardial degénératién and foci of sclerosis in rabbits

who had recéivéd adrenaline intravenously in conjunction
with subcutanébus injeétidns bf stérilized typhoid bac-
teria. Two yéaré latérp in 1909, Fleisher and Loeb pro-—
duced similar lésions with either spartein or caffeine

»

in combinatidn with adrénalinén They found that pro- i

duction of the 1ési§ns was dependent on the adrenaline,
but in the absence 6f the additional agents higher
doses of adrenaline were required. Myocardial mnecrosis
and fibrosis of thé Samé type was found by Christian et
al two years théréaftér in 1911 while investigating the
effects of adrenaline injections on the production of , ?
cardiac and rénal injury. |
Further expériméntal investigations by other
workers lead thém té béliévé that ischaemia played a
role in productibn bf the éatechélamine lesioneg-lz

Thus, Handforth, by iﬂjeétibn of India Ink into the

coronary arteriés of hamsters sacrificed shortly after
injection of isbprbterénbly demonstrated that blood
flow to the inner areas of the left ventricular wall
was markedly réducédn éven before development of myo-
cardial oedéma ér néérdsisa Handforth suggested that
either localised vasbébﬁstrictibn or shunting of blood
to effectivély bypass the subendocardial areas had
taken place.

While from their electron microscopic observa—

tions Ferrans et allB”IA

similarly felt that ischaemia
was the apparent aétiélégy fbr the myocardial lesion
caused by isaprétérenély these authors held in addition

the view that the fibrosis found after isoproterenol



might be related to a direct stimulating effect of the
drug on interstitial cell multiplication, an intriguing
view in light of lesion prbgréssion from necrosis through

stromal condénsatibn té fibrosis noted in the study.

Pathophysioclogical mediation of the injurious effects of

catecholamines on the myocardium

How might catecholamines mediate their injurious effects
on the myocardium? While there are two concepts with
regard to catecholamine cardiotoxicity i.e., i) +the

level of cateéhblaminesp and; ii) the duration of level
of catecholaminés exérted, many authors have favoured
ischaemia as thé aétiélbgiéal mechanism in the produc-—
tion of cardiac lésibnsn Thrbugh their marked inotropic
stimulation, éatechblaminés induce ischaemia by producing
disproportién between 6xygen needs and oxygen availabili-
ty. Cardiac automatiéity is increased as manifested by an
acceleratidn éf the sinus rate and by the development of
atrial and ventricular arrhythmias. Oxygen and substrate
consumption by the heart is increased as is the amount

of lipid availablé in thé blbod for use as fuel. In the
cardiovascular systém» the catecholamines lead to con-
striction and/or dilatation dépending on the type of
catecholamine and thé Spécifib réceptbr present. Thus,
the pathogenesis of catecholamine éardiotoxicity is
attributed to the relative hypoxia that occurs following
direct stimulatién éf thé mydcardiumﬂ the coronary
microcirculatéry éffééty membrane permeability altera-
tions, catéchélaminé oxidation products (adrenochromes),
and other contributbry pathbgénétic factors°15 Hence,
although catéchoiaminés have been used clinically for
treatment of pump failuréy excessive administration or
release exéeeding physiélogical doses may deplete the
energy résérvés bf the cardibmy@cytes leading to complex
biachemical and subséquent structural changes pro-

gressing to necrosis.

12
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CHAPTER 3

THE ULTRASTRUCTURE OF CONTRACTILE CELLS AND THE ROLE
OF CALCIUM IONS IN MYOCARDIAL CONTRACTILITY AND
HYPERTROPHIC PROTEIN SYNTHESTIS

The contractile proteins of the heart lie within the
muscle cells (cardiomyocytes) which constitute about
75 per cent of the total volume of the myocardium,
although these comprise only about one-third in
number of all the cellsol The individual cardiomyo-
cytes account for more than half of the weight of the
heart and are roughly cylindrical in shape. Those in
the atria are quite small, less than 10p in diameter
and about 20p in length. Relative to atrial cells,
human ventricular myocytes are large, measuring about
17 to 25p in diameter and 60 to 140p in length.

When examined under the light microscope,
the atrial and ventricular muscle cells have cross-—
striations and are branched. Each cell is surrounded
by a complex cell membrane, the sarcolemma, and is
filled with rod-like bundles of myofibrils. These
latter comprise the contractile elements.

The sarcdlemma of the myocyte invaginates
to form an extensive tubular network (T-tubules) and
which extends the extracellular space into the
interior of the cell. As in skeletal muscle, this
extension of the extracellular space in cardiac
muscle serves to conduct the action potential into
the depths of the cell.

Interspersed between the myofibrils and
immediately beneath the sarcolemma are many mitochond-
ria, the main function of which is to generate the

energy in the form of adenosine triphosphate (ATP)
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needed to maintain the heart's contractile function
and the associated ion gradients. Indeed, about half
of each ventricular myocyte is occupied by mitochond-
ria illustrating the high energy requirements of

this cell.

Of the other cellular organelles, the sarco-
plasmic reticulum (SR) is the most important. This is |
a membrane-bound tubular plexus whose main recle is the !
storage, release and re-accumulation of calcium ions.

It comes into close contact with the T-tubules, leaving
a 15nm gap spanned by structures termed either junctional

processes or subsarcolemmal cisternae. These processes

appear to be very similar biochemically, structurally

and functionally to the ryanodine receptor-calcium

release channels found in skeletal muscle at the junc-
tional surface of the terminal cisternae. In cardiac
muscle they initiate the contractile cycle by means of
calcium release.

The cytoplasm is the intracellular fluid and
its proteins containéd within the sarcolemma but ex-—
cluding the contents of organelles such as mitochondria
and the SR. The fluid component of the cytoplasm, minus
the proteins, is called the cytosol. It is in the cyto-
sol that the concentrations of calcium ions rise and

fall to cause cardiac contraction and relaxation.

The major function of cardiomyocytes lies in the con-
tractionmrelaxatibn cycle, the two chief contractile
proteins involved in the contractile process being
actin and myosin. Arranged at regular intervals along
both sides of the actin filament are the regulatory
proteins troponin and tropomyosin. Troponin consists
of a complex of three sub-units of which troponin-C,
as its name indicates, is calcium-binding and which

responds to the calcium ions that are released from
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the SR to start the contractile cycle. When sufficient
calcium 1s present myosin interacts with actin initia-
ting a process known as crossbridge cycling. Calcium
ions play an indispensable role in this process by pro-
viding a crucial switch-on signal to the crossbridge
cycle.

Crossbridges exist in either a strong or weak
binding state,3 As long as enough calcium ions are
present, the strong binding state potentially dominates.
When, however, cytosolic calcium levels fall at the
start of diastole, a master switch is turned off as
the calcium ionsvleave troponin-C; tropomyosin then
assumes an inhibitory configuration and the weak
binding state predominates.

Calcium ions stimulate the contractile process
at muitiple control sites and their interaction with
troponin-C is essential for crossbridge cycling. =7
The mechanism of calcium action on myofilament proteins
affecting both the extent and rate of force development
and hence the contractility of the myocardium has been
explained on the basis of geometrical shifts, analogous
to that in ligand-gated ion channelsg8 the extent of
activation depending on the free calcium ion concentra-
tion.

In addition to the model explaining the rate
of force development (and hence myocardial contractility)
on the basis of geometrical shifts, two further models
have been proposed to account for increased force
development at greater calcium ion concentrations.

Firstly, it has been held that calcium acts as an

-on-off switch and that therefore the increased force

development in the presence of calcium ions must be
due to recruitment of additional crossbridge sites.
The alternative viewpoint is that the crossbridges
react to calcium in a graded manner°537 These bio-
molecular models governing the extent and force of
myooardial contraction are intriguing in light of the

predominant involvement of the left ventricle, the
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most forcefully and actively contractile part of the
heart, by the pathological lesions emerging in the study
(atrial contraction only produces the last 20 to 30 per
cent of ventricular filling the initial 70 per cent of
venous blood entering the ventricles directly prior to

atrial contraction).

The role of calcium ion in cellular injury and hyper-

trophic protein synthesis.

o i e e S T e o . i i e o o i e o A . M S T o o e o e e e i s o e e e o . e e o e

A complex interplay exists between the two major regula-—

: 1
tors of cardiac function-— Ca++ and stretch. 0 Stretch

has been shown to alter action potential configuration, ‘
generate stretch-activated arrhythmias, and increase the ;
rate of beating of the sino-atrial mnode. A variety of :
mechanisms including ca’t entry through stretch-activated |
channels (SACs), and mobilisation of intracellular Ca++
stores have been proposed to account for the effect of
stretch on rhythm.

Stretch may initiate a series of conformational
changes in ion channels or receptors to allow increased
entry of a specific ion, such as Na+y which can theh be
converted to a calcium signal by Na+/Ca++ exchange. The

pathological significance of this pathway/mechanism is

that accumulation of intracellular Na+ activates the Na+/

Ca++ exchanger with resultant Ca++ overload. Specifically,
elevated free Ca' ' concentrations cause cellular injury
during hypoxia/ischaemia leading to irreversible myocard-
ial damage during reoxygenation/reperfusion. Na+/Ca++
exchange thus plays a crucial role in cellular injury
during hypoxia/ischaemia.

Ca++ also appears to be important in the
pathway that leads to expression of precursors of
hypertrophic protein synthesis. Of particular interest
is the concept that an early event in the sequence
leading from muscle stretch to hypertrophy is release
of angiotensin IT from the stretched musclenll Angio-

iz
tensin IT opens ca’ " channels in rabbit myocardium
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and release of angiotensin II may play a major role in
the regulation of cardiomyocyte growth and hence be of
relevance to the development of the cardiomyocyte
nuclear changes of hypertrophy noted in the study.
Indeed, it is recognised that stretch-induced release
of angiotensin II.stimulates cardiac mRNA formation
as, for example, in production of the cardiac renin

13,14
gene.
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CHAPTER 4

CARDIAC RECEPTORS, AUTONOMIC CONTROL OF THE HEART AND
THE ROLE OF ANGIOTENSIN II IN SIGNAL TRANSDUCTION IN
THE MYOCARDIUM

Signal transduction is the sum total of processes
whereby an extracellular hormonal or neural stimulus
is converted to an intracellular physiological change.
Adrenergic or cholinergic stimulation of the sarco-
lemmal receptors inaugurates the activity of a complex
system of sarcolemmal and cytosolic messengersul For
example, occupancy of the beta-adrenergic receptor is
coupled to activation of a sarcolemmal enzyme, adeny-

»

late cyclase, by a G-protein complex. The G-protein

complex involved, being stimulatory, is called Gsc3
Adenylate cyclase produces a second messenger, cyclic
AMP, which then acts through a third messenger, protein
kinase A, to increase cytosolic calcium transients.

A similar messenger system in the sinus node increases
the heart rate. Cholinergic stimulation, on the other
hand, exerts inhibitory influences, largely on the
heart rate but also on atrial contraction, acting at
least in part by decreasing the rate of formation of

cyclic AMP.

Autonomic control of the heart

While initiation of the cardiac cycle in vertebrates
originates unequivocally in specialized myocytes,
neural influences play a major role not only in cardiac
adaptation to the functional demands of the body but
also in the respounse to injury. For example, the hypo-
thalamus although comprising only 4 cm’® of neural
tissue, or 0.3 per cent of the total brain, can,

through its actions on the vasomotor centre produce




every known type of neurogenic effect on the cardio-
vascular system and, in particular, massive adrenergic
‘discharge following head injury. Conversely, nor-
adrenergic cell groups in the brainstem reticular
formation project rostrally as a major catecholamine
pathway which terminates in the amygdala and hypo-
thalamus.

Peripheral autonomic activity is integrated
at higher levels in the brainstem and cerebrum,
including various nuélei of the brainstem reticular
formation, the thalamus, hypothalamus, limbic lobe
and prefrontal neocortex, together with the ascending
and descending pathways which interconnect these regions.
It is recognized that central control of the cardio-
vascular system is exerted by a longitudinally arranged
series of parallel pathways involving specific regions
of the neuraxis extending from the cerebral cortex to
the spinal corde6 The autonomic nervous system, with
both afferent and efferent components, thus acts on
the nodal tissues and their prolongations, on coronary
vessels, and on the working atrial and ventricular
myocardium. Rich plexuses of nerves containing
cholinesterase, adrenergic transmitters, and other
peptides such as neuropeptide Y (NY) are found in the
subendocardial regions of all chambers and in the
valve leafletso7 Complex endorgans have also been
described in the subendocardial region of the lieft
atrium,,8 and studies in tissue culture have shown
that ganglion cells cause constriction of the corounary
arteries of relevance in development of contraction
band necrosis. These intrinsic ganglia act as sites
for integration not only of extrinsic nervous inputs
forming complex circuits for the local neuronal -
control of the heart but also local reflexes such as
coronary artery constriction which may develop after

head injury.
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Alpha~Adrenergic Receptors and the messenger systems
involved in controlling ca'’ fiux and vascular con-

striction

In contrast to the G-protein complex associated with
the beta-adrenergic receptor, other cardiac receptors
such as the alphal—adrenergic receptor, have an
alternate dual messenger system involving inositol
trisphosphate and diacylglycerol, with the latter

activating protein kinase C‘,lo”11

Such signals are
of established importanée in controlling calcium flux
in vascular smooth muscle thereby regulating vascular
tone with its attendant constriction.

Research findings have illustrated the com-
plexity of the signal transduction pathways linked

to alpha =adrenoceptorsolz A1l alphal-adrenoceptor

1A
subtypes have been shown to couple to phospholipase
C which results in the release of intracellular Ca++°

Furthermore, a given alpha_-subtype may be coupled

to a variety of different iignal transduction mecha-
nisms in different systems. Moreover, there may be
different effector mechanisms linked to alphal—sub—
types in a given cell or tissue, i.e. heart as

opposed to prostate.

Beta-Adrenergic Receptors and the role of catechol-

. ++ . . o -
amines and Ca in cardiac contractility

The triple combination of the beta-receptor, the
G-protein complex, and adenylate cyclase is termed
the beta-adrenergic systemql3 Cardiac beta-adrenergic
receptors are chiefly the betal—subtypev whereas most

noncardiac beta-receptors are beta,. However, beta_ -

2 2
receptors also occur in the human heart, constituting
about 20 per cent of the total beta-receptor popula-

tion in the left ventricle and about 40 per cent in
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the atriael4 These betazwreceptors appear to have
greater efficacy in their capacity to activate the
G-protein—adenylate cyclase system than do the betaln
receptors.

The most potent physiological means of en-
hancing cardiac contractility is through the action of
beta-adrenergic agents such as the naturally occurring
catecholamines, epinephrine and norepinephrine. These
act by keeping the L-type Ca++ channel open for longer
increasing the amount of Ca++ entering during depolari-
Zati0n916 and by enhancing the activity of the Ca++-
pumping ATPase by phosphorylating phospholamban, a
protein acting as the major regulator of the catt pump .
This is brought about by cyclic AMP-dependent protein
kinase.

The sequence of events describing the positive
inotropic effects of catecholamines is as follows
Catecholamine stimulationqz%@beta—receptor=x=§»moiecular
change— binding of GTP to alphas*subUﬂit of G-protein
— GTP—alphaS—subunit stimulates adenylate cyclase—=—p
formation of cyclic AMP from ATP—1p activation of
cyclic AMP-dependent protein kinése==%> phosphorylation
of a sarcolemmal protein p27—=— increased entry of ca'”
through increased opening of the voltage-dependent
L-type calcium channels—J> greater calcium—induced
calcium release via ryanodine receptor of sarcoplasmic
reticulum—y> greater rise of intracellular free Ca++
concentration—2% increased calcium—troponin-C inter-
action with deinhibition of tropomyosin effect on
actin-myosin interaction—p increased rate and
number of Crossbridgés interacting with increased
myosin ATPase activity—p» increased rate and peak

force development (Figs. 4.1 and 4.2).

2%
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Signal systems involved in beta-adrenergic stimulation

via protein kinése A
Metabolism

« glycolysis
« lipolysis
= citrate cycle

_ ADP + Pj

ATP troponin C '

; CAMP /
fggjge = ® \ via Tnl i
ADP + Pj @ ¢ cAMP
! via PL
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E} ~ 1. rate of contraction
< 2. peak force
3. rate of relaxation

Fig. 4.1. Signal systems involved in positive inotropic and lusitropic (enhanced
relaxation) effects of beta-adrenergic stimulation. When the beta-adrenergic agonist
interacts with the beta-receptor, a series of G-protein-mediated changes lead to

activation of adenylate cyclase. (Copyright @1997 L.H Opie)."®
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Ca’ ions in the contractile process
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Fig 4.2. The crux of the contractile process lies in the changing concentrations
of Ca"" ions in the myocardial cytosol. Ca™ ions are schematically shown as
entering via the calcium channel, which opens in response to the wave of

depolarization that travels along the sarcolemma. These Ca™" ions




trigger the release of more calcium from the sarco-
plasmic reticulum (SR) and thereby initiate a contrac-—
tion~-relaxation cycle. Eventually the small amount of
calcium that has entered the cell leaves, predominant-—

ly by a Na+/Ca++ exchanger with a lesser role for the
sarcolemmal calcium pump. The varying actin-mycsin
overlap is shown for systole and diastoleﬁ The myosin
heads, attached tc the thick filaments, interact with

the thin actin filaments. (Copyright @ 1997 L.H. Opie,)18

Cholinergic Receptors, signal transduction and the

‘braking' of beta-adrenergic stimulation

In the case of the parasympathetic system, signaling
is again via an extracellular first messenger (acetyl-
choline), a receptor system (the muscarinic receptor),
and a sarcolemmal signaling system (the G-protein
system). The myocardial muscarinic receptor (MZ) is
specifically associated with the activity of the vagal
nerve endings. Receptor stimulation produces a negative
chronotropic response.

The mechanism of the negative inotropic effect
of vagal stimulation is multiple, and includes: 1:
bradycardia; 2: inhibition of cyclic AMP formation;
and 3: a direct negative inotropic effect mediated by
cyclic GMP (Fig. 403)919 Ventricular tissue is much
less responsive to muscarinic agonists than atrial
tissue, although the reéept@r populations are of
similar demsity. Thus, pbstreceptor differences must
exist, probably inm the degree of G-protein coupling.
In general, the negative inotropic effect has best
been observed in the presence of beta-stimulation,
when vagal effects counteract those of prior beta-

stimulation.
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Interaction between parasympathetic and sympathetic systems at a cellular level

SYMPATHETIC
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Fig. 4.3. Interaction between parasympathetic and sympathetic systems at a cellular
level may involve two opposing cyclic nucleotides, cyclic AMP and cyclic GMP.
Many effects of vagal stimulation could best be explained by the inhibitory effect
on the formation of cyclic AMP, including formation of inhibitory G-protein, G;, in |

response to M, —receptor stimulation. (Copyright @ 1997 L.H Opie)'®




A further mechanism for parasympathetic-sympa-

thetic interaction lies at the level of the sympathetic

terminal neurons, where a presynaptic muscarinic Wz—
receptor inhibits the release of norepinephrine.

In addition to the above, both adrenergic
and cholinergic stimuli exert complex and potentially
important effects on ion channels that can be trans-—

lated into opposing éffects on cardiac function. The

presence of such multiple mechanisms for the inhibi-

tory effects of vagal stimulation on the heart rate
and inotropic state suggest that 'braking' of beta-
adrenergic stimulation is physiologically desirable.
Otherwise, the risk may be that intense beta-adrener-
gic stimulation would éxcessively increase the heart

rate or inotropic state.

The role of angiotensin II in signal transduction and

Research using a rat heart model has indicated a

role for angiotensin II in intracellular signalingv21
following on earlier research elucidating the role

of angiotensin II signal transduction pathways in

the cardiovascular systémez2 In the case of cardio-
myocytes, it is currently appreciated that receptors
sﬁch as angiotensin II coupled to protein kinase C,
may play a major role in the regulation of cardio-
myocyte growth, of relevance to the findings of

nuclear hypertrophy in the study.
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CHAPTER 5

END-STAGE MYOCARDIAL DYSFUNCTION REQUIRING CARDIAC TRANS-

PLANTATION AND THE ROLE OF CALCIUM AND THE CONTRACTILE
APPARATUS '

As previously indicated, Ca++ plays a pivotal role in
the regulation of myocardial contraction and relaxa-
tion. Ca++ has been shown to augment contractility in
patients with severe heart failure secondary to cardio-
myopathy who have downrégulation of beta-adrenergic
receptors.

Myocardium obtained at the time of cardiac
transplantation from patiénts with end-stage heart
failure exhibits abnormal prolongation of the action
potential and developed force, and impaired relaxa-
tionez Observations using the ca’? indicator aequorin
in whole myocardium have shown that these alterations
in electrical and contractile properties are associated
with a prolonged elevation of the intracellular Ca ' '
transient during rélaxation,3 Likewise, in myocytes
obtained from patients with end-stage heart failure,
the action potential is prolonged. The intracellular
Ca++ transient, as assessed by the fluorescent
indicator fura-2, demonstrates a blunted rise with
depolarization reflecting a slower delivery of Ca++
to the contractile apparatus (causing slower activa-
tion) and a slowed rate of fall during repolarization
(causing slowed relaxation) (Fig. 5.,1)5,d These two
abnormalities can éxplain in part both systolic and
diastolic dysfunétion although it is imn actual fact

more complicated than that.
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Abnormal action potential and intracellular calcium transient in failing

cardiomyocytes

300 ms

e (nM}

&

¢

[
300 ms

Fig. 5.1. Top panel: The action potential recorded in a myocyte isolated from the heart
of a patient with dilated cardiomyopathy is markedly prolonged as compared to that in
a myocyte from a normal heart (control). Such abnormalities could contribute to both
the generation of arrhythmias and abnormal diastolic relaxation. Bottom panel: The
intracellular calcium transient measured with the fluorescent calcium indicator fura-2

is also markedly abnormal in myocytes isolated from the myocardium of patients
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with dilated cardiomyopathy. As compared to a normal
myocyte (control), the myocyte from a patient with
dilated cardiomyopathy shows an attenuated rise with
depolarization (arrow) and a markedly delayed return
to baseline. These abnormalities reflect the altered
expression or function of key calcium handling pro-
teins (i.e., Ca""-ATPase) and likely contribute to
the abnormal action potential. (Beuckelmann DJ, Na-
bauer M, Erdmann E. Intracellular calcium handling
in isolated ventricular myocytes from patients with
terminal heart failure. Circulation 1992; 85: 1046-
1055. Copyright 1992 American Heart Association,)4

Additional evidence of abnormal myocardial
Ca++ handling is provided by the observation that
there is a reduction in the amount of tension-inde-
pendent heat produced in myocardium from patients
with heart failuré°5 Ténsion=independent heat,
which is believed to reflect the energy expended
for Ca++ transport, can be used to estimate the
amount of ca't cycled per heartbeat. Using this
approach, it has been shown that Ca++ cycling is
reduced by approximately 50 per cent in failing

. 6
human myocardium.

Sarcoplasmic Reticulum Ca++ reuptake reduction in

ca’’ reuptake by the SR is mediated primarily by
the ATP-dependent enzyme Ca++aATPase (also called
SERCA2) and which constitutes nearly 90 per cent
of the proteinvcomponent of the SR. The activity
of SERCA? is inhibited by the associated protein

9

phospholamban. This inhibition is opposed by




cyclic AMP-mediated phosphorylation of phospholamban
(i.e., by beta-adrenergic receptor stimulation) there-
by resulting in increased Ca++ reuptake into the SR
and the augmentation of diastolic relaxation. The re-
uptake of Ca++ by the SR is also importaht for normal
systolic fumnction, which reguires that sufficient SR
ca't be available for release during systole to
mediate contraction.

Reports have indicated that the levels of
SERCA2, phospholamban mRNA and SERCA2 protein are
reduced in myocardium obtained from patients with
end-stage heart failuré°9—12 In one study,10 the
decrease in the level of SERCA2 mRNA was inversely
related to the level of atrial natriuretic factor
mRNA, suggesting that the reduced expression of this
adult musclewspécifié prdtéin is coupled to the re-
expression of a foétal gene program. These observa-
tions are consistént with several studies that have
demonstrated a reduétion in SR Ca++ reuptake in

animal models of heart failurelg-15 and 30m616”17

but not alllB studies in human heart failure patients.
Mice deficient in phospholamban due to targeted gene
ablation have shown a marked increase in basal myo-
cardial contractility and a loss of both the con-
tractile and relaxant effects of beta-adrenergic
stimulation. It is possible, therefore, that a

decrease in phospholamban activity is an adaptive

response to the deéréasé in SERCA2 activity.

The Ca'’ Release Channel in failing human myocardium

The Ca++ release channel located on the SR mediates
Ca++ release from the SR into the sarcoplasm during
systole. As indicatéd above, and at the risk of over-
emphasis, Ca++ plays a pivotal role in animal models
of heart failure and some but not all studies of

human heart failure patients but carrying, however,
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implications for left ventricular dysfunction and
ventricular remodeling following injury and haemo-—
dynamic stress, of relevance to the findings in the
study. Research of failing human myocardium has shown
decreases in the mRNA level for the ca'’ release
channel with a reduction in the mRNA level in patients
with ischaemic heart disease but not in those with
dilated cardiomyopathyo19 Another study, quoted aboveplo
showed mRNA reduction in patients with heart failure
from both causes. The mRNA and protein levels of the
voltage—dependent Ca++ channel have also shown to be
decreased in failing human myocardium obtained from
patients with both ischaemic heart disease and

dilated oardiomybpathyozo

The Na+/Ca++ Exchanger and its role in increased

arrhythmogenicity in failing human myocardium

The Na+/Ca++ exchanger is the major route by which
C’a++ is removed from the cardiomyocyte and can
account for approximately 20 per cent of the ca’t
removed from the cytoplasm during diastole. In
failing human myocardium however caused, the mRNA

and protein levels of the Na/Ca++ exchanger have

been found to be inéreasedp correlating inversely
with the decrease in SERCA2 mRNA levels described
aboveo11 This augmentatibn in Na+/Ca++ exchange
activity might bé a éémpénsatory response to the
reduction in Ca++ reuptaké caused by a decrease in
SERCA2. While this would facilitate diastolic Ca '
removal, it might do so at the expense of increased
arrhythmogenicity, as this Ca++ efflux is associated
with an influx of Na that can prolong depolarization
and cause afterdepolarizationse On the other hand,
with regard to calsequestrin the major protein in the
SR that binds Ca++ thereby serving a storage function,

+4
several studies quoted above in relation to SR Ca —
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ATPase have found calsequestrin mRNA levels to be un-

2
changed in failing human myocardiumulovl8, 0

The Contractile Apparatus in left ventricular systolic

failure and left ventricular hypertrophy

Patients with left ventricular systolic failure show

a significant reduction in cell volume occupied by

myofibrilsazl Electron microscopic observations show

a reduction of ventricular myofibrillar protein,
suggesting that this réduétion in the contractile
machinery may play a role in the development of or

occur as a consequence of cardiac decompensation.

In left ventricular hypertrophy on the other hand,

animal models havé shbwn that the fraction of cell

‘ . 23
volume composed of myofibrils is initially increased.

Animal studies have further shown that when the
adult heart hypértrbphiés, foetal and neonatal forms
of contractile protéins (termed isoforms) and other
proteins (such as atrial natriuretic peptide) re-

appear, signifying rééxpréssion of the genes for

24,25

these foetal and neonatal isoforms. In rodents,

for exampléy the predominant myosin heavy chain (MHC)
is the 'fast! Vl isoform. With pressure-induced

hypertrophy, théré is rééxpression of the 'slow' V

26,27 3

isoform. Thus, haemodynamic overload leads to

enhanced overall protein synthesisp28 in addition to
altering the pretéins qualitatively, i.e., 1t
induces the Synthésis of protein isoforms that were
present during fbétal and neonatal life when protein
synthesis in the heart was also rapidaag

The predominant MHC isoform in humans 1is
the slower VB isoform, encoded by the beta-MHC gene.
In failing human human myocardium beta-MHC, as in-
dicated, is redubedylo while it has further been
reported that a reduction in the number of cells

: 3
containing alpha-MHC also occurs. 0
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It has further been observed that in rats
with cardiac hypertrophy, changes in the myosin light
chain and the troponin-tropomyosin complex occury31°32
while in humans bhangés in myosin light chain iso-
forms have been observed in the atria and ventricles
of patients subjected to increased mechanical stress.
These constitute part of the cardiac adaptive respon-
ses to the myocardial dysfunction of terminal cardiac

failure or those fdllowing the catecholamine-induced

haemodynamic stress of craniocerebral injury.
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CHAPTER 6

THE RELATIONSHIP BETWEEN ELECTROCARDIOGRAPHIC
ABNORMALITIES AND INTRACRANIAL LESIONS AND THEIR
CENTRAL NERVOUS AND CARDIAC MORPHOLOGICAL SUBSTRATES
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Early studies of the relationship between intra-
cranial lesions and electrocardiographic abnor-

malities

Acute cerebral injury can provoke cardiovascular ab-
normalities while abnormalities of the heart may set
the stage for acute cerebral injury. A relationship
between certain acute cerebral events such as intra-
cerebral haemorrhage or subarachnoid haemorrhage has
been recognized for almost a century, with a rela-
tionship between head injury and cardiac abnormalities
being proposed more than 70 years agoel Almost 70
years ago, in 1938, Aschenbrenner and Bodechtel.
writing in the German literature, reported that
neurclogical lesions such as brain tumocurs could be
associated with electrocardiographic abnormalities
and, moreover, in young patients without heart disease.
Experimental work in animals before this had, however,
already suggested that the heart might be adversely
affected by central nervous system influences. It had
been shown in 1937 that vagal stimulation in dogs
could cause electrocardiographic changes, signs of
cardiac decompensation, and myocardial infarction.
Following the study by Aschenbrenner and
Bodechtel, Byer, Ashman and Toth reported in 1947
that electrocardicgraphic abnormalities could be
observed in patients following subarachnoid haemo-~
rrhage, and that these changes consisted of giant
inverted T waves and prolonged Q-T intervalsod A

more detailed and systematic study, published in
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6-9
1954 by Burch35 and confirmed by other workers,

concluded that the principal offending lesions were
intracerebral and subarachnoid haemorrhage, and that
the principal electrocardiographic abnormalities
were prolongation of the Q-T interval, increased
amplitude and duration of T waves and abnormal U
waves (Figs. 6.1, 6.2 and 6.3).

Approximately 90 per cent of patients
with acute cerebrovascular accidents, especially
intracerebral or subarachnoid haemorrhage, acute
craniocerebral injury, and peripheral or central
nervous system manipulative procedures,; exhibit
electrocardiographic abnormalities that consist
chiefly of’disturbancés of cardiac rhythm and re-

1,6-30 Abnormalities of rhythm include

polarization.
sinus bradycardia (defined as ¢ 50 beats/minute),

sinus tachycardia (defined as vy 100 beats/minute),
atrial arrhythmias (ectopic atrial beats, atrial
fibrillation, atrial fluttéry or other supra-
ventricular tachycardias), Jjumctiomal rhythms, and
ventricular arrhythmias (véntricular tachycardia,
ventricular ectopic beats, or ventricular fibrilla- -
tion).

The finding of a prolonged Q-T interval in
subarachnoid haemérrhage by Hersch, one of the authors
referred to above,9 accords with previous observations
by the same author in casés of head injuriesyso in
which the Q-T interval was prolonged in 15 per cent
of patients. Of further interest is that as the level

of comnsciousness deteriorated, the number of electro-

cardiographic abnormalities increased.
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Spontaneous intracranial haemorrhage with T-wave inversion in a 40-year-old male

T
b

Tt

Fig. 6.1. Spontaneous intracranial haemorrhage in a 40-year-old male.
Electrocardiogram shows abnormally large U waves particularly in V; and V, along
with T-wave changes suggestive of myocardial ischaemia. (Cropp GJ, Manning
GW. Electrocardiographic changes simulating myocardial ischaemia and infarction

associated with spontaneous intracranial haemorrhage. Circulation 1960; 22: 25-
38.)°




Spontaneous intracranial haemorrhage with T-wave inversion in a 55-year-old

female.
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Fig. 6.2. Spontaneous intracranial haemorrhage in a 55-year-old female.
Electrocardiograms taken shortly after onset of haemorrhage show a pattern of
recent myocardial infarction. Note the T-wave inversion. Postmortem findings
disclosed normal heart and coronary arteries (Cropp GJ, Manning GW.
Electrocardiographic changes simulating myocardial ischaemia and infarction

associated with spontaneous intracranial haemorrhage. Circulation 1960; 22: 25-
38.)°
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Spontaneous intracranial haemorrhage with electrocardiographic changes

suggestive of myocardial damage

|
Fig. 6.3. Spontaneous intracranial haemorrhage in a 51-year-old male. Borderline \
electrocardiographic changes suggestive of myocardial damage. (Cropp GJ, 1
Manning GW. Electrocardiographic changes simulating myocardial ischaemia and

infarction associated with spontaneous intracranial haemorrhage. Circulation 1960;

22:25-38.)°
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Central nervous system loci involved in autonomic
responses and the production of electrocardiographic

abnormalities

Many experimental investigations have been carried
out in an attempt to determine the role played by
the central nervous system in the production of
electrocardiographié abnormalities. As indicated in
the case of acute cerebrovascular accidents and
acute cerebral injury, these primarily involve
disturbances of cardiac rhythm and repolarization.
Investigations of this nature were already conducted
more than fifty years ago indicating a distinct
relationship between the central nervous system
and cardiac electrical activitynsl

As previously indicated, the sympathetic
nervous system has rich central nervous representa-
tion. Intracranial stimulation of the sympathetic
system may occur in the cortex, particularly in

the motor and premotor regions, im the posterior

- hypothalamus, midbrain, pons, and medulla, and in

the decussations between these areas. The area thati
appears to be most intimately linked with the
cardiovascular system is the orbital surface of the
frontal lobe (area 13), followed by the anterior
cingulate gyrus (area 24). Area 13 is the main
cortical representation of the parasympathetic
nervous system and has a rélay station in the
anterior hypothalamus, with connections in the
midbrain, pons, and medulla. The result of stimula-
tion of this area is a rise or fall in blood
pressure and alteratioms in cardiac rate. Thus,
Kaada, observing the autonomic responses following
stimulation of the ventral and medial aspects of
the cerebral hemispheres, recorded inhibition of
respiration, slow increase of blood pressure, oOv

sudden drop of blood pressure upon stimulation of
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the orbital surface of the frontal lobeu31

Vessels of the circle of Willis have an
autonomic innervation from the glossopharyngeal and
vagus nerves and from a continuation of the cervical
sympathetic chain. Pool believed that stimuli applied
to the circle of Willis were more likely to cause
electrocardiographié abnormalities than when applied
to cortical and cranial nerves other than the glosso-
pharyngeal and vagus.

Berger, Liebowitz, and Herd showed that

electrocardiographic abnormalities i.e., inverted T
waves and depressed S-T segments, could be produced
by infusions of epinephrine and norepinephrine into
a coronary artery of an unanaesthetized dog in the

absence of a rise in serum lactic dehydrogenase,

suggesting that adrenergic reflexes can produce
electrocardiagraphié changes without preceding myo-—
cardial necrosis°33 |
Korteweg and co-workers studied the effects
of stimulation of subcortical areas in cats, and
found that stimulation of the basal ganglia resulted
in immediate, albeit occasional, extrasystoles.
Stimulation of the posterior hypothalamus and the
quadrigeminal bodies produced ventricular extra-

systoles, wandering pacemaker, and T wave changes.

After stimulation had ceased, ventricular extra-

systoles, atrioventricular dissociation, wandering

pacemaker, tachycardia, and T wave changes were

noted, all of which were abolished by wvagal sectionc34
More than 75 years ago, in 1930, Beattie,

Brow, and Long produced extrasystoles by stimulation

of the posterior hypothalamus in anaesthetized catsu35

A destructive lésion of the posterior hypothalamus

or section of the brain behind this level caused

these extrasystoles to disappear. A study by other

workers who subjected numerous points of the mid-

brain of the cat to stimulation showed that hypo-
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thalamic irritation resulted in distortions of the T

wave and various arrhythmias.

Electrocardiographic changes following experimental

craniocerebral injury

Jacobson and Danufsky, using albino Swiss mice,
studied the effects of éxperimental craniocerebral

injury in producing eléctrocardiographic changes.

Within 20 seconds of induction of head injury, the
animals developed bradycardia, increased amplitude

of the T wave, and a variety of arrhythmias- nodal

rhythm, sinus arrhythmia, incomplete atrioventricu-
lar block, ventriéular :exJ&:]f‘ausysto].es,7 and sino-—
atrial block. At autopsy, all the animals had sub-
dural and subarachnoid haémorrhages while a few |
had cortical lacerations and one had an intra-
cerebral haemdrrhage°

Further éxpériméntal investigations by
other workers involved embolism production by
means of injection of paraffin oil into the
carotid artery=38 Shbrtly after injection of the
paraffin, eléétrbéardibgraphic changes consisting
of bradycardia, prolbngéd Q-T interval, and

deeply invertéd T wavés dévelopede

More recent néurblogical experiments
have been carried out in an attempt to determine
a relationship between the site of an acute
cerebrovascular acbidént and the development of
disturbances in cardiac rhythm, conduction and
repolarization. The léft insular cortex of the
rat contains a sité of éardia@ chronotropic
representationygg and prolonged phasic stimula-
tion in this area results in atrioventricular
block, prolongatidn 6f the Q-T interval, and
ST segment depressibno

Because the left insular cortex of the
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rat contains a site of cardiac representation, Oppen-
heimer postulated that there might be a difference

in cardiac expression between right- and left-sided
1esions°16 There is evidence that asymmetries in
brain function influence the heart through ipsi-
lateral pathways, and there is a reported association
between right hemispheric strokes and tachyarrhythmias
of supraventricular origin and left hemispheric
strokes and arrhythmias of ventricular origin.

Other reports draw attention to the cardiovascular
effects of human insular cortex stimulation,42 and
there is a reported assbéiation between neurological
intervention in the region of the left insular

cortex and prematuré ventricular complexes with pro-

longed Q-T interval,43

The cardiac morphologibal substrate accompanying
intracranial 1esibns and their associated electro-

cardiographic abnormalities

Three reports dating back 38 years are of watershed
significance with regard to the question of what
morphological substrate may underlie electrocardio-
graphic abnormalities oécurring in association with
intracranial lesions°44'46 Greenhoot and Reichen-
bach44 and Hammermeister and Reichenbach45 described
the case of a 49-year-old woman with a subarachnoid
haemorrhage. During her hospitalization, the patient
initially had nonspeéifié ST segment changes on the
electrocardiogram. However, five days after surgery,
the electrocardiogram had changed into the pattern
of a transmural infarction of the inferior and
lateral walls of the left ventricle. Levels of

serum enzymesg>such as SGOT and LDH, and serum
electrolytes were all within normal Iimits. Sub-
sequent histopathological examination of the myo-

cardium, however, revealed multiple foci of myo-
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cyte necrosis, i.e., focal myocytolysis throughout the
left ventricular myocardium. '

Duren and Becker46 also documented a clinico-
pathological correlation between the development of
the electrocardiographic pattern of a transmural myo-—
cardial infarctibn and focal myccytolysis of the myo-
cardium. These workers described two patients, one
with a cerebral infarct and one with a primary brain
tumour, both of whom initially had a normal electro-
cardiocgram but who subsequently developed the classic
pattern of a transmural anteroseptal myocardial in-

farction. Howevérp at autopsy, the naked-eye

appearancé of the mybcardium did not present the
changes expected in'myoéardial infarction. The dis- f

crepancy between massive transmural myocardial in-—

farction clinically and électrocardiagraphically
and the complete lack of corroborative and con-
firmative data from naked-eye inspection of the cut
surface of the myocardium therefore suggested an
underlying disease process different from that of
classic myocardial infarction and it was only on
subsequent histopathological examination that the
features of focal my@éytélysis were observed.

While in the first patient the active stage

of focal myocytolysis with focal cardiomyocyte
necrosis and mononuéléar infiltration was noted, the
second patient présented a problem in this regard. |
His electrocardiographib changes originated
approximately four mbnths before death. The clinical
'follow-up' suggested that at the time of death, a
healing stage of the cardiac lesion had been reached
and, indeed, subsequent histopathological examination
of the myocardium disclosed 'healed lesions'. These
latter lesions were mainly characterised by a fine
meshwork of connective tissue fibres replacing lost
myocardial cells. Such foci had to be differentiated

from miliary infarcts, a distinction not always easy
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to make. However, this case also exhibited minute
areas in which actively degenerating myocardial cells
were still identifiable. Furthermore, active lesions,
as seen in the first patient, may eventually heal,
leaving scars of a type seen in the second patient.
In view of these findings and the fact that other-
wise no classié mybcardial infarction was present,
these authors éoncludéd that focal myocytolysis was
also the underlying disorder in this latter patient

as well. The microscopic features of healing were in

keeping with and compatible with a time lapse of

approximately four ménthso

Further confirmatory evidence of the role played by i
intracranial lesions in the production of electro-

cardiographic abmnormalities in both adults and iu

the paediatric age group

More receunt cenfirmatory evidence has emerged of the

rele played by intracranial lesicons in the productiocn
of electrocardiographic abmnormalities in both adults
and children.? %2 The finding of such ECG abnormali-
ties in the paediatric age group 1is particularly sig-

nificant in view of the fact that cother than in con-

genital heart disease as an antecedent factor, the
paediatric heart has, apart from rheumatic heart
disease, lesser duration of exposure to predisposing

factors in contrast to that operative in adults

leading to ventricular hypertrophy, ventricular re-—

modeling and cardiac failure.
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CHAPTER 7

Forty two consecutive cases of fatal craniocerebral
injury Cdming to médicdlegal autopsy at the State
Mortuary, Johannésburg over a six-month period were
examined on a prbspéctivé basis after ethics clearance
had been obtained from the Ethics Committee of the

University of the Witwatersrand. In order to maintain

.patient cénfidentiality all tissue samples of myo-—

cardium taken at médicolegal autopsy were processed
and identified solély by means of a number sequentially
allocated thus présérving patient anonymity. While

not a strict réquiréménf in view of the fact that
these constituted médiéblegal samples taken in order
to determine the pathélégibal processes involved in
death causation, neverthéless where the next-of-kin
were known and could be traced verbal consent was ob-
tained for taking 1 cm® blocks of cardiac tissue, nokt-
withstanding the fact that tissue sampling constitutes
an integral part of a standard autbpsy,

Other than the first two cases in the study
who had survivéd fbr a brief 20-minute period after
injury (survival period béing defined as the time in-
terval between injury and demise with this time period
being determined by reference to police, scene and
paramedic records accompanying the body to the mortuary
together with a summary of the clinical records) all
other cases had been admitted to and treated in the
Department of Neurbsurgery at the Johannesburg General
Hospital. Patient management in this latter department
enabled pérusal of the clinical records in the depart-
ment in conjunétion with the then Head of Department
Professor V. Farrell. In order to maintain patient
confidentiality all records were perused in the de-
partment proper with no records being removed from the

department and no indication given as to which patients
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comprised those included in the study. Perusal of the
clinical records thus not only permitted exclusiom of
any patients with a history of cardiac disease but also
indicated that bthér than during the agonal periocd

when desperate resuscitative measures had been performed,
no catechélaminé agents had been administered.

In each subjéét the fellowing was documented:
i) age, sex and ethnic group; ii) height, body weight
and heart weight; iii) mannér in which the injury had
been sustained iaéep whether in a motor vehicle
accident, a fall from a héighty a gunshot wound, or
blunt trauma to the head in the course of an assault,
or in other misééllanebus manners: iv) whether any
neurosurgical prbéédurés had been performed and, if
so, the naturé 6f thé prééedurey and; v) the duration
of patient survival fbllbwing injury.

In order to facilitate statistical analysis,
all traumatic cranidéerébral lesions noted at autopsy
were scored being graded on an increasing scale of
depth and severity, an exténsibn and modification of
the scheme of é@ntusidn jindices prbposed by Hume Adams

? The reason for extension of this:

and co-workers.
latter scheme in the present study is that while these
workers appliéd an index to the depth and extent of
contusions, the mést fréquént evidence of brain damage
after head imjury, théy did nbt include a more compre-
hensive methdd of systém analysis, similarly based on
depth of lesion and typé of lesion which must be taken
into account in asséssing the overall severity of a
head injury. Thus, in the current 'modified’' scheme,
skull fractures, extradural haématbmasy subdural
haematomas, and subaraéhnbid haemorrhages were also
scored in addition tb ébntusion haemorrhages proper.

A further differéntiétion and divergence from the
scheme of ccntusibn indiéés adoptéd by Hume Adams

and his co-workers was that while these latter workers

only graded dépth of lesion into white matter making
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no distinction being made between subcortical and deep

white matter such distinction was taken into account in

~the present study. Depth of contusion haemorrhages is

considered to be of paramount importance since the mag-
nitude of vasogenic oedema is considerably greater in
experimental animals with contusions that extend into
the deep white matter compartment than in those with

?

surface injuries. It is for this reason in addition
to its severely disruptive effects on cortical tissue

that a burst lobe was accorded the most severe score.

Craniocerebral lesions were thus graded and

scored as follows (Chart I): a) skull fracture = 1

(Fig. I); b) extradural haematoma = 1 (Figs. II and |
III); c¢) subdural haematoma = 1 (Fig. IV); d) sub- |
arachnoid haemorrhage = 1 (Figs. V to VII); e) con-
tusion haemorrhages, on an increasing scale of depth
and severity, i.e.: 1) grey matterﬁef cortical ribbon

= 1; ii) subcortical white matter = 2:; iii) deep white
matter/grey matter of basal ganglia/midbrain or pons

= 3; iv) burst lobe with traumatic disruption of
cortical tissue and extension of haemorrhage to the
ventricular system or the overlying subarachnoid and/or

subdural spaces = 4 (Figs. VIII to XV).
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Chart I

Grading of Traumatic Craniocerebral Lesions (modified from scheme of Contusion

Indices proposed by Hume Adams and co-workers) L2

a) Skull Fracture = 1;
b) Extradural Haematoma = 1;
c) Subdural Haematoma = 1;
d) Subarachnoid Haemorrhage = 1;
e) Contusion Haemorrhages, on an increasing scale of depth and severity, i.e.:
I. grey matter of cortical ribbon = 1;
II. subcortical white matter = 2;
IIT.  deep white matter/grey matter of basal ganglia/midbrain/pons = 3;
IV. burst lobe with traumatic disruption of cortical tissue and extension of

haemorrhage to the ventricular system or the overlying subarachnoid and /or

subdural spaces = 4.
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Fig. I. Multiple comminuted and linear fractures of the base of the skull extending

to involve the calvarium.

Case no. 1; Craniocerebral score = 6




Fig. II. An extradural haematoma showing compression of the underlying brain

with midline shift.

Case no. 15; Craniocerebral score = 3.
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Fig. III. A higher magnification of the extradural haematoma depicted in Figure II
showing compression of the underlying brain in which oedema of the grey matter of

the cortical band and the underlying white matter is noted.

Case no. 15; Craniocerebral score =3.
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Fig. IV. A subdural haematoma seen beneath the dura over the inner aspect of the
calvarium with remnant of a smaller haematoma seen over the lateral aspect of one

temporo-parietal area.

Case no. 9; Craniocerebral score =4.
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Fig. V. Multiple focal subarachnoid haemorrhages seen over the base of the brain
and involving the ventral cerebellum, the ventral brainstem and both temporal lobes

inferiorly and laterally.

Case no. 20; Craniocerebral score =4
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Fig. VI. Multiple thin-layered subarachnoid haemorrhages predominantly involving

the left parietal and left occipital lobes of the left cerebral hemisphere over its

lateral and supero-lateral aspects.

Case no. 25; Craniocerebral score =3
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Fig. VII. Subarachnoid haemorrhage extending into the depths of a sulcus

(Haematoxylin and eosin x 400).

Case no. 25; Craniocerebral score =3
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Fig VIII. A contusion haemorrhage involving the grey matter of the cortical ribbon

and merging into the leptomeninges (pia and arachnoid) (Haematoxylin and eosin x
400).

Case no. 17; Craniocerebral score =5.
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Fig. IX. A coronal section of the brain showing cortical contusional haemorrhage
involving the grey matter of the cortical ribbon as well as the subcortical white

matter and deeper white matter

Case no. 13; Craniocerebral score =8
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Fig. X. Multiple contusional haemorrhages involving the subcortical white matter

(Haematoxylin and eosin x 400).

Case no. 21; Craniocerebral score =4.
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Fig. XI. Multiple contusional haemorrhages involving the deep white matter. The
surrounding neuropil shows spongiosis indicative of cerebral oedema

(Haematoxylin and eosin x 400).

Case no. 22; Craniocerebral score =9.
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Fig. XII. A coronal section of the brain showing contusional haemorrhage involving

the deep white matter and extending medially to the basal ganglia.

Case no. 26; Craniocerebral score =4.
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Fig. XIII. A coronal section of the brain showing a burst parietal lobe with the
rupture extending from the deep white matter to the overlying subarachnoid and

subdural spaces.

Case n0.18; Craniocerebral score =8
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Fig. XIV. A burst lobe with haemorrhage dissecting through and upwards towards

the cortical surface (Haematoxylin ands eosin x 180).

Case no. 6; Craniocerebral score =8
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Fig. XV. A burst lobe showing the extensive nature of the haemorrhage dissecting

through and disrupting the cortical tissue (Haematoxylin and eosin x 160).

Case no. 16; Craniocerebral score =9



In view of the fact that cardiac histopatholo-
gical changes may be both focal but nevertheless global
in distribution, all cardiac specimens taken at autopsy
were fixed in 10% neutral bufferred formalin and examined
in accordance with the technigue and criteria of cardiac
mapping devised by Olsen.5 This methodology was specifi-~
cally developed by this worker in order to determine the
presence of global cardiac pathology and is therefore
particularly suitable for delineating what may be patchy
and focally distributed areas of histopathological change.
With regard to the coronary arteries, examination was
carried out by means of transverse incisions at 3 to 4mm
intervals throughout the major coronary arteries. Individ-
ual transverse incisions were then sequentially linked by
longitudinal incisions (cuts) with fine scissors. This
latter methodology can and should be performed in order
to provide data adequate for c¢linico-pathological corre-
lationaG

Olsen's method thus comprised the taking of
tissue blocks from 20 separate and specific areas of
myocardium, as follows:-

i) blocks a-h comprised sequential
clockwise sections taken through the total circumference
of the left ventricle 3cm proximal to the apex;

ii) blocks i-k comprised sequential
clockwise sections taken through the circumference of
the right ventricle at the same transverse level as the
left;

iii) blocks } and m comprised sections
taken through the‘posterior papillary muscle complex;

iv) blocks n and o comprised sections
taken through the apices of the left and right ventri-
cles respectively:

. v) block p comprised a section taken
through the right ventricular outflow tract;

vi) block q comprised a section taken
through the left atrial appendage;

vii) block r comprised a section taken
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through the posterior wall of the left atrium;
viii) block s comprised a section taken
through the right atrial appendage;
ix) block t comprised a section taken
through the posterior wall of the right atrium.

The blocks thus taken from the above areas were
then processed and embedded for paraffin sectioning and
cut at 5p thickness. Eight hundred and forty blocks were
hence obtained. A minimum of three serial sections per
block were stained with haematoxylin-eosin, Masson's
trichrome, elastic—van Gieson and phosphotungstic-~acid
haematoxylin (PTAH) yielding a total of 10,080 sections.
The effort involved in scoring so many sections was in
accordance with the basic fundaﬁentals of statistical
practice and methodologies in that the greater number
of sections examined the more valid will be the statis-
tical conclusions drawn.

These blocks were then éxamined by conventional
light microscopy by myself in conjunction with a Prin-
cipal Specialist in histopathology (Anatomical Pathology)
from the department of Anatomical Pathology of the Faculty
of Health Sciences at the University of the Witwatersrand
and holder of an FRC Path. in order to provide standardi-
sation and to eliminate observor error. This latter patho-
logist similarly assisted in selection of histopathological

slides for illustration purposes and lesion demonstration.

Quantification of histological changes with scoring accord-

ing to severity and extent

o e e e G G G = S S o = S S R R € S e G e i o S G G GO S e G G S Y G S G 6 S Gn S e e

All histopathological changes noted were quantified
according to severity om the following basis, with a

. . =19
score being allocated to each flndlngg7

I. Nature of histopathological change and severity
a) Interstitial oedema, myocardial fibre wvacuolation,

cloudy swelling and smudging of Tibres

o v v G G G S e S e G G G e G G S e i e Gy e R G G e S G G G e S 5 G e S e
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coedema with solitary cells showing myocardial
fibre vacuolation / cloudy swelling and

smudging of fibres;

presence of a moderate degree of interstitial
cedema with foci of several cells showing myo-
cardial fibre vacuclation / cloudy swelling

and smudging of fibres;

presence of a severe degree of interstitial
oedema with a large number of cellular foci
showing myocardial fibre vacuolation / cloudy

swelling and smudging of fibres.

b) Focal myocytolysis

c)

2+

e s e o e e e € e e G

presence of solitary cells showing focal myo-

cytolysis;

presence of several cellular foci of focal myo-

cytolysis;

presence of a large number of foci of focal

myocytolysis.

Mononuclear infiltration and proliferation

2+

3+

o e e S e S < s s e S S S R — Y T G S S G G Y M S o S W 5 G € e e e e

presence of solitary cells around vessels or

between muscle fibres;

presence of clusters of cells around vessels

or between muscle fibres;

diffuse infiltration of the entire area of

myocardium examined.

Interstitial fibrosis

presence of loose granulation tissue in inter-
stitial spaces, around vessels or foci of such

tissue i.e., evidence of stromal condensation;

presence of small foci of dense collagenous

tissue;
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3+ = numerous foci of collagenous tissue scattered

throughout the myocardium.

e) Nuclear changes

1+ = enlargement and vesiculation of nucleus with

prominence of nucleolus;

2+ = brick-shaped blunt-ended nuclei with peripheral
margination of chromatin together with the

aforegoing changes of 1+ above;

3+ = crenation of nuclear membrane.

II. Grading according to extent of histological

changes noted within a high-power field (HPF)

e e e e ey e Y T G Y D e e e S G e e G S G G e S T G S S e G

1+ = changes (as defined above) noted withim 1 - 2 HPF;

2+ = changes noted within 3 - 4 HPF;
3+ = changes noted within 5 - 6 HPF;
4+ = changes noted within 7 - 8 HPF;

5+ = changes noted within 9 -10 HPF.

The allocation of scores in this manner toc the various
histopathological changes observed in the hearts of pre-
viously head-injured Vicfims thus constitutes an attempt
to scientifically quantify these changes and render them
in statistical terms. Hence, the scoring system thus de-
rived with separation of the heart into 20 different
areas of myocardium examined together with allocation of
a score to the freguency of involvement of each area of
the heart according to the extent and severity of the
type of pathological change encountered in each area
enabled statistical application of the Mann-Whitney

U=-test for statistical evaluation.

Statistical formulat@en and evaluation

In thisvstudyg an attempt was made to determine whether

any statistically significant relationship existed bet-
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ween craniocerebral injury on the one hand and the different
histopathological variables interstitial oedema, focal myo-
cytolysis, mononuclear infiltration, fibrosis and nuclear
changes on the other. To this end, two questions were
essentially formulated in this exploratory study and sub-
sequently subjected to statistical reductiom and analysis,

as follows:~-

1. Is there a myocardial change related to a scored cranio-
cerebral injury that may be a predictor for survival ocut-
comes in transplanted cardiac patients?, and;

2. Is there a predictable significant change that occurs

in the myocardium following a certain craniocerebral

injury score?

In this regard, statistical analysis was performed by a |

biostatistician from the Institute of Biostatistics of

the Medical Research Council (MRC) and holder of a Ph.D.
degree in biostatistics.

The Mann-Whitney U-~test was applied to the
variables age, gender, ethnic group, type of myocardial
histopathological lesion and the total scores of these
histopathological lesions, the latter a summation of the f
individual scores obtained in each case. The Mananhitney
test is applied where the observer draws two independent
samples, for example age and ethnic group, from the same

population and compares the two on a single criterion.

Hence, descriptive statistics were performed on all these
variables and comparisons made between certain variables.

As the Mann-Whitney test assumes data to be continuously
distributed, it could be applied to the variable cranio-

cerebral injury as the values here ranged on a continuous

scale increasing from one to nine. Age, too, was a

continuous variable while the variables ethnic group and

gender were used as categorical data and the Mann%Whitney

test similarly applied. This test was also applied in tThe

case of the histopathological variables focal myocytolysis,

mononuclear infiltration, and fibrosis.
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CHAPTER 8

e e e e e o e e S G T G S G . S e S T O S e W R e W 6

Of the 42 subjects examined, 35 (83.3%) were male and
7 (16.7%) female. Thirty subjects were black (71.4%),
11 were white (26.2%) and 1 (2.4%) an Indian subconti-
nent Asaian (Table 1). The subjects ranged in age from
3 to 70 years, with the greatest number of subjects

11 (26.2%) falling into the 21 to 30 year age group
paralleling the distribution seen in studies of trauma-
tic injury to other organ systems conducted by the
author of the curfent studym1°2 In descending order of
frequency, the remaining age distribution was as
follows:-~ 11-20 years, 9 subjects (21.4%); 41-50
years, 7 subjects (16.7%); 31-40 yeafs, 5 subjects
(11.9%); 0-10 years, 4 subjects (9.5%); 51-60 years
and 61-70 years, 3 subjects each (7.1%).

Manner and incidence of injury

e o o = T G S S e S S S e S

Twenty four (57.1%) subjects had sustained fatal cranio-

cerebral injury in the course of a motor vehicle acci-

dent, 13 (31.0%) in an assault, 3 (7.1%) in miscellaneous

traumatic manners, and 2 (4.8%) in falls from a height.
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%This work was presented under the title 'The Potential
Long-Term Cardiac Implications of Antecedent Cranio-
cerebral Injury' at the 15th Triennial Meeting of tThe
International Association of Forensic Sciences held at
UCLA, Califormia, over 22-28 August, 1999 and was pub-
lished in abstré@t form in the Proceedings of the IAFS,
1999: 196 and in Cardiovascular Pathobiology 1998; 2
(3-4): 207-218.
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However, none of the subjects had sustained direct thora-
cic trauma or cardiac contusion. Neurosurgical procedures
had been performed in 8 (19.0%) of the 42 subjects, the

procedure in each case being a cranioctomy with evacuation

of either an extradural or subdural haematoma.

S e £ o S 1 ) i e O O ] o e ) e e

The earliest light microscopic structural changes noted
were interstitial oedema, myocardial fibre vacuolation,
and alterations in nuclear morphology. These changes were
evident in a wide range of subjects of differing ages,
genders, ethnic groups and survival periods including sub-
jects with only 20 minutes of post—-injury survival (cases
1 and 2) (Table 1).

Interstitial oedema

Interstitial oedema manifested as marked separation of
myocardial fibres throughout the heart with prominence

and exaggeration of intercellular spaces (Fig. 8.1; case
no. 1: 20 minutes of post—-injury survival). Intracellular-
ly, a fine microvacuolization was noted. While initially
interpreted as postmortem change, this microvacuolization
was present even when there had been no prolonged agonal
period and the interval between death and postmortem
fixation was short.

Interstitial oedema was present in all cases in
all 20 areas of the myocardium examined and persisted
until day 27 after injury (case no. 37) following which
it rapidly decreased in extent from involving 100 per cent

of the areas examined to 30 per cent. It persisted in

these latter areas until day 33 after injury (case no. 39),

following which it apparently resolved, disappearing
entirely beyond this period in the sections examined
(Table 2).
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Table 1

POST-TRAUMATIC SURVIVAL PERIOD
Case no. Age Sex Efhnie geoup Haighy Weight Henrt weight Survival period
1 32 %! Black 166 m S8 kg 410 g 20 minigey
2 3 M White 0.80 m 15kg 85 g 20 minutes
3. 20 M Black 1.66 m 65 kg S0y 2 houes
4 5 F Black 096 m Wky 05 g 3 hours
S 21 M Black 175 m Sdkg 3 g 7 hours
6. 23 M Black 181 m 68 ky 3 g 9 hours
7. 15 M Black 168 m 63 kg 295 g 15 hours, 30 mins
8. 46 ¥ ‘White 174 m 94 kg 37 16 hours
9 8 1Y White L36m 35 kg 135 20 hours
10, 40 1% Black L0 m 3 kg 320 21 hours
it 45 M Black 1.83m a1 kg 3 p 29 houvs ‘
12, 1 M Black 132 m 26 kg 183 g 30 hours i |
13 43 M Black L74m S ky 270 ¢ 32 bours
4 26 ! Black 177 m kg 3Wg 36 bouys
15. 19 3! White L6 m 66 kg 360¢ 36 hours
16 50 15 Black 1.64 m 63 kg 30y 48 hours
17. k2] M Asian Li6m 61 kg &0 hours
18, i & White L6% m 47 ke 56 hours
19, H M Black 1.66 m 49 kg 4 days. 12 hours
0. 50 M Whitis 1.66 m 68 ky 4 days, 12 hours
2L 19 M Black 1L.72m 54 kg 4 days, 16 hours
22, 18 R White 17 m 57 kp 5 days
25 38 ¥ Black 166 m 57 kg S days
24, 54 | Black 170w 63 kg 5 days
23. 25 ¥ Black L6 m Stk 5 days, 2 howrs
26. 54 M Black L0 m 65 kg 6 days
27 45 F Black 157 m S5kg 8§ davs, 4 hows
28, 21 F White 1L.76m 48 kg & days, 18 hours
29 63 M White 179 m kg 1 days
30, 20 L Black 163 m 63 kg 1 days, 6 hours
3l 23 M Black L7t m 52 kg 290¢ 12 duys
32, {5 M White 174 m 34 ky 360 g 12 days, 2 howrs
33, 42 M Black 162 m 42kg 370g 13 duys
34, 6 F Black 115 m ke 145 g 15 days
38, 32 M Black 1.63 m 33ka M0y 22 days
386, 59 M Black 172 m 6 kg by 24 days, 10 hours
37, 35 M Black 160 m 52ke 375y 27 days
38, 24 M Black 178 m 47 kg 2y 28 days
39, 22 M Whits 1.72m A3 kg 350y 33 duys
40 Pt M Black 174 m 55k 300 g 36 dayx
41. A0 M Black LEY m A kg Mig 49 days, 16 hows
42, [ %! Black L7 m 57 ky 280y 3 monthy, 13 days

Footnote: Survival period is defined as the time interval between injury and
subsequent demise, expressed in chronological terms.
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Table 2

Seoring according to nurber of areas of myocardium involved by each type of pathological change,

No. of anatomical areas of myocardium involved per type of change (n = 20)

|
» Survival  CCinjury/  Interstitial Mononuelear  Inferstitial Muclear  Total ‘
Cose  Age  Sex  Hace pariod store oedema Mecrosis fnfilteation {ibrosis glieration  score :
{ 32 hY B 0.014 [ 20 0 0 0 20 40
2 3 M w 0.014 2 20 0 Q 0 20 40
3 20 M B 0.083 9 20 0 0 0 20 40
4 3 F B 0.125 2 20 0 O 0 20 40
5, 21 M B 0.292 9 20 0 D ] 20 40 ‘
6. 23 M B 0.375 8 20 0 0 0 20 40 ;
7 %6 M B 0.646 9 20 0 0 0 20 46 v
8 46 13 W 0.667 1 20 0 0 0 20 40
9 g M w 0.833 4 20 0 g 0 20 40
10 40 M B 0.875 ] 20 0 Q 0 it} 40
i 43 M B 1.208 9 20 0 { 0 20 40
12 1 M B 1.250 1 20 0 4 9 20 40
13 43 M B 1.333 8 20 0 ] 3 n 40
14 24 M B 1500 7 20 0 0 0 20 40
13 19 1% W 1.500 3 20 Y 0 0 20 40 ‘
16 000 0M B 2,000 9 20 0 0 0 20 40 ‘
17 24 M A 2.500 3 20 0 0 0 20 40 1
18 26 M N 2750 8 20 8 g 0 2A) 56
19 70 gl B 4.500 9 20 ¢ 0 0 20 40
. 30 M W 4.500 4 20 3 3 0 20 50
21 19 M B 4,667 4 20 2 2 0 20 44
2, 18 M w 5.000 9 20 12 12 0 w0 G4
23 35 13 B 3.000 9 20 1 1 0 20 42
24, 5d M B 5.000 2 20 § 5 0 20 50
25. 25 13 B 5083 3 20 3 N 0 0 50
26, 54 M B 6,000 4 20 S 3 20 50
27 45 F B 8.167 2 20 6 6 0 20 52
28. 22 F W 8.6235 2 20 10 - 0 20 G0
29. 65 M W 10.000 2 20 2 2 0 20 44
30, 20 M B 11,250 2 20 4 4 Q 20 48
3L 23 M B 12000 3 20 3 5 &} 20 30
32, 15 M W 12.083 9 20 5 i 0 20 G2
33. 42 M B 13.000 1 0 [} 0 5 0 45
34, 6 3 B 15,000 9 20 0 0 3 20 43 |
35 32 M B 22.000 M 20 0 0 4 20 24 |
36 59 M B 24.417 1 20 0 0 3 20 23
37 35 M B 27.000 4 20 0 0 4 20 31
38 24 M B 28,000 6 T 0 0 13 20 39
39 22 M W 33.000 l 7 0 ¢ 7 20 34
LA 28 M B 36.000 9 O Q 0 14 20 34
1 20 M B 49.667 1 0 0 0 B 20 31
42 66 M B 167.000 3 ] 0 0 6 I 6

QU = erantecerebral injury.

Footnote: The survival period is here expressed in statistical terms in percentages of 24
hour periods with simple arithmetical progression.

Total score refers to total no. of areas of myocardium involved by a particular pathological
lesion, not CC injury score, which is a separate value; this latter could not be related to
outcome or carry prognostic significance.
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Concomitant with the above changesp a number
of distinct patterns of myocardial cellular injury began
to emerge. The eafliest of these changes, vacuoclar de-
generation, appeared within 20 minutes of injury
manifesting diffusely throughout the myocardium in the
sections studied. The later changes myofibrillar frag-
mentation and cellular dropout, precursors of focal
myocytolysis, followed a different pattern of myocardial
involvement. While focal, they were nevertheless widely
distributed throughout the myocardium and were sufficient-
ly distinctive that once recognised were easily relocated
on review of the sections or clearly seen on initial

examination of new sections.

Vacuolar degeneration

The myocardial fibres developed vacuoles of varying size
and concentration. While there appeared to be no uniform
pattern of vacuole localisation, the process appeared

to begin in the juxtanuclear zone. A vacuole, larger and
seemingly more prominent than the nucleus, could be
found on either side of the nucleus compressing and
distorting it. In transverse sections, cells with this
type of change exhibited a large empty hole surrounded
by a rim of myofibril-poor cytoplasm of varying width
i.e., manifesting a 'doughnut-like’ appearance, a term
originally coined by Grinvalsky and Fitch in describing
a distinctive cardiomyopathy occurring in Omaha, Neb-
raskae3 Alternatively, multiple smaller vacuoles could
be found diffusely throughout a myocardial fibre giving
it an eroded and 'moth-eaten' appearance. In areas,
these smaller vacuoles appeared to coalesce to form

larger, more prominent vacuoles (Fig. 8.1} .
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Fig. 8.1. Marked separation of myocardial fibres with exaggeration of intercellular
spaces by interstitial oedema. Vacuoles of varying size are present within numerous

myocardial fibres. In addition, contraction band necrosis is evident with opaque

tranverse band spanning the myofibres (arrows), distortion of myocardial fibres and |
aggregation of contractile material into thicker darker masses resembling ‘Chinese
writing’. Case no.1; 20 minutes of post injury survival |

(Haematoxylin and eosin x 80).
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Myofibrillar fragmentation

This appeared to involve the cardiomyocyte more uniform-
ly than vacuolar degeneration. Myofibrils fragmented and
disappeared throughout the cell in diffuse fashion while
the residual cytoplasm showed a fine dust-like evenly
dispersed granularity (Fig. 8.2; case no. 16: 48 hours
of post-injury survival). While the process may begin

in one or two cells it appeared with temporal progression
to involve small clusters of cells. In transverse sec-
tions, small gaps caused by myocardial disintegration
punctuated and interrupted the myocardial syncytium,
imparting looseness and a seeming lack of cohesion to
the myocardial architecture (Fig. 8.2). These changes,
while focal, nevertheless occurred throughout the myo-

cardium.

Alterations in nuclear morphology (muclear change)

A wide spectrum of striking nuclear alterations were
seen in all 20 areas of myocardium examined and being
present in all cases of post-injury survival ranging
from 20 minutes to 49 days (cases 1 to 41) (Table 2).
Nuclei were enlarged, irregular and distorted. A
particularly distinctive change was central clearing
of the nucleus with peripheral margination and clump-
ing of chromatin along an undulating nuclear membrane.
Nuclei thus appeared brick—-shaped, blunt-ended and
vesicular (Fig. 8.2). Figures 8.1 and 8.2 (cases 1 and
16, respectively) manifested, in addition, the presence
of contraction band necrosgis. This appeared as opaque
transverse bands with break up and distortion of the
myocardial fibres and aggregation of contractile
material into thicker darker masses having the appear-

ance of 'Chinese writing'®.
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Fig. 8.2. An early focus of myocardial cellular disintegration in the centre of the
field. Nuclear enlargement with vesiculation is noted in the left hand bottom of the
field together with peripheral margination of chromatin (arrows). In addition,
contraction band necrosis with aggregation of contractile material into ‘Chinese
writing” pattern is evident (thin arrows). Case no. 16; 48 hours of post-injury

survival (Haematoxylin and eosin x 400).
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While the time of appearance of the nuclear
changes paralleled that of interstitial oedema it persis-
ted longer. Unlike oedema, however, there was no tailing
off and gradual decline of the process but rather an ab-—-
rupt cessation at seven weeks (case no. 41) (Table 2).
However, in view of the fact that no cases in the study
survived beyond this period with the exception of a
single case at five-and-—a-half months, it is possible

that these nuclear changes persist longer than the time

observed in the study.

Focal myocytolysis

With progression to 66 hours after injury, a lesion

showing a central area of myocardial cellular disintegra-
tion with partial collapse of the interstitial stroma and
indistinct peripheral extension of the myocytolytic pro-
cess into the surrounding tissues became manifest (Fig.
8.3; case no. 18: 66 hours of post-injury survival). At |
this time the lesion appeared in its earliest stages

whether involving focal lysis of individual cardiomyo-
cytes or small clusters of cells. With further temporal
progression to 108 hours or more after injury and with
more severe involvement, fascicular aggregates of cells

displayed the change (Figs. 8.4 and 8.5; cases 20 and

21; 4 days and 12 hours and 4 days and 16 hours after ‘
injury, respectively).
With further progression of the process, a
full-blown florid lesion became manifest. In contrast
to the lesion seen at an earlier stage of evolution,
the full-blown florid lesion was both more distinct
and, despite its tongues of disintegrating tissue radiat-
ing and extending peripherally, more clearly demarcated
from The Surrouﬁding myocardium. This lesion was present
in all cases with five days or more of post-injury sur-

vival (cases 22 to 32; Figs. 8.6 to 8.8. (Table 1).
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Fig. 8.3. An early but well-defined focus of cardiac myocytolysis with cellular
dropout and showing some peripheral extension of the process in to the surrounding
myocardium. Case no 18; 66 hours of post-injury survival (Haematoxylin and eosin

x 160).
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Fig. 8.4. A further stage in lesion evolution and progression. Cellular disintegration
is present with peripheral extension of the process into the surrounding myocardium
which shows a more florid mononuclear infiltrate than that within the lesion proper
in which the infiltrate is noted by its paucity. Case no. 20; 4 days 12 hours of post-

injury survival. (Haematoxylin and eosin x 160).
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Fig. 8.5. Cellular disintegration at a slightly later stage of lesion evolution than that
seen in fig 8.4. The myocytolytic process shows indistinct peripheral extension into
the surrounding myocardium. An interstitial mononuclear infiltrate is present
throughout the process. In addition, contraction bands (arrows) appear to be present.

Case no 21; 4 days 16 hours of post injury survival (Haematoxylin and eosin x
160).




Fig. 8.6. Florid full-blown focal cardiac myocytolysis. Residual islands of
myocardial fibres are present within the focus together with a prominent
mononuclear infiltrate. Case no. 22; 5 days of post-injury survival (Massons’s

trichrome x 180)
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Fig. 8.7. A further focus of florid cardiac myocytolysis with peripheral extension of
the process into the surrounding myocardium and with an interstitial mononuclear
infiltrate. Case no. 28; 8 days 15 hours of post-injury survival (Haematoxylin eosin

x 180).
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Fig. 8.8. A focus of florid cardiac myocytolysis at a later stage of evolution than
that depicted in Fig. 8.7. Residual islands of myocardial fibres reduced in size are
present within the focus. Case no. 30; 11 days 6 hours of post-injury survival

(Masson’s trichrome x 80).




The greatest number of areas of myocardium show-
ing the florid lesion occurred in cases 22, 27, 28, and
32 in whom 12, 6, 10, and 11 areas showed this change res-
pectively (Table 2). The greatest extent and severity of

change also occurred in these areas (Table 3).

Mononuclear infiltration

Concomitant with the aforegoing focal myocytolytic changes,
a proliferative cellular reaction developed within the in-
terstitial stroma betweenvthe injured myocardial cells
(cases 18 and 20 to 32) (Table 2). This proliferative in-
terstitial cellular response, in contrast to the cellular
infiltration following classic myocardial infarction,
comprised mononuclear phagocytes rather than polymorpho-
nuclear neutrophils. This mononuclear response, both in
time of appearance of this interstitial response, as well
as in the number of areas of myocardium involved in this
reaction, paralleled that of cardiac myocytolysis, a not
unexpected finding in view of the rcle of the mononuclear-
phagocyte system in cellular injury and repair. The ex-
tent and severity of this response similarly paralleléd
that of cardiac myocytolysis with the exception of case
no. 20 which displayed an earlier non-florid lesion in
which the severity of the reaction was less than that of
the concomitant myocytolytic process. In all other cases,
however, the mononuclear interstitial reaction appeared

to be part and parcel of the myocytolytic lesion, para-
lleling it in time of onset, extent, and duration (cases
18 and 20 to 32; Figs. 8.4 to 8.8). As with myocytolysis,
the cases showing the most severe involvement in terms

of number of areas of myocardium involved as well‘as the
extent and severity of pathological change were cases

nos. 18, 22, 27, 28, and 32 (Tables 2 and 3).
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Table 3

Scoring according to extent and severity of pathological change,

Mononuclesr
Oedema Myocytolysis infiltxation Fibrosis MNuclear change
Cnse - Total
no. HExient Severity Extent Severity Fxtent Seyerity Extent Severity Extent Saverity seore
1. 100 60 0 0 0 0 0 0 100 60 320
2. 100 60 ] 0 ¢ ¢ O 4 100 60 320
3. 100 60 4] [¢ 0 4] Q Q 100 60 320 |
4, 100 55 0 0 Q M 0 [\ 95 43 293
5 100 60 0 0 0 ¥ 0 0 100 56 316
6. 160 59 a 0 0 [\ 0 0 88 32 274
7. - 160 60 0 ¢ ] 0 0 4 100 58 318
8. 100 60 0 ¢ 0 ] 0 ¢ 100 60 320 i
9. 100 60 0 Q 0 b} 0 0 93 55 310 "
10. 100 59 0 0 0 0 0 0 100 50 a09
58 100 59 ¢ 0 0 ) 0 0 95 55 30
12 100 58 [¢ 0 ] 0 0 0 90 46 294
13, 100 60 [¢ 0 0 ] 0 ¢ 100 60 320
14, 160 60 0 0 0 0 0 Q 100 60 320
{8, 100 60 0 0 0 4 0 { 100 40 300
16. 100 &0 0 0 0 4 0 0 100 60 320
17 100 60 a 0 0 0 0 0 100 60 320
18. 160 35 8 8 & & 0 0 100 42 329 i
19, 100 60 0 0 0 ] 0 4 100 56 316 |
20. 100 60 & 13 8 11 0 0 100 51 A58
21, 160 40 2 2 2 2 0 0 1Y 40 208
22 100 60 14 19 14 19 0 4] 100 60 386
23 100 4] i 1 1 I 0 0 100 60 324
24 100 &0 S 5 3 N 0 0 100 o680 340
25 10 60 5 5 5 5 0 0 100 60 340
26 100 60 5 3 5 5 0 ] 100 60 340
2 100 60 8 8 8 8§ 0 ] 100 60 352
28 100 60 10 12 10 12 0 0 160 60 364
29, 100 60 4 2 4 2 0 0 100 &0 332
30 10 60 4 4 4 4 0 0 100 60 336
3l 100 50 5 12 5 12 0 0 100 60 354
32, 160 60 13 17 13 17 0 0 100 60 380
33. 100 60 0 ¢ 0 0 5 5 100 &0 330
34, 160 60 0 0 0 0 5 3 100 60 328 :
35, 100 60 0 0 0 0 7 7 100 60 334 |
36, 100 60 0 0 0 0 3 3 100 60 326 |
31, 1 &0 G 4 0 0 1t il 100 @) 352
38. 18 ] [y 0 0 0 13 13 100 60 210
0. 17 7 0 0 0 0 9 8 100 60 201
40 0 4] 0 Q Q 0 14 2 100 G0 201
41, & 0 0 0 ] 0 11 22 100 60 193
42, 0 0 ¢ 0 0 0 6 12 0 0 18

Footnote: Total score represents a simple arithmetical summation of the individual scores
obtained in each case.



Derivation of scores

Twenty areas of myocardium were examined in each case. If,
for example, in Case no. 20 changes were noted within 9 -
10 high-power fields (HPF) in all 20 areas of myocardium
examined then, as indicated in the scoring system applied,
a score of 5+ was allocated and, by simple arithmetical

multiplication, 5 X 20 = 100.

Severity

Similarly, if on histopathological evaluation (as judged
by myself and subsequently reviewed and independently
corroborated by the cardiac histopathologist) a maximum
score of, say, 3 was allocated according to the judged
severity and found in all 20 areas of myocardium examined
then 3 X 20 = 60 and so on. This very simple system of
arithmetical summation and multiplication was applied to
and carried throughout all 5 different histopathological
changes observed, namely, oedema, focal myocytolysis,
mononuclear infiltration, fibrosis, and nuclear altera-

tions.
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Post-myocytolytic stromal collapse fibrosis
Following focal myocytolytic necrosis with progressive
disintegration of myocardial fibres, areas of post-myo-
cytolytic stromal collapse fibrosis appeared. These
areas, enclosing residual islands of fibres varying in
size were often punctuated by dilated vessels. These
early foci appeared from the 13th post-injury day on-
wards and involved between three to five areas of myo-
cardium (cases 33 and 34; Figs. 8.9 and 8.10) (Table 2).
Following the early stage of post-myocytolytic
stromal collapse fibrosis, a more mature stage appeared
on the 22nd day after injury (case no. 35; Fig. 8.11).
This manifested as a more pronounced area of fibrosis in
which residual islands of tissue varying in size and

with dilated vessels were still in evidence. Like the

earlier lesions noted at days 13 and 15 (cases 33 and 34),

these more advanced foci of stromal collapse fibrosis
were seen in a similar number of areas of myocardium
examined (Table 2).

At 24 days after injury a more clearly defined

focus of scar tissue formation appeared, possibly repre-=

senting type III collagen (case no. 36). This more promi-

nent desmoplastic nidus clearly lay further along the

evolutionary path of scar tissue formation. Like the

earlier foci of post-myocytolytic stromal collapse fibro-

sis, residual islands of myocardial tissue varying in
size and blood vessels were still present within the
nidus of tissue sclerosis together with scattered mono-

nuclear cells.

From about four weeks after injury (case no. 37),

well-defined discreet foci of scar Tissue became evident,

possibly representing type I collagen (cases 37 to 41;

Fig., 8.12). In contrast to the earlier stages of fibrosis

noted, these later definitive foci were more profuse and
involved up to 14 of the areas of myocardium examined.
However, like the earlier still evolving foci, residual

iglands of myocardial fibres were sStill present within
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Fig. 8.9. A focus of post-myocytolytic stromal collapse fibrosis with peripheral
extension of the focus into the surrounding myocardium. Residual myocardial
fibres varying in size are still present within the focus together with a sparse
mononuclear infiltrate. In addition, opaque contraction bands (arrows) appear to be

present. Case no. 33; 13 days of post-injury survival (Haematoxylin and eosin x

180).
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Fig. 8.10. A further focus of post-myocytolytic stromal collapse fibrosis with
peripheral extension of organizing fibrous tissue into the surrounding myocardium.
Residual islands of myocardial fibres varying in size are still present within the
focus. A dilated congested blood vessel is noted within the focus. Case no. 34; 15

days of post-injury survival (Haematoxylin and eosin x 180).
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Fig. 8.11. A focus of post-myocytolytic fibrosis at a more mature stage of scar
tissue formation than that seen in figs. 8.9 and 8.10. A vessel is noted within the

focus together with a number of residual islands of myocardial fibres varying in

size and a scanty mononuclear infiltrate. Case no. 35; 22 days of post-injury

survival (Haematoxylin and eosin x 100)
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Fig. 8.12. Post-myocytolytic fibrosis at a later stage of evolution than that seen in

Fig 8.11. The fibrotic process extends peripherally into the surrounding

myocardium with residual islands of myocardial fibres within the lesion. Case no.

38; 8 days of post injury survival (Haematoxylin and eosin x 115).
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these fibrotic foci but, in contradistinction to the ear-

lier lesions, no vessel dilatation or presence was noted.

Morphological patterns_of reactive fibrosis
As with focal myocytolysis, several distinctive patterns
of reactive fibrosis began to emerge, bearing close mor-—
phological resemblance to the patterns observed with the
variants of focal myocytolysis previously seen. The
first pattern that emerged and seen both in the early
phases of post-myocytolytic stromal collapse fibrosis
and the later stages of more advanced fibrosis was that
of discreet single foci widely separated and distinct
from one another with each focus surrounded by otherwise
uninvolved myocardium (Fig. 8.11). The second pattern,
again as seen with one of the variants of focal myocyto-
lysis, comprised foci in close proximity to one another
but nevertheless separated by an intervening band of un-
involved myocardium. The third pattern that emerged was
that of closely apposed foci which appeared to be in the
process of coalescing or merging with each other (Figs.
8.9 and 8.12). In these cases, a peripherally extending
tongue of fibrotic tissue appeared to bridge two foci.

As with the lesions of focal myocytolysis,
variants of the multiple pattern of involvement appeared
to consist of either large well-defined foci of approxi-
mately equal size or of a large focus with a smaller
neighbouring focus in close proximity to the major
lesion. Like the foci of focal myocytolysis in which
special stains such as phosphotungstic-acid haematoxylin
(PTAH) or Masson's trichrome were particularly effective
in delineating the process {(Fig. 8.8), these fibrotic
foci gimilarly evinced a stellate or cruciate configura-
tion with peripherally extending tongues of tissue
radiating into and infiltrating the surrounding myocard-
ium (Figs. 8.9 and 8.12). ’

Further examination of the foci of fibrosis

showed what appeared to be a clearing and dissolution of
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the residual myocardial cells within the centre of these
fibrotic foci (Figs. 8.9, 8.10, 8.11, and 8.12). This
myocyte clearing appeared to begin within the centre of
the cell extending centrifugally to leave a peripheral
doughnut-like rim of residual tissue, similar to the
changes observed both in vacuolar degeneration (Fig. 8.1)
and focal myocytolysis (Figs. 8.4 and 8.8). This in-
dividual cell lesion thus appeared to mirror the morpholo-
gical configuration of the multicellular foci of myocyto-
lysis and fibrosis which adopt a centrifugal pattern with
peripheral extension of the process.

With temporal progression a further pattern of
fibrosis became evident, manifesting from the seventh
week onwards (Fig. 8.13; case no. 41). In this form of
involvement, the fibrotic process adopted a more diffuse
pattern with widely disseminating tongues of tissue ex-—
tending peripherally into the surrounding myocardium.
Despite the widespread nature of the process, residual
islands of tissue were still apparent within these
fibrotic foci.

In essence, therefore, foci of post-myocytolytic
stromal collapse fibrosis became evident from the 13th
post-injury day (case no. 33; Fig. 8.9) (Table 2). With
lesion progression, evolution and development, further
more advanced and definitive foci of fibrosis appéared
with a more pronounced desmoplastic reaction (Figs. 8.10
to 8.12). These were found in all cases up to and includ-
ing five-and-a-half months of post-injury survival (case

no. 42).
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Fig. 8.13. Advanced fibrotic scarring with disseminating tongues of fibrous tissue
extending peripherally into the surrounding myocardium. Residual islands of
myocardial fibres are still present within the fibrotic focus. Case no. 41; 49 days of

post-injury survival (Haematoxylin and eosin X 15).
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Reference to Table 2 indicates an abrupt transi-
tion from those cases showing myocytolysis (cases 18 and
20 to 32) to those in which foci of stromal condensation
and fibrosis began to emerge (case no. 33) and culminating
in advanced fibrotic scarring (case no. 41; 49 days and
16 hours of post—-injury survival). The greatest number of
areas of myocardium involved by the fibrotic process
occurred in cases 37, 38, 40 and 41 in whom survival
periods after injury of 27, 28, 36, and 49 days were
respectively recorded (Table 2). The greatest extent and
severity of change in an area of fibrosis also occurred in
these cases (Table 3). Reference to Tables 4a to 4e shows
the frequency of involvement of each area of the heart by
each type of pathological change.

The primary purpose of Tables 2 and 3 was to
allocate a scoring system in an attempt to determine
whether any statistically significant relationship existed
between craniocerebral injury and different variables.
Scoring of the histopathological variables on the basis
of severity and extent of lesion thus not only accords
with standard histopathology practice and methodology
but provides for statistical purposes a reduction and ex-
pression of these changes in numerical terms and values.
These could then be compared with the craniocerebral in-
jury scores which, as indicated, were allocated on the
basis of depth of lesion which has been shown, as pre-
viously indicated, to correlate both experimentally and
clinically with severity and hence clinical outcome due
to the concomitant vasogenic ocedema which pathophysiclo-
gically results. Simply put, histopathological terms and
craniocerebral injury lesions must be expressed numeri-
cally as there is no other way to enable statistical
methodology to be applied.

Table 1 thus comprised the core data of age, sex,
ethnic group, and survival period in an easily readable
and tabulated form in accordance with standard methods of
basic data presentation. Table 2, on the other hand, com-

prised a representation of the number of areas of myo-




113

cardium involved by each type of pathological change with
the total score allocated being a simple arithmetical su-
mmation of the individual scores obtained in each case. |
However, so many O values were present (Tables 2 and 3)
from a statistical viewpoint these variables could not be
regarded as continuous. For statistical purposes, there-~
fore, these variables were divided into two groups,
namely 0 and *0. With regard to Total score 1 (Table 5),
and which refers to the histopathological variables, the
cutoff point was taken as 40 to form two groups as the
histopathological variables interstitial oedema and nuc-
lear changes together added up to 40 throughout cases 1
to 37.

In contrast to Table 1 where the survival period

is rendered in actual chronological time i.e., 20 minutes

(cases 1 and 2), in Table 2 this is reduced to and ex-
pressed in statistical terms. Thus, a survival period of
20 minutes in Table 1 is, in statistical terms, expressed
as 0.014 while a survival period of 8 days and 15 hours
(case no. 28) is expressed as 8.625 on a simple arithmeti-
cal progression. This approach, in addition to yielding |
the relevant statistical analyses, enabled easy identifi-

cation and recognition of the time of appearance of each

lesion facilitating comparison with other studies. Similar-
ly, in Table 2, the craniocerebral injury score derived
on the basis of depth and extent of lesion (the patho-
physiological basis of which is alluded to above) on an j
increasing scale of severity is shown. Table 3. Table 3,
on the other hand, shows the scoring according to the ex-
tent and severity of each type of pathological change
while Table 4, expressed into one meaningful table, shows
the frequency of involvement of each area of the heart by
each type of pathological change.
In Tablé 5, the results of the various U-tests
are summarized where the mean craniocerebral injury values
are quoted for interpretation purposes with the correspond-
ing p values. In this regard, while the level of signifi-

cance applied in behavioural research is conducted at the
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SUMMARY OF THE RESULTS OF THE VARIOUS U-TESTS
WHERE THE MAIN CRANIOCEREBRAL INJURY VALUES ARE
QUOTED FOR INTERPRETATION PURPOSES WITH THE
CORRESPONDING P VALUES.

Table 5
Classifying Mean CC
variables Class Il imjury p-valume
SEx Male 35 529 0.3279
Female 7 4.00
Ethnic group Black 30 5.43 ).2365
While 11 4.09
Cardiac { 28 5.36 0.5596
myocytolysis > {) 14 4.50
Mononuclear 0 28 5.36 (.5596
infiltration >0 14 4.50
Fibrosis 0 32 5.41 0.1913 ﬂ‘|
=0 10 4.00 |
Total score 1 <40 25 5,44 0.4980 %
>40 17 4.53 \

NOTE: FIBROSIS IS < 0.2
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.01 and .05 levels of significance, in exploratory research
as in this study a level of .20 may be deemed more appro-
priate,4 this being the level applied by the statistical
analyst.

While no significant difference and hence rela-
tionship was found to exist between craniocerebral injury
and the variables age, gender, ethnic group, focal myo-
cytolysis and mononuclear infiltration and nor could any
predictive values be ascribed to any of these variables
with regard to outcome, a statistically significant re-
lationship was found to exist between craniocerebral in-
jury and myocardial fibrosis, significance being taken
as indicated above at the p< 0.2 level appropriate to
exploratory research.

Other, therefore, than myocardial fibrosis no
myocardial change could be related to a scored cranio-
cerebral injury that might be a predictor for cardiac
integrity and integrity of the transplanted heart from
previously head injured victims. In other words, there
was no specific craniocerebral injury score at or beyond
which a predictable significant change would occur in
the myocardium apart from myocardial fibrosis. Thus, it
was not possible on the data to provide a specific
correlate that would reflect a clinical outcome although,
on pathological grounds, a natural progression is seen
to occur through cardiomyocyte dropout to necrosis and
healing by scar tissue formation and fibrosis, the latter
finding carrying implications for ventricular remodeling

and therefore myocardial integrity.
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CHAPTER 9

DISCUSSION: CARDIAC TRANSPLANTATION AND CATECHOLAMINE
CARDIOTOXICITY:-THE POTENTIAL LONG-TERM CARDIAC IMPLI-
CATIONS OF ANTECEDENT CRANIOCEREBRAL INJURY

While cardiac transplantation is established as treat-
ment for end-stage cardiac failure,l the selection of
donor hearts is beset with a number of difficulties.
Exclusion criteria to which selection of a donor heart
may be subject include age and unfavourable electro-
cardiographic changes, these being major causes for
refusal of potential donors.2 Furthermore, it has been

»

shown, both experimentally3 and clinically,sye that
brain death, a major prerequisite for cardiac explanta-
tion, is associated with severe haemodynamic detericra-
tion and that underlying this haemocdynamic derangement
is a profound alteration in cardiac contractility
manifested pathelogically by contraction band necrosis.
However, it has also been shown that this haemodynamic
derangement can be fully reversed despite the impair-
ment of cardiac contractile function if the heart is
excised and perfused ex vivo.

While these latter changes may be accompanied
by a switch from aercbic to anaerobic metabolism,
and were formerly thought to constitute a contraindica-
tion to transplantation, further studies have indicated
that brain-death induced impairment of cardiac con-—
tractile performane may not preclude the use of hearts
for transplantationmg The authors of this latter study,
while conceding that it was undertaken in the rat with
an ex vivo evaluation of functioral recovery, neverthe-
less felt the ability teo reanimate hearts before or
after extended periocds of hypothermic storage was in
no way.compromisedo Acute changes are, therefore, both

treatable and reversible, an encouraging finding in the
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light of current clinical practice of storage of donor
hearts for periods of up to 4 to 6 hours with preserva-
tion by single dose cardioplegic infusion. Thus, the
need to exclude hearts for transplantation simply on
the grounds of impaired haemodynamic characteristics
may no longer counstitute a valid criterion for exclu-

sion.

Catecholamine-mediated effects of increased intra-

What of the catecholamine-mediated effects of increased
intracranial pressure following head injury and, by im-
plication, in brain-dead donors on myccardial structure
and function 7210712 Studies in potential clinical
donors and in experimental animals have suggested that
brain death can have major functiomal and histopatholo-
gical effects on the myocardium013‘17 Histopathological
studies of the failed hearts very often reveal focal
damage of the myocardium. These cardiac lesions, often
typical, consist of petechial haemorrhages in the sub-
endocardium, contraction bandsgls and focal myocytolysis.
These changes are also found in patients dying from

acute cerebral lesions,lg’go

in experimental situations
involving catecholamine administration,zl or when brain
death is induced by acutely increasing the intracranial
pressurenzzyzs These latter changes, believed to be
caused by a catecholamine excess that occurs during

the process of brain death, are thought to be related
to a cytosolic calcium @verlaadag4 Thus, one of the
consequences of traumatic head injury is the initiation
of a cascade uf deleterious events related to activa-

. 25-28
tion of the sympathetic nervous system.
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Animal models of increased intracranial pressure

In animal models of increased intracranial pressure,
cerebral injury results in marked perturbations of
haemodynamics and histopathological’evidence of myo-
cardial dlzsunage.zg”38 Studies have also demonstrated
alterations in beta-adrenergic signal transduction

in model systems exposed to high levels of catechol-
amines. In cultured heart cells, short-term (1 to 4
hours) exposure to catecholamines generally causes
uncoupling fellowed by downregulation of beta-adrener—
gic receptors as well as calcium overload in isolated
cardiomyocytesa39‘43 Similarly, in in vivo models,
chronic elevation of norepinephrine also causes un-—

coupling of myocardial beta-adrenergic receptors from

mechanical response and adenyl cyclase stimulation.

Experimental models of the effect of brain death in

Experimental models of the effect of brain death have
shown that brain death can lead to a release of
catecholamines by distortion and compression of brain
mass, vascular compression, and/or architectural dis-~
tortion. Low levels of injury allow for a transient
increase in ICP and other haemodynamic variables
which then reverse as compensatoery processes or auto-~
regulation become effective. As injury severity
increases autoregulation becomes progressively imw
paired. It has been shown that when the sympathetic
storm is built up slowly, the haemodynamic changes
are not so acute and intenseQAS The sympathoadrenergic
system thus appears to have a graded ability to
respond to stress.

Further studies using experimental models of

brain death have similarly reported tremendous in-
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creases in catecholamine levels with typical cardiac
and pulmonary lesions.47~49 All of these studies,
however, used acute increases in the intracranial
pressure (ICP) to induce brain death. Evidence from
clinical situations shows that patients dying of
acute intracranial lesions large enough to produce
acute increases in ICP show tramnsmural scattered
foci of myocardial injury,50 and which are not seen
in patients with slowly progressive intracranial
tumours. From autopsy studies of patients dying at
varicus periods after sudden increases in ICP, it
appears that focal myocardial damage requires at
least 6 hours to develop. and 8 to 12 per cent of
the patients dying from acute cerebral lesions show
such cardiac damage.

While in humans the increase in circulating
catecholamine levels reflects the severity of the
neurological insult and is a physiological marker in
assessing patient cutcome in traumatic braimn injury,
Little is known about the relationship between the
extent of brain injury, catecholamine levels, and the
severity of myccardial damage. Hamill et 3153 reported
that in 33 patients with traumatic brain imnjury, the
levels eof circulating catecholamines appeared to be
excellent endogencus and readily quantifiable markers
that reflected the extent of brain injury and ?re-
dicted the likelihood of patient recovery. The cardiac
implications, however, were not investigated. It is
unclear whether the sympathetic response reflects a
diffuse axonal injury therefore or specific lesions
(brain stem and/cor other, although, as indicated in
chapter six, the area that appears to be most intimate-
ly linked with the cardiovascular system is the
orbital surface of the frontal lobe (area 13), follow-

ed by the anterior cingulate gyrus (area 24).
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Changes in the beta~-receptor-G-protein-adenylyl cyclase

What of changes occurring in the beta-receptor-G-pro-
tein-adenylyl cyclase complex in explanted human
hearts exhibiting depressed left ventricular systolic
function from donor heart dysfunction (DHD)?54 These

have been investigated by White et a155 who have

found that the prominent uncoupling of beta-adrenergic
receptors in DHD hearts is most likely caused by an
alteration in G-protein function, perhaps omn the

basis of an increase in the functional activity of

5 . . . }
Gi’ 6 without a change in the catalytic unit of |

adenylyl cyclase. The magnitude of impairment in
adenylyl cyclase activity in response to pharmacologi~
cal probing noted in the White study is in agreement
with the findings previously described in the chronic
norepinephrine infusion model and is quite similar
to the changes reported in end-stage chronic cardiac
failure.

The contractile response findings in the
White study were consistent with desensitization to
beta-agonist stimulation plus myoccardial damage

produced by catecholamine toxicity. Several experi-~

mental studies have shown a depression of myocardial
mechanical response by endogenous oOr €X0genous eleva-~
tion of systemic or regiomal adrenergic activity_BB

Similarly, massive sympathetic discharge jnduced by

brain damage in anaesthetized rabbits results in

typical catecholamine-induced myofibrillar damage

and causes a significant decrease in left ventricular

performance assessed two—and-a-half hours after the

initial insuthBQ The decrease in maximum contractile

response to calcium noted in the White study is also

in agreement with another investigation showing that

14 days of continucus norepinephrine infusion results



in an 18 per cent decrease in maximal inotropic res-—
ponse to calcium in isolated rabbit left ventricular
papillary muscles,60 Thus, unlike in chronic human
heart failurey61 DHD ventricles are characterized by
a decrease in the contractile response to both beta-
agonists and calcium i.e., 'downregulation'. This
suggests that the contractile apparatus is relatively
more damaged via catecholamine-mediated myocardial
injury in DHD than in chronic cardiac failure,6

based on the normal maximal systolic tension response
to calcium in the latter and with the former mediated
via altered left ventricular myocardial gene expre-

. 63
ssion.

Comparative findings of the White,55 Shivalkar,33

and Galinanes and Hearse3 studies

The findings of the White study are also in agree-
ment with those of Shivalkar et al, as the former
also report features typical of catecheclamine
toxicity in histological analysis of two DHD hearts.
The White data complement those of Shivalkar et al
by demonstrating that profound beta-adrenergic re-—
ceptor desensitization may contribute to DHD and teo
the poor functiomal recovery of these hearts when
transplanted. However, an important observation of
the White study was that despite these changes,
creatine kinase levels in DHD ventricles did not
differ from nonfailing organ donor controls, indica-
ting that abnormal contractile function may be

reversible, as shown by Galitianes and Hearse.

Clinical implications of the White study

The resgsults of the White study may have important
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clinical implicatiomns. The average age of the DHD hearts
in this latter study was 22 years; younger hearts ex-
hibit an increased sensitivity to beta-agonist stimula-
tion in vivo as well as higher beta-adrenergic receptor
density than older hearts°64 In this regard, they may
therefore be more vulnerable to a sudden increase in
sympathetic activity. This is of relevance to the
findings in the study in that the greatest number of
subjects fell into the 21 to 30 year age group, para-
lleling the distribution seen in studies of traumatic
injury to other organ systems indicated in the previous
chapter. The significance of this finding lies not only
in the fact that this young age group is the one most
frequently involved in traumatic injury but will then
also ceomprise the age group from which organs are most

frequently harvested for transplantation.

Elevation of circulating catechoclamine levels in non-~

traumatic pathological states

Elevation of circulating catechclamines also occurs in
some nontraumatic pathological states such as conges-—
tive cardiac failure and phaecochromocytoma. In conges-
tive cardiac failure, this might represent a complex
dysfunction of sympathetic neural regulation rather
than merely a reflex compensatory response,65 Marked
patient~to-patient variation occurs, however, as

while arterial norepinephrine levels are within normal
limits in one~-third of patients with severe congestive
cardiac failure, they are markedly elevated in others@66
A significant feature, however, is that the extent of
plasma norepinephrine elevation correlates directly
with the severity of left ventricular dysfunction and
predicts cardiac mortality@67 Moreover, in patients

harbouring a functional phaeochromocytoma, the catechol-

amine cardiomyopathy manifests itself as active focal




myccarditis and/or increased myocardial fibr@sis,68 of

particular relevance to the findings in this study

where areas of focal myocytolysis eventuated in myo-
cardial fibrosis. In phaeochromocytoma patients, further-
more, cardiovascular disorders are often the predominant
cause of death.

Beta-blockade has been beneficial in reducing
cardiac damage in the setting of brain injury,69 or in
nontraumatic conditions characterized by a sudden in-
crease in sympathetic activity such as myoccardial in-

70,71

farction. Since high doses of dopamine cause nor-

epinephrine release,72’73

and may therefore increase
cardiac adrenergic drive, dopamine and other catechol~
amines may not be the ideal agents for stabilization of

. T4~
blood pressure in organ donors. 4-76

Haemodynamic stress-induced cardiac adaptive and mal-
adaptive responses and the role of paracrine, auto-

crine, and neurchormonal mediaters im cardiac hyper-
trophy, left ventricular dysfunctiomn and ventricular

remodeling

Celiular and molecular changes have been identified

in dysfunctional myocardium which have important im-
plications for cardiac adaptation and maladaptation.77~82
Functional abnormalities in excitation-contraction
coupling, contractile protein function, and energetics
have been identified,ea_BS while at the molecular
level alterations have been identified in the ex-~
pression of several proteins that are central to
normal myocardial structure and function@89m91 There
is strong evidence from in vitre, animal, and human
studies to suggest that these molecular and cellular
events are secondary to both mechanical forces and

a variety of neuronal, endocrine, and autocrine/
paracrine mediators that act on the myocardium@92’98

Some of the responses identified are adaptive and
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sustain cardiac function while others are maladaptive.
Equally, some may play contributory roles for impaired
myocardial function, while others may simply accompany

the dysfunctional state as epiphenomena.

Mediators involved in cardiovascular adaptation under
conditions of haemodynamic stress and myocardial dys-

function

A variety of mediators are involved in adaptation of
the cardiovascular system under conditions of haemo-
dynamic stress and mybcardial dysfunction. Some act

on neighbouring cells of another type (paracrine
effect) or on the cell of origin (autoccrine effect)yloo
while others are circulating hormones (endocrine
effect). Mediators inveolved include peptides that act
primarily leocally in the vicinity of their production,
such as endothelin, peptide growth factors (i.e.,
transforming growth factor-alpha), and inflammatory
cytokines (i.e., interleukin-1 beta and tumocur nec-
sis factor-alpha). These and other local mediators

act in concert with the autonomic nervous system and
circulating hormones to modulate cardiovascular

organ function. Most importantly, many of these
mediators have effects on the growth of cardiovascu-—
lar tissues with implications for structural re-
modeling, cardiac hypertrophy, cardicomyocyte necrosis,

101-103
and cardiac adaptation and maladaptation. 01-10

Cytokines

Several peptidé mediators, including peptide growth

1 .
factors and inflammatory cytokines, 04 have important
effects on the myocardium and its vasculature. As their

name indicates, peptide growth factors are regulators
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of myocardial growth modulating gene expression im

cardiomyocytes, vascular smooth muscle cells, endo-
thelial cells, and fibroblas%s.lOS Peptide growth
factors can be expressed by several cell types in

1 .
the heart, including cardiomyocytes 06 and fibro-

blasts.107 Of relevance to the finding of cardiac
hypertrophy in this study, several peptide growth
factors have been shown to cause hypertrophy, with

increased expression of these factors in response

to haemodynamic stress and norepinephrine.

Of further relevance to myocardial hyper-—
trophy is that the inflammatory cytokine interleu-
kin-1 beta, has been shown to induce myocyte hyper-

108,109 Furthermore, cytokines may |

trophy in vitro.
exert long-term effects on the remodeling of myo-

cardial tissue (Fig. 9.1).

Endothelin

The meost potent peptide vasoconstricter released by

endothelial cells throughout the circulation is endo-
thelin. 197111 or snterest is that the release of
endothelin from endothelial cells in vitro can be

enhanced by several vascactive agents (i.e., nor-

epinephrine, angiotensin II, thrombin) and cytokines
(i.e., interleukin-1 beta). The growth promoting
effects of interleukin-1 beta have been alluded to
above while those of angiotensin II and norepineph-
rine will be discussed below. |
It has furthermcre been shown that in cul-
tured cardiomyocytes, endothelin itself induces
cellular hypertrophy associated with the induction
of foetal geneéPIIZ while in rats with pressure-
overload induced hypertrophy caused by aortic banding,
inhibition of myocyte hypertrophy and prevention of

foetal gene expression has been transiently produced
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Central role of cytokines in modulating the changes in the structure and function of

the myocardium

Remodeling stimull
Mechanical
Neurohormonal

“"Cytokines"
Angiotensin
Catecholamines
Endothelin
Peplide growth factors

| Inflammatory cytokines
| Nitric oxide

Myocardial remodeling
Hypertrophy
Phenotype
Extracellular matrix

Fig. 9.1. Central role of cell-to-cell interaction in myocardial remodeling. Both
myocytes and nonmyocytes (i.e., fibroblasts, endothelial cells, vascular smooth
muscle cells) in the myocardium produce a number of intercellular mediators, many
‘of which are cytokines, that may act on neighbouring cells in an autocrine or
paracrine manner thereby playing a central role in modulating changes in the
structure and function of the myocardium. (Thaik CM, Calderone A, Takahashi N,
et al. Interleukin-I modulates the growth and phenotype of neonatal rat cardiac

myocytes. J Clin Invest 1995; 96: 2555 —2564.) '
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by administration of the endothelin

A
BQ123,113 In addition, it has been shown experimentally

~receptor antagonist

in dogs that potent coronary artery vasoconstriction is
mediated by endothelin receptors.ll4

These aforegoing observations may, therefore;‘
provide a basis both for the myocardial nuclear changes
of'hypertrophy noted in this study (in conjunction with
the growth-promoting effects of catecholamines) as well

as providing a possible explanation for coronary vaso-

constriction and its attendant myocardial necrosis.

Evidence indicates that the Gq*coupled receptor
agonist angiotensin II has cardiotrophic effects
which may transduce experimental and human patho~
logic myocardial hypertrophy. Angiotensin II has
both direct and indirect actions on the myocardium,
medulating both cardiac contractility and hyper—-
trophy9115_121 Angiotensin II binding sites have
been described in the heart, and the development
of nonpeptide angiotensin II antagonists has led
to the characterization of at least two types of
angiotensin II receptors, designated ATl and AT2m122’123
The AT2 receptor does not appear to be G-protein
linked, and its true biological function remains
relatively unclear although there are suggestions
that it may be associated with a negative inotropic
effect.

Clinical and experimental studies have
clearly indicated that angiotensin receptor antago-
nists can produce regression of cardiac hypertrophy,
an effect that in some experimental models seems
independent from their effect on blood pressur96124vl27

Renin and angiotensinogen mRNAs have been demon-—

strated in the four cardiac chambers, and AT] mRNA
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is induced more than threefold in left ventricular myo-
cardium from hypertrophied heartsmlzg

Angiotensin II can diffuse through the cardiac
interstitium to activate receptors on cardiomyocytes,
leading to increased contractility and/or growth, in-
creased protein synthesis in chick cardiomyocytes,
and producing hypertrophy of rat cardiomyocytes with

hyperplasia of cardiac non-myocytes.129 Both these

actions are mediated by the ATl receptor. Furthermore,

an in vitro model of stretch-induced cardiac hyper-—
trophy has demonstrated that mechanical stretch
causes release of angiotensin II from cardiomyocytes

and may act as an initiator of the stretch~induced
30 |

hypertrophic response.
Further evidence for a cardiotrophic effect

of angiotensin II includes the observation of attenua-

tion of development of left ventricular hypertrophy

in pressure-overloaded mice by blockade of AT1 recep-—

tcrsylsl with similar regression of hypertrophy in

spontaneecusly hypertensive rats,laz and stimulation

of new protein synthesis in isclated perfused rat ’

hearts by direct administration of angiotensin II.133
Electron microscopy shows that immunoreactive

angiotensive II is preferentially localized in what

appear te be secretory granules in ventricular cardio-—
myocytes. Thus, these observations and multiple
avenues of investigation are consistent with the hypo-
thesis that locally produced angioctensin II acts as an
endogenous growth factor regulating myccardial growth,
as a transducer of in vivo patheclogic cardiac hyper-—
trophy and, at the same time, affecting the level of

expression of other growth factor genes.



The reole of beta-adrenergic stimulation of cardiac

non-myocytes in cardiomyocyte hypertrophy

As previously indicated, normal myocardium consists
of twe main cellular components:-— the myocyte, (con-
tractile compartment) and the surrounding non-myoc-—
cyte, suppert compartment. This latter compartment
consists of endothelial cells, smcoth muscle cells,
and the predominant non-myocyte cell type, the
fibroblast/mesenchymal cell. |

Apart from the obvicus functional differences
between these two compartments, they also differ mar-
kedly in their proliferative capacity. Unlike the non-
myocytes that maintain the ability to divide through-
out life, myocytes lose the ability to undergo cell
division soon after birth. As such, further growth of
the myocyte compartment occurs through enlargement,
or hypertirophy, of the individual cells which may be
physiologic, resulting from normal growth and exércise,
or pathologic associated with ischaemia/infarction.
Such pathoclogic hypertrophy differs from physi@l@gic
growth in that it is asscciated with myocardial dys-
function and is an independent risk factor for both
cardiovascular morbidity and m@r‘talitynla4

Utilizing a model of neonatal rat cardiomyo-
cytes in culture, Simpson et al have reported that
cardiomyocytes hypertrophy in response to adrenergic

135,136 g rthermore, this

receptor stimulation.
adrenergic stimulation leads to the re-expression of
foetal/neconatal contractile protein isogenes and
certain cellular oncogenes similar to that seen with
pressure~overload hypertrophy in viv03137 Sugges%ing
a common mechanism/s for the development of myoccardial
hypertrophy

Long et al have identified the cardiac non-
myocytes as the source of a heparin-binding growth

. 13
factor (NMDGF). 8 Accordingly, these workers were
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interested in determining whether adrenergic stimulation
of these non-myocytes could result in an enhanced para-
crine myocyte growth response. The possibility that the
beta-adrenergic system might have an effect on the non-
myocyte fraction of the heart had previously been
suggested by other workers who observed that adrenergic
stimulation of cardiomyocyte gene transcription

appeared to differ with reépect to receptor subtype
Purely as a function of plated cell densityclsg Briefly,
when plated at low density, the myocyte growth effect
and induction of contractile protein isoform switching

is predominantly alpha, in origin. In apparent contrast,

when cultured at highei densities, both alpha and beta-
adrenergic stimulation seem to result in these same
changes in myocyte growth and transcriptional program.
This apparent discrepancy might in fact relate to an
indirect beta—-adrenergic response. On investigation,
these latter authors found that stimulation of non-
myocyte adrenergic receptors results in the production
of a growth-promoting conditioned medium whose potency
exceeded that of medium conditioned by the non-myocytes
in the absence of adrenergic stimulationalﬂo Further-

more, work with the alpha, agonist phenylephrine

indicated that this respoise was specific to the beta-
adrenergic receptor. Additiconal characterization of

this response indicated that it was not due to an in-
crease in NMDGF production but might rather invblve

the TGF(transforming growth factor)beta family of

growth factors. Additionally, in experiments aimed at
defining an autocrine role of adrenergic stimulation

on the non-myocytes, Long et al found that beta stimula-
tion of these non-myocytes also resulted in an increase
in non-myocyte DNA synthesis. These observations suggest
that adrenergicistimulati@n of the non-myocyte compart-
ment of the heart may result in both an increase in
non-myocyte cell numbers and at least some of the

growth factor products they elaborate. However, the
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major thrust and finding of the Long et al study was
the observation that in addition to playing an active
role in the process of cardiac myoccyte growth under
'control' conditions, the noen-myocyte fraction of the
heart is capable of ggg@ggﬁigg the myocyte hypertrophic
response to adrenergic stimulation via a paracrine
mechanism/s.

Long et al found, in addition, that isopro-
terenol stimulated an increase in non-myocyte DNA
synthesis as an autocrine effect. The impact of this
latter observation should not be underestimated given
the fact that the number of non-myocytes exceeds that
of myocytes in the normal heart,l41 and further, that
the non-myocytes have been shown to increase their
numbers under pathologic conditions such as pressure-
overload hypertrophy and post-injury/infarction which
have been associated with a hyperadrenergic stateﬁlaz
Since these cells are responsible for the elaboration
of much of the extracellular matrix,143_146 changes in
their numbers and/or expression patterns in response
to adrenergic agents could have profound consequences

on both the systelic and diastoelic properties of the

heart.

Cardiac hypertrophy as a Gq~mediated autocrine/para-—

crine response and G_ signaling in haemodynamic stress

The most detailed mechanistic investigations of
cardiomyocyte signal transduction pathways underlying
hypertrophy have been performed using cultures of
spontaneously beating neonatal rat ventricular myo-
cytes. Using variations of this tissue culture model,
hypertrophic effects of phenylephrine, angiotensin
I, endothelin, and prostaglandin Fgalpha have all

147149

been demonstrated. A critically important

feature of these structurally diverse hypertrephic
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factors is that, like angiotensin II, they each stimu-
late a seven transmembrane-spanning receptor that ac-
tivates phospholipase C via the Gq class of GTP
(guanosine triphosphate)-binding proteins. Hyper-—
trophic effects of Gq~coup1ed receptor agonist§53r§51
assoclated with activation of phospholipase C, ?
with expression of activated Gq being sufficient to
stimulate at least some features of hypertrophy as
measured by increased cell size.ls2 Furthermore, not
only may these Gq-coupled receptor agonists be involved
in complex adaptive mechanisms but that in pathophysio~
logical states of haemodynamic stress and injury, vagal
'braking' may be insufficient to prevent or preclude
maladaptive responses resulting in left ventricular
dysfunction.

Of particular interest regarding the potential
relevance of qucoupled receptor agonists in pathelogic
cardiomyocyte hypertrophy is, as previously indicated,
the observation that angiotensin II and endothelin-1
can be released from mechanically deformed cardiomyc-~
cytesal53 Accordingly, secreticn of these Gq-stimula_
ting agonists from the heart could constitute an auto-
crine mechanism regulating hypertrophic responses.

That mechanical deformation could also stimu-—
late autocrine productiocn of quceupled receptor
agonists in the intact heart has been shown in a
study utilizing isolated perfused guinea pig hearﬁs.154
Taken in conjunction with the aforementioned im vitro
studies of mechanically deformed cultured neonatal
cardiomyocytes, this latter ex vivo study of isolated
perfused hearts suggests that the heart responds to
mechanical deformation with production of quactivao
ting agonists. These observations lend further support
to a causal relati@nship between secretion of these
avtocrine/paracrine factors and the development of
pathologic cardiac hypertrophy (Fig. 9ﬁ29)615‘5

With regard to the time onset of hypertrophy
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The proposed relationship between primary injury, haemodynamic stress and

sympathetic activation

v Hemodynamic ;‘
failure ‘

Neurohumoral
activation

CHF Syndrome /

Symptoms

Morbidity
Death

Fig. 9.2. A schematic representation of the proposed relationship between primary
injury, haemodynamic stress and sympathetic neurohumoral activation. According
to this thesis, haemodynamic and neurohumoral consequences of the initial injury
result in both left ventricular dysfunction and ventricular remodeling. (Adams JW,
Sakata Y, Davis MG, et al. Enhanced Gaiphaq Signaling: a common pathway mediates
cardiac hypertrophy and heart failure. Proc Natl Acad Sci 1998b; 95: 10140 —
10145.) 1*
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as an adaptive/maladaptive response following injury
and myocardial dysfunction, this ranges over days to

months and can be divided into three stages:

Stage I: early hypertrophy (days);
Stage II: established hypertrophy (weeks);

Stage III: further hypertrophy with myocardial cell
156

death and progressive fibrosis (months).

In addition to adrénergic nervous system

stimulation and modulation of cardiomyocyte as well
as non-myocyte growth,157 therefore, catecholamine
agents induce not only myocardial mecrosis but also
progressive ventricular remocodeling in response to

such necrosis.lSB Thus, as with angiotensin II w

which stimulates collagen~gel contraction by cardiac
fibroblasts (a2s well as modulating myocardial hyper-
trophy), a further pathogenetic mechanism for induc-
ticn of myocardial fibrosis and scar tissue formation

following injury should be considered.

qumediated cardiomyocyte apoptesis and progressicn to

hypertrophy decompensation

An important component of the transition to hypertrophy
decompensation and heart failure is myocyte necrosis.ng |
Regardless of the cause of myocyte death, the load on i
the residual cells rises leading to reactive hyper- |
trophy, which may further impair the function of these
myocytes. With cellular death comes drop-out of in-
dividual myocytes which has been observed in both the
senescent rat and human heartEIGO and which may contri-
bute to the development of myocardial dysfunctioﬁa

A mechanism of cellular deletion which has
been implicated in the physio]bgical atrophy of
various tissues and organs but which can also be
initiated by patheological stimuli 1is apopt@sisal61v17o

The structural changes which occcur in apoptosis,




while occurring in two discreet stages, nevertheless
show striking morphological similarities to the spec-
trum of changes observed in the early stages of the
catecholamine~induced lesion. These include: i) the
aggregation and clumping of nuclear chromatin inteo
dense masses and their peripheral condensation and
margination beneath the nuclear envelope; ii) the
presence of lucent cytoplasmic vacuoles; iii) the
tendency for the process to affect cellular clusters
while in the initial stages scattered single cells
are affected, and; iv) the cccurrence of the process
following the administration of exogenous noxious
agents, as may also be observed with the lesions of
focal myocytolysis.

As indicated, increased Galphaq expression
and signaling are not only associated with ventricu-
lar remodeling and hypertrophy decompensation in
humans but alsc in Galphaq transgenic mice and other

experimental animals which express high levels of

G in the heartal71 Furthermore, increased
alphag

Galphaq expression and phospheolipase signaling have

been described in the scar and peri-infarcted myo-
cardium of rat hearts eight weeks after coronary
artery 1igation,l72 Hence, transgenic mechanisms
which increase expression of and signaling through
myocardial Galphaq
hypertrophy and ventricular failure in both humans
and experimental animals.

A pathophysioclogical explanation for the

progression of G ~mediated myocardial hyper-—

alphag
trophy to cardiac failure has been suggested by the

observation that greatly enhanced G signaling

alphag
in vitro can cause cardiomyocyte apoptosis. This is
consistent with the findings of Althoefer et al in
noncardiac cells transfected with constitutively
activated Galphaq in which high levels of Galphaq
signaling can stimulate apoptosis in cultured

cardiomyocytesml73 Studies using this in vitro

are associated with cardiomyocyte
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model, therefore, have not only shown that exaggeration
of signals leading to hypertrophy would induce apopto-

sis, but also that when PGF(prostaglandin F) or

2alpha
other agonists of qucoupled receptors is added to
G N . . . N
alphaexpre581ng cells, phosphoclipase C activation is
enhanced and the cells undergo apoptotic cell death.
An in vivo correlate of qumediated cardio—-
myocyte apoptosis is the unique peripartum cardiomyo-

pathy which develops in G transgenic mice.

alphagq
overexpressing mice in the terminal period of

Galphaq .
pregnancy or immediately following delivery develop

an extremely rapid and aggressive cardiomyopathy which
is lethal in approximately 50 per cent of overexpre-
ssors. The hearts from animals with this peripartum
cardiomyopathy exhibit massive biventricular and bi-
atrial dilatation. Histopathologically, the hearts
demonstrate evidence of cardiomyocyte dropout and
replacement. Bicchemical studies of ventricular tissue
from the apoptotic cardiomyopathic peripartum over-—
expressors show exaggerated protein kinase C activity
and, consistent with in vitro studies in apoptotic

cardiomyocytes expressing activated G » Selec~

alphaq
tive activation of Jun kinase and p38. Significantly,
and as has been indicated, protein kinase C activa-
tion has also been implicated in the G ~mediated
alphag 173
fibroblast apoptosis reported by Althoefer et al.
Thus, in vivo studies indicate a role for G
alphaq
signaling not only in stimulating cardiac hypertrophy,
but also in decompensation of the hypertrophied heart

through stimulation of cardiomyocyte apoptosis.

The role of catecholamines and alpha-adrenoceptors in
coronary artery spasm, contraction band necrosis and

cardiemyocyte necrosis

The coronary arteries taking origin from the ascending

aorta are richly iannervated by adrenergic and parasym-
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pathetic nerves§174 with both alph31~ and alpha2- ad-
renoceptors present0175 When activated by neuroconally
released or circulating norepinephrine both cause

176,177

vasoconstriction, which appears to be mediated

by an increased concentration of calcium in coronary

178,179

vascular smooth muscle. Further evidence indi~

cates potent vasoconstriction being mediated by nor-—
. . . . 180
epinephrine~driven endothelin receptors.

Tntravenous use of norepinephrine induces a
brief fall, followed by a sustained rise, in coronary
vascular resistance, accompanied by a decline in coro-

. . 181 . . .
nary sinus oxygen saturation, while intravenous in-—
fusion of methoxamine, a direct-acting sympathomimetic

alpha, -receptor agonist, reduces the diameter of

coroniry arteries, despite increasing intraluminal
pressure.182

Alpha-adrenoceptor stimulation can induce
coronary spasm that can be prevented by phenoxybenz-
amine, an alpha-adrenoceptor antagonist that covalently
binds to the alpha-receptor site resulting in irrever-—
sible blockade, as well as prazosin, an extremely
potent alpha»réceptor antagonist, highly selective for

alpha, ~receptors but with relatively low affinity for

83

1
-receptorsal in the clinical context, the

2
finding in some patients with chronic stable angina

alpha

that administration of alpha-receptor blockers can
reduce exercise-induced ST-segment depression and
angina indicates that alpha-receptor-mediated coronary
vasoconstriction may play a contributory role in the
development of myocardial ischaemia resulting in these

184,185

patients. T+ has also been reported that co-

caine, a local anaesthetic that has assumed prominence
as a substance of abuse, 1s a potent coronary vasocon~
. i , 186-188
strictor both in dogs, rats, and humans. Be~
cause this effect can be prevented by the alpha-recep—
tor blocker phentolamine, it appears to be mediated,

. . . 89
2t least in part, by alpha-adrenergic stimulation.
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In this regard, it is of interest that cocaine 'binging’
produces progressive left ventricular dysfunctionylgO
lending further support to the reports of alpha1~adrenom
ceptor modulation of cardiomyocyte hypertrophy, cardio—
myocyte necrosis, and progressive ventricular remode—
1ingn191

In the living patient, the diagnosis of coro-
nary vasoconstriction depends on the elucidation of
certain clinical variables during the acute episode
(i.e., transient ST-segment changes), or by the repro-
duction of clinical symptoms at a later stage by a
controlled provocative clinical ﬁrial.lgz’lga Ulti~
mately, the diagnosis in the living patient can be
confirmed by visualization of transient constriction
during coronary angiography,194’195

For a number of years, Factor and his coworkers
had observed focal alterations in coronary artery
medial smooth muscle cells studied at autopsy from
patients with presumptive coronary spasm, and which has
been documented to be a primary cause of transient
coronary obstruction in patients with atypical angina

. 198~
196,197 and acute myocardial infarction. 98~200

pectoris
In the postmortem material éxamined by Factor, the
observed smooth muscle changes resembled contraction
bands. Accordingly, these workers designed a study to
evaluate the frequency of coronary contraction bands
in routine autopsy material, and to correlate their
presence or absence with any clinical or pathological
features that might suggest the development of coro-—
nary vasnconstrictiona201

In this latter study, these workers specifi-
cally elected to analyze coronary arteries in an un-
selected group of patients dying without my@@ardial
infarction and without clinically recognised coronary
artery spasm. On completion of this study, these
workers found contraction bands in 47 (74.6%) of

their 63 cases, concluding that medial smooth muscle
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contraction bands were markers of terminal antemortem
coronary artery vasoconstriction. More significantly,
this study demonstrated the apparent correlation of
contraction bands with terminal conditions associated
with elevated levels of catecholamines.

While contraction bands have been demonstrated
in the media of coronary arteries in association with
vasoconstriction as well as in myocardium in association

with elevated levels of catecholamines, they have also

been described in the myocardium in shock as well as
reperfusion injury following myccardial infarction°202
In the myocardium they are also known as zonal lesions
and comprise opaque transverse contraction bands within
a cardiomyocyte close to an intercalated disc. They are ;
accompanied by shortening of the sarcomere, fragmenta~-
tion of the Z bands, distortion of the myofilaments,
and, under the electron microscope, mitochondrial dis-
placement away from the intercalated disc.

A study of myocardial changes assocliated with
both cardiogenic shock following myocardial infarction
and noncardiogenic shock conducted at Harvard nearly
forty years ago revealed an interesting pattern of
myocyte necrosis differing from that seen in cases of

myocardial infarction without shock. This pattern

comprised small foci of myocyte necrosis throughout
the left and right ventricles varying from a few
tenths to 3 mm in diameter. The lesions were often
surrounded by vacuolated myocytes and, while neutro-~
phils were uncommon in the lesions, macrophages were
present. In addition, some of the most extensive
focal necroses occurred in patients with shock in the
absence of exogenous catecholamine administratienozos
Both older and more recent studies have shown that
shock states with norepinephrine release can produce
focal cardiomyocyte necrosis (in addition to left
ventricular dysfunction) in the absence of other exo-
genous factors in a variety of experimental and

.. 204~
c¢linical conditions. 04-211



Morphological coincidences between the apoptotic changes
observed in the heart and those observed in neural and

other tissues

A particularly pronounced morphological change noted in
the study was central clearing of the nucleus with peri-
pheral margination and condensation of chromatin along
an undulating nuclear membrane. This apoptotic change 1s
of especial interest in the light of a similar distur-—
bance occurring in cortical neurons. In these latter
cells, the Nissl substance disappears from the centre
of the cell and becomes concentrated at the cellular
periphery. While these neuronal changes have been re-
garded by neuropathological investigators as a nonspeci-
fic response to injury, it has nevertheless been ob-
served in many subjects who have general circulatory
failure and some degree of hypoxia. Hyperchromaticity
of the nuclei of endothelial cells has similarly been
degcribed in the same clinical Settingazlz

Electron microscopic studies of cardiomyocytes
have described mitochondrial enlargement and swelling
with increase in the intracristal space in sympatho-
mimetic agent-induced myocardial injury.213 As pre-—
viously indicated, studies have shown that norepineph-
rine stimulates hypertrophy of cardiomyocytes thus
providing an additional background for the myocardial
nuclear changes of hypertrophy seen after head injury
with its ensuing catecholamine release.

Further electron microscopic findings that
have been observed in cardiomyocytes following sym—
pathomimetic agent-induced myocardial injury are dila-

tation of the sarcoplasmic reticulum as well as

: . . 214
swelling and dilatation of the endoplasmic reticulum.
These electron microscopic findings have also been

. . . R N - 215-223
noted in studies of ischaemlc neurons. S In hepato-

cytes subjected to hypoxia, including that of acute

1431
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cyanide p@isoning,224 cytoplasmic microvacuolation has
been described similar to that observed im the cardio-
myocytes in the study. As seen on electron microscopy,
this vacuolation is associated with severe mitochond-
rial changes and sarcoplasmic disscciation. Similar
changes have also been described in the epithelial
cells of the thyroid, pituitary, adrenal, and in some
parietal cells of the stomach mucosa in subjects ex-—
posed to high-altitude hypoxia.225

The changes observed in the cardiomyocytes in
the study are therefore intriguing on several counts:
i) it is feasible that the nuclear and cytoplasmic
changes in the cardiomyocytes represent, as in cortical
neurons and other cells, an episcde or element of
hypoxia (in the case of cardiomyocytes following on
brain injury) or ischaemia following the effect of
catecholamines on the‘myccardium and manifesting as
apoptotic cell death; ii) it appears that the nucleil
of cells of differing embryoclogical cell lines can
and do respond to insults within a very short time of
noxious stimuli and, apparently, in a remarkably '
similar manner. The early onset of nuclear change ob-
served within 20 minutes of injury in the study is
analogous to the time span observed in primates in
which neuronal alterations were noted within 20
minutes after an episocde of controlled hypoxia while
astrocytic swelling was noted as early as 10 minutes
after deathgzzﬁ and: i1ii) analogous to the changes
occurring in neurons following hypoxia in which early
neuronal alteratiocns are followed by progressive loss
of nerve cells and eventually by a gliomesodsrmal
reaction, so too were the early cardiac histopatholo-
gical changes followed by a sequential and similar

series of reactions.




As indicated, twelve of the subjects in the
study were noted to have increased heart weights i.e.,
cardiac hypertrophy. From a pathological viewpoint
this is a potentially very important aspect since
ischaemic heart disease, dilated cardiomyopathy or
hypertensive left ventricular hypertrophy may in
themselves lead to cardiac myocytelysis. This latter
aspect is of particular importance in view of the fact
that histopathological examination of endomyocardial
biopsies or of hearts of patients with dilated cardio-
myopathy at autopsy reveals only vague and nonspecific
changes and there may be no significant alterations in
as many as 25 per cent of the casese227’228 Further-
more, the coronary arteries in patients with dilated
cardiomyopathy are most often normal or have minimal
to moderate atherosclerosis compatible with the
patient's age. However, the hearts in dilated cardio-
myopathy patients are always increased in weight, in
some cases up to 900 g. while in 30 of the 42 subjects
in the study (71.4%) the hearts were of normal weight
tending to exclude a dilated cardiomycpathy or hyper-
tensive left ventricular hypertrophy as the cause of
the myocytolysis noted.

With regard to the question of ischaemic
heart disease being a cause of or contributory factor
to the focal myocytolytic changes noted, none of the
subjects in the study displayed a significant degree
of coronary artery narrowing or atheromatous vaso-
occlusive disease. This included case no. 42, that of
a 66-year-old black male with a post—-injury survival
periocd of five~and-a-half months. This latter finding
is in keeping with the generally low incidence of
atheromatous coronary artery disease noted in South
African back méles in comparison with their white
counterparts. The coronary arteries had, as indicated,
been examined by means of transverse incisions at 3 to

4 mm intervals throughout the major coronary arteries
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with individual transverse incisions being then sequen-—
tially linked by longitudinal cuts using fine scissors.
This latter methodology can, according to most authors,
provide adequate data for c¢linico~-pathological correla-

tion.

The significance of the florid myocytolytic lesion and

its evolution and progression to fibrosis

Apart from the morphologically distinctive centrifugal

nature of the myocytelytic lesion (which manifested as

peripherally extending areas of myoccyteclysis), two
further features emerged: 1) the progressive nature
of the lesion creating a spectrum of increasingly
more prominent myocyteolysis eventuating and culmona~
ting in formation of the so~-called 'florid lesion’,

a term not hersztofore used in the literature to describe
the fully fledged lesion, and; ii) progression and
evolution of this latter lesion to areas of post-myo-~
cytolytic stromal collapse fibrosis, more mature
fibrosis, well-defined and more discreet areas of
fibrosis and, finally, diffuse fibrosis. The failure

to clearly differentiate the early developmental

stages of focal myocytolysis from the later fully

evolved lesion accounts for the discrepancies in the

time of onset and evolution of this process noted by |
different authors as well as a lack of descriptive

standardization of this important lesion in The lite-

rature.

The findings, therefore, of eveolution and
progression of the lesions of focal myocytolysis
through stromal condensation and collapse eventuating
in myocardial fibrosis is of particular significance
in the light of studies conducted by Rajs who specifi-
cally investigated the relationship between cranio-

cerebral injury, subsequent myocardial fibrosis, and
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cardiac failure°229’230

In these latter studies, all
patients had sustained craniocerebral injury, all
showed similar histopathological changes in the myo-
cardium to those seen in the present study and all
patients surviving beyond 21 days after injury showed
evidence of myocardial fibrosis. This included an
eight-year-o0ld boy who had survived for seven years
after a head injury and in whom death was attributed
to acute myocardial insufficiency as a consequence of
myocardial fibrosis. The paediatric age group of the
patient is of relevance in the light of a report of
transient ventricular septal hypertrophy in the first
year of life associated with neonatal brain injury, 31
as well as of reports of the production of electro-
cardiographic abnormalities following head injury 1in
children alluded %o in chapter six. The report of
ventricular septal hypertrophy in the paediatric age
group is thus iﬁtriguing on two counts: i) the altera-
tions in nuclear morphology found in the present study
which, in addition to representing apoptotic cell
change are, as previously indicated, a paracrine and
autocrine~-mediated stress~induced cardiac adaptive

and maladaptive response, and; ii) left ventricular
hypertrophy has been known to have the potential of
developing over the short time span of a few weeksozgz
It is of interest that subarachnoid haemorrhage can,
in this context, not only be associated with abnormal
myocardial perfusion and reversible left ventricular
wall motion abnormalit1653233~247 but that the cate-—
cholamine 'storm' characterized by copious release of
norepinephrine from cardiac receptor sites during
acute cerebral insults is assocciated with myocardial

damage, as reflected in a rise of cardiac enzymes

249-253
(CPK»MB)Bzdg

cardiac troponin I (eTnl) elevation,

D54~
left ventricular wall motion abnormalities, 54-263

myofibrillar degeneration and contraction band necro-

. . . . .. 264267
sis on light microscopy, and subendocardial injury.




As a corollary, and while this is a very
different condition, it is of imterest that many of
the changes observed in the study such as hyperchro-
maticity of nuclei, alterations in nuclear morphology,
prominent interstitial and intracellular oedema, focal
myocytolysis and myocardial fibrosis have also been
described in muscular dystrophy,268’269 with fatal
cardiac arrhythmias and sudden death occurring as a
result of fibrotic involvement of the Purkinje con-
duéting syétém.27o

The present study thus differs from that of
Galinanes, Smolenski and Hearse previously alluded to
in that it raises the issue of long~term impairment
of cardiac contractile performance rather than that
of the acute impairment occurring in the brain death
period immediately preceding cardiac transplantation
and which, as shown by these workers, is treatable.
Several studies have shown that not only can cardiac
myoccytolysis in its acute form in humans contribute
to or cause death when sufficiently extensive927lw274
but that brain injury-induced myocardial histopatho-
logical change carries the potential of preoducing myo-
cardial fibrosis, long-term myocardial insufficiency

and eventual cardiac failuPe€275—278

Rajs has stated
that: "It is evident that a relationship exists bet-
ween acute lesions of the myocardium and severe trauma
or craniocerebral injury. These lesions may give rise
to cardiac hypertrophy and myocardial fibrosis i.e.,
cardiomyopathy resulting in cardiac insufficiency and
death.?®

Like the histopathological lesions in the

279,280 The myocardial lesions

Rajs and other studies,
in this study appear to reflect different stages in
the evolution, progression and development of myo-
cardial lesions following head injury, the latter
being the reason for admission to hospital in all

subjects in the study. Furthermore, apart from the
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two subjects who had only survived for 20 minutes after
injury (cases 1 and 2 who demised in the emergency
room), all other subjects had been admitted to the
neurosurgical ward and had remained there until demise
in a comatose state sustaining no further injuries or
disease processes other than a terminal bronchopneu~
monia, a common accompaniment and concomitant of

terminal vegetative states.

Conclusion

In view of the statistically significant relationship
that was found to exist between craniccerebral injury
on the one hand and myocardial replacement fibrosis on
the other the latter appearing to have progressively
evolved from earlier foci of myocytolysis through post-
myocytolytic stromal condensation and stromal cocllapse
fibrosis followed by a more mature stage of scarring
it is felt that in those cases with a history of ante-
cedent craniocerebral injury the possibility of long-
term myocardial insufficiency and impairment of
cardiac contractile function on the basis of myccardial
fibrosis should be considered. This latter possibility
should be borne in mind both in long-term survivors of
head injury and in cardiac transplant recipients who,
of necessity, acquire donor hearts from head injured
brain dead victims,281”282
It is suggested, therefore, that clinicians
treating long~-term survivors of head injury, in parti-
cular young survivors, be aware of this potential
complication and that follow-up, surveillance and
monitoring of the clinical cardiovascular status be
undertaken routinely and as a standard procedure in
these patients. With regard to cardiac transplantation
patients in whom, as indicated, most donor hearts

.. . . 283
have been harvested from head injury victims, the
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possible advent of cardiac decompensation on the basis of
myocardial fibrosis should be considered, particularly

in view of the fact that myocardial scarring and replace-
ment fibrosis has been shown to predominantly affect and
involve the left ventricle and its papillary muscles.
These areas represent the most actively contractile part
of the heart subjected to the greatest volume and hence
the correspondingly greatest contractile demands. It is
of significance in this regard that a study by Schlesin-
ger and Reiner as far back as 1955 showed focal myocyto-
lysis to be more common in the left ventricle than in

the right,284 and with later studies confirming the mor-

phological appearance of the apoptotic lesion.285
Future pharmacological interventions and early
institution of appropriate therapeutic modalities may
possibly modify beta—-adrenergic signal transduction as
well as the histopathological lesions of catecholamine-
mediated myocardial injury and its progression to myo-
cardial fibrosis enlarging thereby the potential cardiac

transplantation donor pool and, more importantly, en-

hancing patient survival and quality of life.

148

E
i
\
\



REFERENCES

Kriett JM, Kaye MP. The registry of the International

Society for Heart and Lung Transplantation: Eighth
official report-1991. J Heart Lung Transplant 1991;
10: 491-498.

Smart FW, Mobley RA, Holter VL, et al. Variability
of organ utilization criteria exarcerbates the
national shortage of heart donors. (abstract) J Am

Coll Cardiol 1991; 17: 273A.

Galinanes M, Hearse DJ. Brain death~induced impair-
ment of cardiac contractile performancé can be re-
versed by explantation and may not preclude the use
of hearts for transplantation. Circ Res 1992; 71:
1213-1219.

Novitzky D, Wicomb WN, Cooper DKC, et al. Electro-
cardiographic, haemodynamic and endocrine changes
occurring during experimental brain death in the

chacma baboon. J Heart Transplant 1984; 4: 63-69.

Darby JM, Stein JMK, Grenvik A, et al. Approach to
management of the heart—-beating 'brain dead' organ

donor. JAMA 1989; 261: 2222-2228.

Novitzky D, Cooper DKC, Reichart B. Hemodynamic
and metabolic responses to hormonal therapy in
brain—-dead potential organ donors. Transplantation

1987; 43: 852-854.

Baroldi G, Silver MD, De Maria R, et al. Frequency
and extent of contraction band mecrosis in ortho-
topically transplanted human hearts. A morphometric

study. Int J Cardiol 2003; 88: 267-278.

Novitzky D, Cooper DKC, Morrell D, et al. Change
from aerobic to anaercobic metabolism after brain
death and reversal following triiodothyronine.

Transplantation 1988; 45: 32~36.

Galinanes M, Smolenski RT, Hearse DJ. Brain death-

149




10.

11.

12.

13.

14.

15.

16.

17.

18.

induced contractile dysfunction and long—term cardiac

preservation. Circulation 1993; 88: I1I-~-270-11-280.

Wilson RF, Laxson DD, Christensen BV, et al. Regiomnal
differences in sympathetic reinnervation after human
orthotopic cardiac transplantation. Circulation 1993;

88: 165-171.

Bengel FM, Ueberfuhr P, Ziegler SI, et al. Serial
assessment of sympathetic reinmervation after ortho-
topic heart transplantation. A longitudinal study
using PET and C-11 hydroxyephedrine. Circulation
1999; 99: 1866-1871.

Depasquale NP, Burch GE. How normal is the donor

heart? Am Heart J 1969; 77: 719-720.

Arab D, Yahia AM, Qureshi AI. Cavrdiovascular manifes—
tations of acute intracranial lesions: pathophysiolo-
gy, manifestations, and treatment. J Intens Care Med

2003; 18: 119-129.

Dujardin KS, McCully RB, Wijdicks EFM, et al. Myo-—
cardial dysfunction assocciated with brain death:
clinical, echocardiographic and pathologic features.

J Heart Lung Transplant 2001; 20: 350-357.

Bittner HB, Chen EP, Milano CA, et al. Myocardial
beta adrenergic receptor function and high~energy
phosphates in brain death-related cardiac dysfunc-—

tion. Circulation 1995; 92(suppl II): II-472-478.

Seguin C, Devaux Y, Grosjean S, et al. Evidence of
functional myocardial ischemia associated with myo-
cardial dysfunction in brain-dead pigs. Circulation

2001 ; suppl 104: I-197-I-201.

Khullar M, Datta BN, Wahi PL, et al. Catecholamine-
induced experimental cardiomyopathy- a histopatho-
logical, histochemical and ultrastructural study.

Indian Heart J 1989; 41: 307-313.

Todd GL, Baroldi G, Pieper GM, et al. Experimental

catecholamine—-induced myocardial necrosis: I. Mor-—

150




19.

20.

21.

22.

23.

24 .

25,

26 .

27 .

28 .

phology, quantification and regicnal distribution
of acute contraction band lesions. J Mol Cell Car-

diol 1985; 17: 317-338.

Sato K, Masuda T, Izumi T. Subarachnoid hemorrhage
and myocardial damage: clinical and experimental

studies. Jpn Heart J 1999; 40: 683-701.

Greenhoot JH, Reichenbach DD. Cardiac injury and
subarachnoid hemorrhage: A clinical, pathological,
and physiological correlation. J Neurosurg 1969;

30: 521-531.

Beckman DL, ITams SG. Circulating catecholamines in
cats before and after lethal head injury. Proc Soc

Exp Biol Med 1979; 160: 200-202.

Rosner MJ, Newsome HH, Becker DP. Mechanical brain
injury: the sympathoadrenal response. J Neurosurg
1984; 61: 76~-86.

Woolf PD, Hamill RW, Lee LA, et al. The predictive
value of catecholamines in assessing outcome in

traumatic brain injury. J Neurosurg 1987; 66: 872-
882.

Mallov S. Role of calcium and free fatty acids in
epinephrine—~induced myocardial necrosis. Toxicol

Appl Pharmacol 1983; 71: 280-287.

Leenen FHH. Cardiovascular consequences of sympathe-
tic overactivity. Can J Cardiol 1999; 40(suppl A):
2A-5A.

Jiang JP, Downing SE. Catecholamine cardiomyopathy:
review and analysis of pathogenetic mechanisms.

Yale J Biol Med 1990; 63: 581-591.

Naredi S, Lambert G, Eden E, et al. Increased sym-
pathetic nervous activity in patients with non-
traumatic subarachnoid hemerrhage. Stroke 2000; 31:

901-906.

Powers FM, Pifarre R, Thomas Jr JX. Ventricular dys-

function in norepinephrine-induced cardiomycpathy.

151




29.

30.

31.

32.

33.

34.

35.

36.

37.

152

Circ Shock 1994; 43: 122~129.

Evans JP, Espey FF, Kristoff FV, et al. Experimental
and clinical observations on rising intracranial

pressure. Arch Surg 1951; 63: 107-114.

Norris SL, Nosko M, Weir B, et al. Acute cardiopul-
monary effects of subarachnoid hemorrhage in monkeys.

Crit Care Med 1986; 14: 491-494.

Shanlin RJ, Sole MJ, Rahimfar M, et al. Increased

intracranial pressure elicits hypertension, increased
sympafhetic activity, electrocardiographic abnormali-
ties and myocardial damage in rats. J Am Coll Cardiol

1988; 12: 727-736.

Su CK, Yen CT, Hwang JC, et al. Differential effects
on sympathetic nerve activities elicited by activa-
tion of neurons in the pressor areas bf dorsal and

rostral ventrolateral medulla in cats. J Auton Nerv

Syst 1992; 40: 141-153.

Shivalkar B, Van Loon J, Wieland W, et al. Variable
effects of explosive or gradual increase of intra-
cranial pressure on myocardial structure and func—

tion. Circulation 1993; 87: 230-239.

Elrifai AM, Bailes JE, Shih S—~R, et al. Characteri-—
zation of the cardiac effects of acute subarachnoid

hemorrhage in dogs. Stroke 1996; 27: 737-742.

Cheung RTF, Hachinski VC, Cechetto DF. Cardiovascular
responses to stress following middle cerebral artery

occlusion in the rat. Brain Res 1997; 747: 181-188.

Jeon TJ, Lee JD, Ha JW, et al. Evaluation of cardiac
adrenergic neurconal damage in rats with doxorubicin-
induced cardiomyopathy using i1odine-131 MIBG auto-
radiography and PGP 9.5 immunchistochemistry. Eur

J Nucl Med 2000; 27: 686-693.

Masuda T, Sato K, Yamamoto S, et al. Sympathetic
nervous activity and myocardial damage immediately

after subarachnoid hemorrhage in a unigue animal




38.

39.

40.

41 .

42,

43.

44 .

45,

46 .

153

model. Stroke 2002; 33: 1671-~1676.

Chiu Y-T, Chen Y-T, Lin N-N, et al. Sympathetic acti-
vity and myocardial damage after stimulation of
dorsal medulla and vagotomy in a novel animal model.

Int J Cardiol 2005; 100: 401-407.

Bebik A, Campbell JH, Carson V, et al. Mechanism of
isoprenaline—~induced refractoriness of the beta-
adrenocceptor—adenylate cyclase system in chick em-
bryo cardiac cells. J cardicvasc Pharmacol 1981; 3:

541-553.

Karliner JS, Simpson PC, Honbo N, et al. Mechanisms
and time course of betalnadrenoceptor desensitiza-—
tion in mammalian cardiac myocytes. Cardiovasc Res

1986; 20: 221-228.

Mann DL, Kent RL, Parsons B, et al. Adrenergic
¢ffects on the bioclogy of the adult mammalian

cardiocyte. Circulation 1992; 85: 790~804.

Patel MB, Stewart JM, Loud AV, et al. Altered func~
tion and structure of the heart in dogs with chronic
elevation in plasma norepinephrine. Circulation

1991; 84: 2091-2100.

Vatner DE, Vatner SF, Nejima J, et al. Chronic nor-—
epinephrine elicits desensitization by uncoupling

the beta-receptor. J Clin Invest 1989; 84: 1741-1748.

Lee JC, Downing SE. Ventricular function in nor-
epinephrine-~induced cardiomyopathic rabbits. Am J

Physiol 1982; 242: H191-H196.

Powner DJ, Hendrich A, Nyhuis A, et al. Changes in
serum catecholamine levels in patients who are
brain dead. J Heart Lung Transplant 1992; 11: 1046~
1053.

Talman WT. Cardiovascular regulation and lesions of
the central nervous system. Ann Neurol 1985; 18:

101~106.




47 .

48.

49,

50.

51.

52,

53.

54.

55,

56 .

Novitzky D, Cooper DKC, Wicob WN, et al. Hemodynamic
changes, myocardial injury and pulmonary edema 1in-
duced by sympathetic activity during the development
of brain death in the baboon. Transplant Proc 1986;

18: 609-619.

Chen HI, Sun SC, Chai CY. Pulmonary edema and hemo-—
rrhage resulting from cerebral compression. Am J

Physiol 1973; 224: 223-229.

Ducker TB, Simmons RL. Increased intracranial pre-
ssure and pulmonary edema: II. The hemodynamic res-—
ponse of dogs and monkeys to increased intracranial

pressure. J Neurosurg 1968; 28: 118-123.

Clifton GL, Robertson CS, Kyper K, et al. Cardio-
vascular response to severe head injury. J Neuro-

surg 1983; 59: 447-454.

Kolin A, Norris JW. Myocardial damage from acute

cerebral lesions. Stroke 1984; 15: 990-993.

Rabb CH, Tang G, Chin S, et al. A statistical ana-
lysis of factors related to symptomatic cerebral

vasospasm. Acta Neurochir 1994; 127: 27-31 .

Hamill RW, Woolf PD, McDonald JV, et al. Catechol-~-
amines predict outcome in traumatic brain injury.

Ann Neurol 1987; 21: 438-443.

Owen VJ, Burton PB, Michel MC, et al. Myocardial
dysfunction in donor hearts: a possible etiology.

Circulation 1999; 99: 2565-2570.

White M, Wiechmann RJ, Roden RL, et al. Cardiac
beta~adrenergic neuroeffector systems in acute
myocardial dysfunction related to brain injury.
Evidence for catecholamine-mediated myocardial

damage. Circulation 1995; 92: 2183-2189.

Bristow MR, Anderson FL, Port JD, et al. Differen-
ces in beta-adrenergic neuroceffector mechanisms
in ischemic versus idiopathic dilated cardiomyo-

pathy. Circulatiomn 1991; 84: 1024-1039.

154




57.

58.

59.

60.

61.

62.

63.

64 .

65,

155

Feldman AM, Cates AE, Veazey WB, et al. Increase
of the 40,000-mol wt pertussis toxin substrate (G
protein) in the failing human heart. J Clin Invest

1988; 82: 189-197.

Bristow MR, Minobe W, Raynolds MV, et al. Reduced
betal—receptor mRNA abundance in the failing human
heart. J Clin Invest 1993; 92: 2737-2745.

Pilati CF, Clark RS, Gilloteaux J, et al. Excessive
sympathetic nervous system activity decreases myo-

cardiac contractility. Proc Soc Exp Biol Med 1990;
193: 225-231.

Furuyama M, Haneda T, Ikeda J, et al. Responses of
atrium and ventricle to sustained sympathetic nerve

stimulation. Am J Physiol 1991; 261: H1889-H1894.

Bristow MR, Ginsburg R, Umans V, et al. Betal~and

betazadrenergic receptor subpopulations in non-
failing and failing human ventricular myocardium:
coupling of both receptor subtypes to muscle con-
traction and selective beta1~receptor downregula-—
tion in heart failure. Circ res 1986; 59: 297-309.
Baroldi G, Silver MD, De Maria R, et al. Pathology
and pathogenesis of congestive heart failure. A
gquantitative morphologic study of 144 hearts ex-—
cised at transplantation. Pathogenesis J 1998; 1:

107-122.

Yeh T Jr, Wechsler AS, Graham LJ, et al. Acute brain
death alters left ventricular myocardial gene ex-—
pression. J Thorac Cardiovasc Surg 1999; 117: 365~
374.

Olsen SL, Bristow MR. Does dobutamine tolerance re-
sult from myocardial beta-receptor downregulation?

J Am Coll Cardiol 1992; 19: 253A. Abstract.

Daly PA, Scle MJ. Myocardial catecholamines and
pathophysiology of heart failure. Circulation 1990;
82(Suppl I): I-35-1-43.




66.

67.

68.

69.

70.

71 .

72.

73,

74 .

Viquerat CE, Daly P, Swedberg K, et al. Endogenous
catecholamine levels in chronic heart failure: Re-~
lation to the severity of hemodynamic abnormalities.

Am J Med 1985; 78: 455-460.

Cohn JN, Levime BT, Olivari MT, et al. Plasma nor-
epinephrine as a guide to prognosis in patients
with chronic congestiﬁe heart failure. N Engl J

Med 1984; 311: 819-823.

Van Vliiet PD, Burchell HB, Titus JL. Focal myo-
carditis associated with phebéhromocytbma. N Engl

J Med 1966; 274: 1102-1108.

Cruickshank JM, Neil-Dwyer G, Degaute JP, et al.
Reduction of stress/catecholamine~induced cardiac
necroslis by beta,—-selective blockade. Lancet 1987;

1
2: 585-589,

The Norwegial Multicenter Study Group. Timolol-
induced reduction in mortality and reinfarction
in patients surviving acute myocardial infarction.

N Engl J Med 1981; 304: 801-807.

Beta-Blocker Heart Attack Study Group. The Beta-
Blocker Heart Attack Trial. JAMA 1981; 246: 2073~
2074 .

Port JD, Gilbert EM, Larrabee P, et al. Neuro-
transmitter depletion compromises the ability of
indirect—acting amines to provide inotropic
support in the failing human heart. Circulation

1990; 81: 929-938.

Cotter G, Weissgarten J, Metzkor E, et al. Increased
toxicity of high-dose furosemide versus low-dose
dopamine in the treatment of refractory congestive

heart failure. Clin Pharmacol Ther 1997; 62: 187-193.

Levy ML, Rabb CH, Zelman V, et al. Cardiac perfor-
mance enhancement from dobutamine in patients re-
fractory to hypervolemic therapy for cerebral vaso

spasm. J Neurosurgery 1993; 79: 494-499.

156




75.

76.

77 .

78.

79.

80.

81.

82.

83.

157

Kono T, Nishina T, Morita H, et al. Usefulness of
low—~dose dobutamine stress echocardiocgraphy for
evaluating reversibility of brain death-~induced
myocardial dysfunbtion, Am J Cardiol 1999; 84(5):
578-582.

Burger AJ, Elkayam U, Neibaur MT, et al. Comparison
of the occurrence of ventricular arrhythmias in
patients with acutely decompensated congestive heart
failure receiving dobutamine versus nesiritide

therapy. Am J Cardiol 2001; 88(1): 35-39.

Mittmann C, Eschenhagen T, Scholz H. Cellular and
molecular aspects of contractile dysfumnction in

heart failure. Cardiovasc Res 1998; 39: 267-275.

Hajjar RJ, Miiller FU, Schmitz ¥, et al. Molecular
aspects of adrenergic signal transduction in

cardiac failure. J Mol Med 1998; 76: 747-755.

Bohm M, Eschenhagen T, Gierschik P, et al. Radio-

immunochemical quantification of G.
ialpha

and left ventricles from patients with ischemic

in right

and dilated cardiomyopathy and predominant left.
ventricular failure. J Mol Cell Cardiol 1994; 26:
133-149.

Dorn GW IInd, Brown JH. Gq signaling in cardiac
adaptation and maladaptation. Trends Cardiovasc

Med 1999; 9: 26-34.

Biscgnano JD, Weinberger HD, Bohmeyer TJ, et al.
Myocardial—-directed overexpression of the human
bl-adrenergic receptor in transgenic mice. J Mol

Cell Cardiol 2000; 32: 817-830.

Ako J, Sudhir K, Farouque 0, et al. Transient left
ventricular dysfunction under severe stress:
brain-~heart relationship revisited. Am J Med 2006;

119: 10-15.

Davia K, Harding SE. Post-rest contraction ampli-

tude in myocytes from Tailing human ventricle.




84 .

85.

86.

87.

88.

89.

20.

91.

92.

Basic Res Cardiol 1998; 93: 33-37.

Zolk O, Flesch M, Nickenig G, et al. Alteration of

intracellular Ca++~handling and receptor regulation
in hypertensive cardiac hypertrophy: insights from

Ren2-transgenic rats. Cardiovasc Res 1998; 39: 242-
256 .

Morgan JP. Abnormal intracellular modulation of
calcium as a major cause of cardiac contractile

dysfunction. N Engl J Med 1991; 325: 625-632.

Ohno M, Cheng C-P, Little WC. Mechanism of altered

patterns of left ventricular filling during the

development of congestive heart failure. Circulation

1994; 89: 2241-2250.

Steinfath M, Danielsen W, von der Leyen H, et al.
Reduced alphal— and betazwadrenoceptor—mediated
positive inotropic effects in human end-stage

heart failure. Br. J. Pharmacol 1992; 105: 463~-469.

Wolff MR, de Tombe PP, Harasawa Y, et al. Altera-
tions in left ventricular mechanics, energetics,
and contractile reserve in experimental heart

Tfailure. Circ Res 1992; 70: 516-529.

Watkins H, McKenna WJ, Thierfelder L, et al. Muta-
tions in the genes for cardiac troponin-T and
alpha-tropomyosin in hypertrophic cardiomyopathy.
N Engl J Med 1995; 332: 1058-1064.

Ungerer M, Bdhm M, Elce JS, et al. Altered expre-
sgsion of beta—adrenergic receptor kinase and betalm
adrenergic receptors in the failing human heart.

Circulation 1993; 87: 454-463.

Bshm M, Reiger B, Schwinger RHG, et al. cAMP con-
centrations, cAMP-dependent protein kinase activity,
and phospholamban in non-failing and failing myo-

cardium. Cardiovasc Res 1994; 28: 1713-1719.

Gerdes AM, Capasso JM. Structural remodeling and

mechanical dysfunction of cardiac myoccytes in heart

158




93.

94,

95.

96 .

97.

98.

99.

100.

101.

159

failure. J Mol Cell Cardiol 1995:; 27: 849-856.

Ito H, Hirata Y, Hirce M, et al. Endothelin-1
induces hypertrophy with enhanced expression of
muscle~specific genes in cultured neonatal rat

cardiomyocytes. Circ Res 1991; 69: 209-215.

Ito H, Hirata Y, Adachi S, et al. Endothelin-~1 is
an autocrine/paracrine factor in the mechanism of
angiotensin II-induced hypertrophy in cultured rat

cardiomyocytes. J Clin Invest 1993; 92: 398-403.

Hare JM, Loh E, Creager MA, et al. Nitric oxide
inhibits the positive inotropic response to beta.
adrenergic stimulation in humans with left ventri-

cular dysfunction. Circulation 1995; 92: 2198-~2203.

Rakhit RD, Tousoulis D, Lefroy DC, et al. Differen-
tial nitric oxide synthase activity in ischemic

and idicopathic dilated cardiomyopathy. Am J Cardiol
1999; 84: 737-738, A8-A9.

Lefkowitz RJ, Rockman HA, Koch WJ. Catecholamines,
cardiac beta-adrenergic receptors, and heart failure.

Circulation 2000; 101: 1634-1637.

Koch WJ, Lefkowitz RJ, Rockman HA. Functional con-
sequences of altering myocardial adrenergic recep-

tor signaling. Annu Rev Physiol 2000; 62: 237-260.

Mann DL, Urabe Y, Kent RL, et al. Cellular versus
myoccardial basis for the contractile dysfunction
of hypertrophied myocardium. Circ Res 1991; 68:
402-415.

Dzau VJ. Autocrine and paracrine mechanisms in the
pathophysiology of heart failure. Am J Cardiol
1992; 70: 4C-=11C.

Watson S, Burnside T, Carver W. Angiotensin II-
stimulated collagen gel contraction by heart
fibroblasts: rele of the ATl receptor and tyrosine
kinase activity. J Cell Physiol 1998; 177(2): 224-
231.




102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

160

Simpson PC, McGrath A. Norepinephrine-stimulated
hypertrophy of cultured rat myocardial cells is

an alpha.-adrenergic response. J Clin Invest

i
1983; 72: 732-738.

Donohue TJ, Dworkin LD, Lango MN, et al. Induction
of myocardial insulin-~like growth factor-I gene
expression in left ventricular hypertrophy. Circu-

lation 1994; 89: 799-809.

Schneider MD, Parker TG. Cardiac myocytes as tar-
gets for the action of peptide growth factors.
Circulation 1990; 81: 1443-1456.

Dzau VJ. Tissue renin-angiotensin system in myo-
cardial hypertrophy and failure. Arch Int Med
1993; 153: 937-942.

Takahashi N, Calderone A, Izzo NJ Jr, et al.
Hypertrophic stimuli induce transforming growth
factor-—beta1 expression in rat ventricular myo-
cytes. J Clin Invest 1994; 94: 1470-1476.

Urata H, Healy B, Stewart RW, et al. Angiotensin

II-forming pathways in normal and failing human

hearts. Circ Res 1990; 66: 883-890.

Thaik CM, Calderone A, Takahashi N, et al. Inter-

leukin-1 beta modulates the growth and phenotype
of neonatal rat cardiaé myocytes. J Clin Invest

1995; 96: 1093~1099.

Palmer JN, Hartogensis WE, Patten M, et al. Inter-
leukin-1 beta induces cardiac myocyte growth but
inhibits cardiac fibroblast proliferation in

culture. J Clin Invest 1995; 96: 2555-2564.

Yanagisawa M, Kurihara H, Kimura S, et al. A novel
potent vasoconstrictor peptide produced by vascular

endothelial cells. Nature 1988; 332: 411-415.

Lerman A, Hildebrand FL Jr, Margulies KB, et al.
Endothelin: a new cardiovascular regulatory pep-

tide. Mayoc Clin Proc 1990; 65: 1441-1445.



112.

113.

114.

115.

116.

117.

118.

119.

120.

Shubeita HE, McDonough PM, Harris AN, et al. Endo-
thelin induction of inositol phospholipid hydroly-
s51s, sarcomere assembly, and cardiac gene expre-~
ssion in ventricular myocytes. A paracrine mecha-
nism for myocardial cell hypertrophy. J Biol Chemn
1990; 265: 20555-20562.

Ito H, Hiroe M, Hirata Y, et al. Endothelin E‘I‘A
receptor antagonist blocks cardiac hypertrophy
provoked by hemodynamic overload. Circulation

1994; 89: 2198-2203.

Teerlink JR, Breu V, Sprecher U, et al. Potent
vasoconstriction mediated by endothelin ETB re-
ceptors in canine coronary arteries. Circ Res

1994; 74: 105-114.

Baker KM, Booz GW, Dostal DE. Cardiac actions of
angiotensin II: Role of am imntracardiac renin-—
angiotensin system. Annu Rev Physiol 1992; 54:
227-241 .

Dzau VJ, Re R. Tissue angiotensin system in cardio-
vascular medicine: A paradigm shift? Circulation

1994; 89: 493-498.

Lindpaintner K, Ganten D. The cardiac renin-angio-
tensin system. An appraisal of present experimental

and clinical evidence. Circ Res 1991; 68: 905-921.

Paul M, Ganten D. The molecular basis of cardio-
vascular hypertrophy: the role of the renin-angio-
tensin system. J Cardiovasc Pharmacol 1992; 19:

551~-558.

Dostal DE, Rothblum KN, Conrad KM, et al. Detection
of angiotensin I and IT in cultured rat cardiac
myocytes and fibroblasts. Am J Physiol 1992; 263:
C851-C863.

Dostal DE, Rothblum KN, Chernin MI, et al. Intra-
cardiac detection of angiotensinogen and renin: a

localized renin-angiotensin system in neoconatal rat




121.

122.

123.

124,

125.

126.

127,

128.

129.

162

heart. Am J Physiol 1992; 263: €838-C850.

Dostal DE, Baker KM. Angiotensin II stimulation of
left ventricular hypertrophy in adult rat heart.
Mediation by the AT1 receptor. Am J Hyperten 1992;
5: 276-280.

Rogg H, Schmid A, de Gasparoc M. Identification and
characterisation of angiotensin II receptor sub-
types in rabbit ventricular myoccardium. Biochem

Biophys Res Commun 1990; 173: 416-422.

Timmermans PB, Smith RD. Angiotensin II receptor
subtypes: Selective antagonists and functional

correlates. Eur Heart J 1994; 15: D79-D87.

Baker KM, Aceto JF. Angiotensin II stimulation of
protein synthesis and cell growth in chick heart

cells. Am J Physiol 1994; 266: H610-H618.

Baker KM, Chernin MI, Wixson SK, et al. Renin-
angiotensin system involvement in pressure~cver-
load cardiac hypertrophy in rats. Am J Physiocl
1990; 259: H324-~H332.

Baker KM, Singer HA, Aceto JF. Angiotensin II
receptor_mediatéd étimﬁfg¥ﬁbﬁ of éytosblic~free
calcium and inositol phosphates in chick myocytes.

J Pharmacol Exp Ther 1989; 251: 578-585.

Rockman HA, Wachhorst SP, Mao L, et al. Angio-
tensin ITI receptor blockade prevents ventricular
hypertrophy and ANF gene expression with pressure
overload in mice. Am J Physiol 1994; 266: H2468-
H2475.

Suzuki J, Matsubara H, Urakami M, et al. Rat angio-
tensin II (type 1A) receptor mRNA regulatioﬁ and
subtype expression in myoccardial growth and hyper-

trophy. Cire Res 1993: 73: 439-447.

Sadoshima J, Izumo S. Molecular characterization
of angiotensin II-induced hypertrophy of cardiac

myocytes and hyperplasia of cardiac fibroblasts.




130.

131.

132.

133.

134.

135.

136.

163

Critical role of the AT1 receptor subtype. Circ Res
1993; 73: 413-423.

Sadoshima J, Takahashi T, Jahn L, et al. Roles of
mechano~-sensitive ion channels, cytoskeleton, and
contractile activity in stretch-induced immediate~
early gene expression and hypertrophy of cardiac

myocytes. Proc Natl Acad Sci 1992; 89: 9905-9909.

Krege JH, John SWH, Langenbach LL, et al. Male-
female differences in fertility and blood pressures

in ACE deficient mice. Nature 1995; 315: 146-148.

Kojima M, Shiojima I, Yamazaki T, et al. Angio-
tensin II receptor antagonist TCV-116 induces
regression of hypertensive left ventricular hyper-~
trophy in vivo and inhibits the intracellular
signaling pathway of stretch-mediated cardiomyo-—
cyte hypertrophy in vitro. Circulation 1994; 89:
2204~2211.

Schunkert H, Sadoshima J, Cornelius T, et al.
Angioctensin II-induced growth responses in iso-
lated adult rat hearts. Evidence for load-indepen-
dent induction of cardiac protein synthesis by

angiotensin ITI. Circ Res 1995; 76: 489-497.

Levy D. Clinical significance of left ventricular
hypertrophy: insights from the Framingham study.
J Cardiovasc Pharm 1991; 17(Suppl 2): S1-5S6.

Simpson PC, McGrath A, Savion S. Myocyte hyper-
trophy in neonatal rat heart cultures and its
regulation by serum and by catecholamines. Circ

Res 1982; 51: 787-801.

Simpson PC. Stimulation of hypertrophy of cultured

neonatal rat heart cells through an alphalmadrﬁnerm

gic recepfor and induction of beating through an

alphalm and beta,~adrenergic receptor interaction:

1
evidence for independent regulation of growth and

beating. Circ Res 1985:; 56: 884-894.




137.

138.

139.

140.

141.

142,

143.

144.

145.

Simpson PC. Regulation of hypertrophy and gene
transcription in cultured heart muscle cells. In:
Roberts R, Schneider MD, eds. Molecular Biology
of the Cardiovascular System, UCLA Symposia on
Molecular and Cellular Biology, New Series. New

York: Alan R Liss, Inc., 1990; 131: 125-133.

Long CS, Henrich CJ, Simpson PC. A growth factor
for cardiac myocytes is produced by cardiac non-

myocytes. Cell Reg 1991; 2: 1081-1095.

Bishopric NH, Kedes L. Adrenergic regulation of
the skeletal alpha-actin gene promoter during myo-
cardial cell hypertrophy. Proc Natl Acad Sci 1991;
88: 2131-2136.

Long CS, Hartogensis WE, Simpsocon PC. Beta-adrener-
gic stimulation of cardiac non-myocytes augments
the growth-promoting activity of noun-myocyte con-
ditioned medium. J Mol Cell Cardiol 1993; 25: 915~
925,

Zak R. Cell proliferation during cardiac growth.

Am J Cardiol 1973; 31: 211-219.

Huysman JAN, Vliegen HW, VanderLaarase A, et al.

Changes in nonmyocyte tissue composition associated

with pressure overload of hypertrophic human hearts.

Pathol Res Pract 1989; 184: 577-581.

Carroll EP, Janicki JS, Pick R, et al. Myocardial
stiffness and reparative fibrosis following coro-
nary embolisation in the rat. Cardiovasc Res 1989;

23: 655-661.

Chapman D, Weber KT, Eghbali M. Regulation of fib-
rillar collagen types I and III and basement memb-
rane type IV collagen gene expression in pressure
overloaded rat myocardium. Circ Res 1990; 67: 787~
794 .

Doering CW, Jalil JE, Janicki JS, et al. Collagen

network remodeling and diastolic stiffness of the

164




1l46.

147.

148.

149.

150.

151.

152,

153.

165

rat ventricle with pressure overload hypertrophy.

Cardiovasc Res 1988; 22: 686-695.

Eghbali M, Czaja MJ, Zeydel M, et al. Collagen
chain mRNAs in isoclated heart cells from young
and adult rats. J Mol Cell Biol 1988; 20: 267~
276.

Sadoshima J, Qiu Z, Morgan JP, et al. Angiotensin
IT and other hypertrophic stimuli mediated by G

protein-coupled receptors activate tyrosine kinase,

mitogen-activated protein kinase, and 90-kD S6
kinase in cardiac myocyte. The critical role of

Ca2+~dependent signaling. Circ Res 1995; 76: 15.

Knowlton KU, Michel MC, Itani M, et al. The al-
phalAmadrenergic receptor subtype mediates bio-
chemical, molecular, and morphologic features of
cultured myocardial cell hypertrophy. J Biol Chem
1993; 268: 15374-15380.

Adams JW, Migita DS, Yu MK, et al. Prostaglandin
F2a1pha stimulates hypertrophic growth of cultured
neonatal rat ventricular myocytes. J Biol Chem

1996; 271: 1179-1186.

Clerk A, Sugden PH. Regulation of phospholipases C

and D in rat ventricular myocytes: stimulation by
endothelin~1, bradykinin and phenylephrine. J Mol
Cell Cardiocl 1997; 29: 1593-1604.

Adams JW, Sah VP, Henderson SA, et al. Prostaglan~-
di - i rtr i h i -
in F2a1pha stimulated hypertrophic growth in neo
natal rat cardiac myocytes is mediated by action

of tyrosine kinases and Jun N-terminal kinase.

Circ Res 199a; 83: 167-178.

Adams JW, Sakata Y, Davis MG, et al. Enhanced
G i i : ] i

alphagq signaling: a common pathway mediates
cardiac hypertrophy and heart failure. Proc Natl

Acad Sci 1998b; 95: 10140-10145.,

Yamazaki T, Komuro I, Kudoh S, et al. Endothelin-1



154.

155,

156.

157.

158.

159.

160.

161.

i62.

is involved in mechanical stress-induced cardiomyo-

cyte hypertrophy. J Biol Chem 1996; 271: 3221-3228

Paul K, Ball NA, Dorn GW IInd, et al. Left ventri-
cular stretch stimulates angiotensin II-mediated

phosphatidylinositol hydrolysis and protein kinase
isoform translocation in adult guinea pig

C .
epsilon
hearts. Circ Res 1997; 81: 643-650.

. . £ .
Lai J, Jin H, Yang R, et al. Prostaglandin FZalpha
induces cardiac myocyte hypertrophy in vitro and
cardiac growth in vivo. Am J Physiol 1996; 271:

H2197-H2208.

Katz AM. Energy requirements of contraction and
relaxation: Implications of inotropic stimulation
of the failing heart. In: Just H, Holubarsch C,
Scholz H, eds. Inotropic Stimulation and Myocardial

Energetics. New York: Springer-Verlag, 1989; 49.

Long CS, Kariya K, Karns L, et al. Sympathetic
modulation of the cardiac myocyte phenokype:
studies with a cell culture model of myocardial

hypertrophy. Basic Res Cardiol 1992; 87: 19-31.

Teerlink JR, Pfeffer JM, Pfeffer MA. Progressive
ventricular remodeling in response to diffuse
isoproterenol-induced myocardial necrosis in rats.

Circ Res 1994; 75: 105-113.

Braunwald E. Myocardial necrosis. In: Braunwald E,
ed. Heart Disease, 5th ed. Philadelphia: W.B.
Saunders Co., 1997: 401-402.

Anversa P, Palackal T, Sonnenblick EH, et al. Myo-
cyte cell loss and myocyte cellular hyperplasia

in the hypertrophied aging rat heart. Circ Res
1990; 67: 871-885.

Kerr JFR. Shrinkage necrosis: a distinct mode of

cellular death. J Pathol 1971; 105: 13-20.

Kerr JFR. An electron microscopic study of liver

cell necrosis due to heliotrine. J Pathol 1969;




167

97: 557-562.

163. Kerr JFR. An electron microscopic study of liver
cell necrosis due to albitocin. Pathology 1970;
2: 251-259.

164. Trump BF, Ginn FL. The pathogenesis of subcellular
reaction to lethal injury. In: Bajusz E, Jasmin G,
eds. Methods and Achievements in Experimental
Pathology, Vol 4. Basel and New York: Karger, 1969:
1-29.

165. Kerr JFR, Wyllie AH, Currie AR. Apoptosis: a

basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer W

1972; 26: 239-257. '

166. Communal C, Singh K, Pimental DR, et al. Nor-
epinephrine stimulates apoptosis in adult rat
ventricular myocytes by activation of the beta~
adrenergic pathway. Circulation 1998; 98: 1329~
1334.

167. Narula J, Hajjar RJ, Dec GW. Apoptosis in the
failing heart. Cardiol Clin 1998; 16: 691-710.

168. Saraste A, Pulkki K. Morphologic and biochemical
hallmarks of apoptosis. Cardiovasc Res 2000; 45:
528-537.

169. Zaugg M, Jamali NZ, Lucchinetti E, et al. Nor-
epinephrine—-induced apoptosis is inhibited in
adult rat ventricular myocytes exposed to volatile

anesthetics. Anesthesiology 2000; 93: 209-218.

170. Fu YC, Chi CS, Yin SC, et al. Norepinephrine in-
duces apoptosis in neonatal rat cardiomyocytes
through a reactive oxygen species-TNF alphaa
caspase signaling pathway. Cardiovasc Res 2004;

62: 558-567.

171. D'Angelo DD, Sakat Y, Lorenz JN, et al. Trans-

genic G overexpression induces cardiac con-

alphaqg
tractile function in mice. Proc Natl Acad Sci



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

1997; 94: 8121-8126.

Ju H, Zhao S, Tappia PS, et al. Expression of

G and PLC-beta in scar and border tissue
alphag

in heart failure due to myocardial infarction.

Circulation 1998; 97: 892-899.

Althoefer H, Eversole-Cire P, Simon MI. Constitu-~-
£i -

ively active Galphaq and Galpha
sis through different pathways. J Biocl Chem 1997;

272: 24380-24386.

13 trigger apopto-

Young MA, Vatner SF. Regulation of large coronary

arteries. Circ Res 1986; 59: 579-596.

Vatner SF. Alpha-adrenergic tone of the coronary
circulation in the conscious dog. Am J Cardiol

1983; 52: 15A-21A.

Woodman OL, Vatner SF, Coronary vasoconstriction

mediated by alphalm= and alpha2

conscious dogs. Am J Physiol 1987; 253: H388-H393.

~adrenoceptors in

Young MA, Vatner SF, Knight DR, et al. Alpha-adre-~
nergic vasoconstriction and receptor subtypes in
large coronary arteries of calves. Am J Physiol

1988; 255: H1452-H1459.

Morgan KG. The role of calcium in the control of
vascular tone as assessed by the Ca2+—indicator
aequorin. Cardiovasc Drugs Ther 1990; 4: 1355-
1362.

Morgan KG, Suematsu E. The effects of calcium on
vascular smooth muscle tone. Am J Hypertens 1990;

3: 2915-2985.

Teerlink JR, Gray GA, Clozel M, et al. Increased
vascular responsiveness to norepinephrine in rats
with hearﬁ failure is endothelium dependent.

Dissociation of basal and stimulated nitric oxide

release. Circulation 1994; 89: 393-401.

Vatner SF, Higgins CB, Braunwald E. Effects of

168




182,

183.

184.

185.

186.

187.

188.

189.

190.

norepinephrine on coronary circulation and left
ventricular dynamics in the conscious dog. Circ

Res 1974; 34: 812-823.

Murray PA, Lavallee M, Vatner SF. Alpha-adrenergic-
mediated reduction in coronary blood flow secondary
to carotid chemoreceptor reflex activation in con-

scious dogs. Circ Res 1984; 54: 96-106.

Heusch G. Alpha-adrenergic mechahisms in myocardial

ischemia. Circulation 1990; 81: 1-13.

Gould L, Reddy CV, Gomprecht RF. The effect of
phentolamine on atrioventricular conduction in

man. Chest 1974; 65: 158-162.

Berkenboom GM, Abramowicz M, Vandermoten P, et al.
Role of alpha-adrenergic coronary tone in exercise-
induced angina pectoris. Am J Cardiol 1986; 57:
195-198.

Hayes SN, Moyer TP, Morley D, et al. Intravenous
cocaine causes epicardial coronary vasoconstric-
tion in the intact dog. Am Heart J 1991; 121:
1639-~1648.

Fineschi V, Baroldi G, Centini F; et al. Markers
of cardiac oxidative stress and altered morphology
after intraperitoneal cocaine injection in a rat

model. Int J Legal Med 2001; 114: 323-330.

Dressler FA, Malekzadeh S, Roberts WC. Quantitative
analysis of amounts of coronary arterial narrowing

in cocaine addicts. Am J Cardiol 1990; 65: 303-308.

Havranek EP, Nademanee K, Grayburn PA, et al. Endo-
thelium-dependent vasorelaxation is impaired in
cocaine arteriopathy. J Am Coll Cardiol 1996; 28:
1168-1174.

Lange RA, Cigarros RG, Yancy CW, et al. Cocaine-
induced coronary atrtery vasoconstriction. N Engl

J Med 1989; 321: 1557+1562.

169




191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201 .

Johnson MN, Karas SP, Hursey TL, et al. Cocaine
'binging' produces progressive left ventricular
dysfunction (Abstract). Circulation 1989; 80:
11-15.

Mudge GH, Grossman W, Mill RM, et al. Reflex in-
crease 1in coronary vascular resistance in patients
with ischaemic heart disease. N Engl J Med 1976;
295: 1333-1337.

Heupler FA Jr, Proudfit WL, Razaui M, et al. Ergo-
novine maleate provocative test for coronary

arterial spasm. Am J Cardiol 1978; 41: 631-640.

Luchi RJ, Chahine RA, Raizner AE. Coronary artery

spasm. An Intern Med 1979; 91: 441-499.

Yuki K, Kodama Y, Onda J, et al. Coronary vasospasm
following subarachnoid hemorrhage as a cause of

stunned myocardium. J Neurosurg 1991; 75: 308-311.

Hillis LD, Braunwald E. Coronary artery spasm. N

Engl J Med 1978; 299: 695-702.

Maseri A, Severi S, DeNes M, et al. 'Variant' an-
gina: one aspect of a continuous spectrum of wvaso-
spastic myocardial ischaemia. Am J Cardiol 1978;

42: 1019-~1035.

Oliva PB, Breckinridge JC. Arteriographic evidence
of coronary arterial spasm in acute myocardial in-

farction. Circulation 1977; 56: 366-374.

Maseri A, L'Abbate A, Baroldi G, et al. Coronary
vasospasm as a possible cause of myocardial in-

farction. N Engl J Med 1978; 299: 1271-1277.

Oliva PB. Pathophysiology of acute myocardial in-
farction. An Intern Med 1981; 94: 236-250.

Factor SM, Cho S. Smooth muscle contraction bands
in the media of coronary arteries: A postmortem
marker of antemortem coronary spasm? J Am Coll

Cardiol 1985: 6: 1329-1337.

170.




202.

203.

204.

205.

206.

207.

208.

209.

210.

211,

212.

Baroldi G, Mittleman RE, Parolini M, et al. Myo-
cardial contraction bands. Definition, quantifi-
cation and significance in foremnsic pathology.

Int J Legal Med 2001; 115: 142-151.

Page DL, Caulfield JB, Kastor JA, et al. Myocardial
changes associated with cardiogenic shock. N Engl
J Med 1971; 285: 133-137.

Goldstein DS. Catecholamines and stress. Endoc Re-

gul 2003; 37: 69-80.

Abe Y, Kondo M. Apical ballooning of the left ven-—
tricle: a distinct entity? Heart 2003; 89: 974-976.

Donohue D, Mohammad-Reza M. Clinical characteris-
tics and demographics and prognosis of transient
left ventricular apical ballooning syndrome. Heart

Failure Rev 2005; 10: 311-316.

Desmet W. Dynamic LV obstruction in apical balloon-
ing syndrome: the chicken or the egg? Eur J Echo-

cardiogr 2006; 7: 1-3.

Jain R, Deveikis J, Thompson BG. Management of
patients with stunned myocardium associated with
subarachnoid hemorrhage. Am J Neuroradiol 2004;

25: 126-129.

Hirsch GA, Haldman AW, Wittstein IS, et al. S5T-
segment elevation in an unresponsive patient.
Images in cardiovascular medicine. Circulation

2003; 108: el65-el66.

Briest W, Holzl A, Rassler B, et al. Cardiac re-
modeling after long term norepinephrine treatment

in rats. Cardiovasc Res 2001; 52: 265-273.

Allman FD, Herold W, Bosso FJ, et al. Time-depend-
ent changes in norepinephrine-induced left ventri-
cular dysfunction and histopathologic condition.

J Heart Lung Transplant 1998; 17: 991-997.

Hicks SP. Vascular pathophysiology and acute and




213.

214.

215.

216.

217.

218.

219.

220.

221 .

222,

chronic oxygen deprivation. In: Blackwood ¥, Cor-
sellis JAN, eds. Greenfield's Neuropathoclogy, 3rd
ed. London: Edward Arnold, 1976: 341-350.

Bioom S, Cancilla PA. Myocytolysis and mitochond-
rial calcification in rat myocardium after low
doses of isoproterencl. Am J Path 1969; 54: 373-
391.

Csapo Z, Dusek J, Rona G. Early alterations of the
cardiac muscle cells in isoproterenol-induced nec-

rosis. Arch Pathol 1972; 93: 356-365.

Brierley JB. Neuropathological findings in patients
dying after open-heart surgery. Thorax 1963; 18:
291-304.

Brierley JB, Adams JH, Graham DI, et al. Neocortical

death after cardiac arrest. Lancet 1971; 2: 560-565.

Brierley JB, Prior PF, Calverley J, et al. The
pathogenesis of ischaemic neuronal damage along the
cerebral arterial boundary zones in Papio anubis.

Brain 1980; 103: 929-965.

Brown AW, Brierley JB. Evidence for early anoxic-
ischaemic cell damage in the rat brain. Experientia

1966; 22: 546-547.

Brown AW, Brierley JB. The nature, distribution and
earliest stages of anoxic-ischaemic nerve cell da-
mage in the rat brain as defined by the optical

microscope. Br J Exper Pathol 1968; 49: 87-106.

Brown AW, Brierley JB. The earliest alterations in
rat neurones after anoxia-ischaemia. Acta Neuro-

pathologica 1973; 23: 9-22.

Meldrum BS, Brierley JB. Prolonged epileptic sei-
zures in primates: ischaemic cell change and its
relation to vital physioclogical events. Arch Neurol

1973; 28: 10-17.

Levine 8. Anoxic-ischaemic encephalopathy in rats.

172




173

Am J Pathol 1960; 36: 1-17.

223. Levy DE, Brierley JB, Silverman DG, et al. Brief
hypoxia-ischaemia initially damages cerebral neurons.

Arch Neurol 1975; 32: 450-~456.

224, Buchner F. Die pathologie der cellulidren und ge~
wiblichen Oxydationen. In: Handbuch der allgemeinen
Pathologie, Band 4/2. Berlin: Springer, 1957: 569-
668.

225. Lewis RB, Haymaker W. High-altitude hypoxia: obser-
vations at autopsy in 75 cases and analysis of

causes of hypoxia. J Aviat Med 1948; 19: 306~-336.

226. Brierley JB, Prior PF, Calverley J, et al. Profound
hypoxia in Papio anubis and Macaca mulatta- physio-
logical aﬁd neuropathological effects. I. Abrupt
exposure following normoxia. II. Abrupt exposure
following moderate hypoxia. J Neurol Sci 1978; 37:
1-29.

227. Olsen EGJ. Special investigations of COCM: Endomyo-
cardial biopsies (morphological analysis). Postgrad

Med J 1978; 54: 486-490.

228. Baroldi G. Myocardial cell death, including ischemic
heart disease and its complications. In: Silver MD,
Gotlieb AI, Schoen FJ, eds. Cardiovascular Pathology,
3rd ed. Philadelphia: Churchill Livingstone, 2001:
202~-206, 620-634.

229. Rajs J. Relation between cranioccerebral injury and
subsequent myocardial fibrosis and heart failure.

Report of three cases. Br Heart J 1976; 38: 396-402.

230. Rajs J, Jakobsson S. Severe trauma and subsequent
cardiac lesions causing heart failure and death.

Forensic Sci Int 1976; 8: 13-21.

231 . Manetti A, De Simone L, Pollini I, et al. Transient
ventricular septal hypertrophy in the first year of
life associated with neonatal brain injury. Pediatr

Cardiol 1992; 13: 63-64.




174

232. Devereux RB, Pickering TG, Alderman MH, et al. Left
ventricular hypertrophy in hypertemsion. Prevalence
"and relationship to pathophysiologic variables.

Hypertension 1987; 9(Suppl II): 1153~1160.

233, Davies KR, Gelb AW, Manninem PH, et al. Cardiac func-
tion in aneurysmal subarachnoid hemorrhage: a study
of electrocardiographic and echocardiographic abnor-

malities. Br. J Anaesthesiol 1991; 67: 58-63.

234. Lang SA, Maron MB, Bosso FJ, et al. Temporal changes
in left ventricular function after massive sympathe-
tic nervous system activation. Can J Physiol Phar-

macol 1994; 72: 693-700.

235. Pinto RJ, Goyal V, Sharma S, et al. Transient myo-

cardial dysfunction in a patient with subarachnoid

haemorrhage. Int J Cardiol 1994; 46: 289-291.

236. Yasu T, Owa M, Omura N, et al. Transient ST eleva-
tion and left ventricular asynergy associated with
normal coronary artery in aneurysmal subarachnoid

hemorrhage. Chest 1993; 103: 1274-1275.

237. Mayer SA, Li Mandri G, Sherman D, et al. Electro-

cardiographic markers of abnormal left ventricular

wall motion in acute subarachnoid hemorrhage. J

Neurosurg 1995; 83: 889-896.

238. Chang PC, Lee SH, Hung HF, et al. Transient ST

elevation and left ventricular asynergy associated
with normal coronary artery and Tc-99m PYP myo-
cardial infarct scan in subarachnoid hemorrhage.

Int J Cardiol 1998; 63: 189-192.

239. Dominguez H, Torp-Pedersen C. Subarachnoid haemo-
rrhage with transient myocardial injury and normal
coronary arteries. Scand Cardiovasc J 1999; 33:

245-247 .

240. Zaroff JG, Rordorf G, Ogilvy CS, et al. Regional

patterns of left ventricular systolic dysfunction



241.

242,

243.

244,

245,

246 .

247 .

248 .

249 .

67-80.

175

after subarachnoid hemorrhage: evidence for neurally
mediated cardiac injury. J Am Soc Echo 2000; 13:
774-779.

Sakr YL, Ghosn I, Vincent JL. Cardiac manifestation
after subarachnoid hemorrhage: A systematic review

of the literature. Prog Cardiovasc Dis 2002; 45:

Macmillan CS, Grant IS, Andrews PJ. Pulmonary and
cardiac sequelae of subarachnoid haemorrhage: time |
for active management? Intens Care Med 2002; 28:

1012-1023.

Miss JC, Kopelnik A, Fisher LA, et al. Cardiac in-
jury after subarachnoid hemorrhage is independent
of the type of aneurysm therapy. Neurosurgery 2004;
55: 1244-1251.,

Cheng TO. Subarachnoid hemorrhage mimicking acute
myocardial infarction. Int J Cardiol 2004; 95: 361~ .
362.

de Chazal ID, Parham WD 3rd, Liopynis P, et al.
Delayed cardiogenic shock and acute lung injury
after aneurysmal subarachnoid hemorrhage. Anesth

Analg 2005; 100: 1147-1149.

Handlin LR, Kindrea LH, Beauchamp GD, et al. Re-
versible left ventricular dysfunction after sub-
arachnoid haemorrhage. Am Heart J 1993; 126:
235-240. ’

Otoma S, Sugita M, Shimoda 0, et al. Two cases of
"transient left ventricular apical ballooning syn-—
drome' associated with subarachnoid hemorrhage.

Anesth Analg 2006; 103: 583-586.

Fabiyani G, Hunt D, McKinley L. Myocardial creatine
kinase iscenzyme in serum after acute subarachnoid
hemorrhage. J Neurol Neurosurg Psychiatry 1977; 40:
818-820.

Moolman JC, Corfield VA, Posen B, et al. Sudden



250.

251.

252.

253.

254,

255,

256 .

257 .

258.

death due to troponin T mutations. J Am Coll Cardiol

1987; 29: 549-555,

Horowitz MB, Willet D, Keffer J. The use of cardiac
troponin~-I(cTnI) to determine the incidence of myo-
cardial ischemia and injury in patients with
aneurysmal and presumed aneurysmal subarachnoid

hemorrhage. Acta Neurochir (Wien) 1998; 140: 87-93.

Parekh N, Venkatesh B, Cross D, et al. Cardiac tro-
ponin I predicts myocardial dysfunction in aneurys-—
mal subarachnoid hemorrhage. J Am Coll Cardiol 2000;
36: 1328-1335.

Varnava AM, Elliott PM, Baboonian C, et al. Hyper-
trophic cardiomyopathy: histopathological features
of sudden death in cardiac troponin T disease.

Circulation 2001; 104: 1380-1384.

Naidech AM, Kreiter KT, Janjua N, et al. Cardiac
troponin elevation, cardiovascular morbidity, and
outcome after subarachnoid hemorrhage. Circulation

2005; 112: 2851-2856.

Pollick C, Cujec B, Parker S, et al. Left ventricu-
lar wall motion abnormalities in subarachnoid haemo-
rrhage: An echocardiographic study. J Am Coll
Cardiol 1988; 12: 600-605.

Homma S, Grahame-Clarke C. Myocardial damage in
patients with subarachnoid hemorrhage. Stroke 2004;
35: 552-.553,

Conti CR. Four left ventricular apical abnormali-

ties. Clin Cardiol 2006; 29: 50-51.

Villareal R, Achari A, Wilansky S, et al. Antero~
apical stunning and left ventricular outflow tract

obstruction. Mayo Clin Proc 2001; 76: 79-83.

Macrea LM, Tramer MR, Walder B, Spontaneous sub-
arachnoid hemorrhage and serious cardiopulmonary
dysfunction: a systematic review. Resuscitation

2005; 65: 139-148.

176




259.

260.

261.

262.

263.

264 .

265.

266 .

267 .

268.

Banki NM, Kopelnik A, Dae MW. Acute neurocardio-
genic injury after subarachnoid hemorrhage. Circu-

lation 2005; 112: 3314-3319.

Haghi D, Papavassiliu T, Fluchter S, et al. Variant
form of the acute apical ballooning syndrome (tako-
tsubo cardiomyopathy): observations on a novel en-

tity. Heart 2006; 92: 392-394.

Merli E, Sutcliffe S, Gori M, et al. Tako-~Tsubo
cardiomyopathy: new insights into the possible un-
derlying pathophysiology. Eur J Echocardiogr 2006;
7: 53.

Elsesber AA, Prasad A, Bybee KA, et al. Transient
cardiac apical ballooning syndrome: prevalence and
clinical implications of right ventricular involve-

ment. J Am Coll Cardiol 2006; 47: 1082-1083.

Bonnemeier H, Schafer U, Schunkert H. Apical
ballooning without apical ballooning. Eur Heart J
2006; [Epub ahead of print].

Reichenbach DD, Benditt EP. Myofibrillar degenera-
tion: A response of the myocardial cell to injury.

Arch Pathol Lab Med 1968; 85: 189-199.

Reichenbach DD. Myofibrillar degeneration and myo-
cardial infarction: Two morphologically disting-
uishable lesions (abstract). Am J Path 1972; 66:
50a~51a.

Reichenbach DD, Benditt EP. Catecholamimnes and
cardiomyopathy: the pathogenesis and potential
importance of myofibrillar degeneration. Hum

Pathol 1970; 1: 125-170.

Abi-Saleh B, Iskandar SB, Schoondyke JW, et al.
Tako-tsubo syndrome as a conseguence of transient

ischemic attack. Rev Cardiovasc Med 2006:; 7: 37-41.

Cannon PJ. The heart and lungs in myotonic muscular

dystrophy. Am J Med 1962; 32: 765-775.

177




269.

270.

271.

272.

273.

274 .

275,

276 .

277 .

278 .

Arnason C, Serge Th, Dahlberg L, Myocardial changes
in dystrophia myotonica. Acta Med Scandinav 1964;
176: 535-538.

James TN. Observations on the cardiovascular in-
volvement, including the cardiac conduction system,
in progressive muscular dystrophy. Am Heart J 1962;
63: 48-56.

Connor RCR. Heart damage associated with intra-

cranial lesions. Br Med J 1968; 3: 29-31.

Connor RCR. Myocardial damage secondary to brain

lesions. Am Heart J 1969; 78: 145-148.

Connor RCR. Focal myocytolysis and fuchsinophilic
degeneration of the myocardium of patients dying
with various brain lesions. Ann NY Acad Sci 1969;

156: 261-270.

Connor RCR. Fuchsinophilic degeneration of myo-
cardium in patients with intracranial lesioms. Br

Heart J 1970; 32: 81-84.

Yoshida K, Ogura Y, Wakasugi C. Myocardial lesions
induced after trauma and treatment. Foremnsic Sci

Int 1992; 54: 181-189.

Lerman A, Kubo SH, Tschumperlin LK, et al. Plasma
endothelin concentrations in humans with end-stage
heart failure and after heart transplantation. J

Am Coll Cardiol 1992; 20: 849-853.

Gallardo A, Anguita M, Franco M, et al. The echo-
cardiographic findings in patients with brain
death. The implications for their selection as
heart transplant donors. Rev Esp Cardicl 1994;
47: 604-608. |

Nakamura Y, Ryoke T, Tanaka N, et al. Celiprolol,
a beta—adrenoceptor antagonist with vasodilator
effect, improves hemodynamic response to catechol-
amine, spontaneous locomotor activity, and survi-

val in cardiomyopathic hamsters with advanced

178.




279 .

280.

281.

282.

283.

284 .

285,

179

heart failure. J Cardiovasc Pharmacol 1998; 31:
171-178.

Rajs J, Falconer B. Cardiac lesions in intravenous

drug addicts. Forensic Sci Int 1979; 13: 193-209.

Fineschi V, Silver MD, Karch SB, et al. Myocardial
disarray: an architectural disorganization linked
with adrenergic stress? Int J Cardiocl 2005; 99:
277-282.

Poh KK, Chan MY, Chiba B-L. Images in cardiology:
left ventricular apical ballooning after head in-

jury. €Clin Cardiol 2005; 28: 30.

Fang CX, Wu S, Ren J. Intracerebral hemorrhage
elicits aberration in cardiomyocyte contractile
function an intracellular Ca2+ transients. Stroke

2006; 37: 1875-1882.

Baroldi G, Di Pasquale G, Silver MD, et al. Type
and extent of myocardial injury related to brain
damage and its significance in heart transplanta-
tion: a morphometric study. J Heart Lung Trans-—

plant 1997; 16: 994-1000.

Schlesinger MJ, Reiner L. Focal myocytolysis of
the heart. Am J Path 1955; 31: 443-459.

Hacker G. The morphology of apoptosis. Cell Tissue
Res 2000; 301: 5=17.




- UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG

Division of the Dep; uty Registrar (Researéh)

COMMITTEE FOR RESEARCH ON HUMAN SUBJECTS (MEDICAL)
- Ref: R14/49 Moar R SRR -

CLEARANCE CERTIFICATE ~ PROTOCOL NUMBER MOO/07/14
* PROJECT . - Craniocerbral injury & Histological Changes ‘.

. Observed Within The Myocardium

INVESTIGATORS ~ DrJJ Moar

' DEPARTMENT  ~ Deptof Forensic Medicine, Gauteng Dept of Health
" DATECONSIDERED ~ 00/07/28
ECIS] THE COMMITTEE *

Approved unconditionally

DATE 00/07/31 (Professor P E Cleaton-Jones)

* Guidelines for written “informed consent" attached where appliCéb!e.

¢ ¢ Supervisor: Dr E Klug o : v
Dept of Cardiology Department, JQhanensburg Hbspital

7 Works2Valn0015HumEth7 vidb\M 00107114

. To be completed in duplicate and ONE COPY retumed to the Secretary at Room 10001, 10th Floor,
Senate House, University. , '

e fully understand the conditions. under which | amfweare authorized to carry out the abovementioned
* research and Iiwé guarantee to ensure compliance with these conditions. Should any departure io be

contemplated from the research procedure as approved liwe undertake to resubmit the protocol to the
Committee. '

DATE ..lf&.:\.Qf;s%;\\.?;..l\x..”.SlGNATURE

PROTOCOL NO.: M 00/07/14

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES




