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ABSTRACT

Two methods of inducing brain death in experimental animals (the baboon and pig) have
been utilized to study the pathophysiological effects of brain death on potential donor
organs, with particular emphasis on the heart. When initiated by an acute increase in
intracranial pressure, brain death has two major effects on the experimental animal. The
first is a series of haemodynarnic changes which take place and which can lead to
histopathological damage of the major organs, notably the heart. The second is a depletion
of certain circulating hormones, notably triiodothyronine, cortisol, and insulin, which resulit
in a change from aerobic to anaerobic metabolism, which in turn leads to depletion of
myocardial energy stores, with resulting deterioration in cardiac function. A similar
deterioration in function has been documented in the kidney, and it would seem likely
that similar changes take place in the other major organs. Similar observations have
been made in human brain-dead potential organ donors. From these observations, the
concept of replacement hormonal therapy has been developed, and its effect in both the

experimental animal and human brain-dead potential organ donors has been assessed.

During the agonal period, marked sympathetic activity occurs, with significant increases in
circulating and endogenous catecholamines, resulting in extreme vasoconstriction, leading
to significant increases in systemic vascular resistance and mean arterial pressure. A
great increase in systemic vascular resistance results in transient acute left ventricular
failure, with mean left atrial pressure rising significantly above the mean pulmonary
arterial pressure in the majority of cases. A temporary arrest of pulmonary capillary blood
flow occurs, leading to blood pooling within the lungs. These changes may lead to disruption
of the anatomical integrity of the pulmonary capillaries and pulmonary oedema and/or
alveolar septal interstitial haemorrhage. Such tissue damage may lead to lung failure

after transplantation, or may be a major factor in the development of the so-called
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"reimplantation response" which can occur in lungs following transplantation.

The endogenous catecholamine release within the myocardium leads to a prolonged
period of tachycardia, with rhythm abnormalities and electrocardiographic changes of
ischaemia. During this period, major structural damage to the myocardium may occur. In
various studies, between 73 to 100% of hearts showed myocardial damage in the form
of contraction bands, myocytolysis, and coagulative necrosis; injury to the myocardial
conduction tissue was seen in 41% and to the coronary artery smooth muscle in 70%.
The coronary artery contraction bands indicate a severe spasm which may lead to a
transient total cessation of coronary blood flow, particularly to the subendocardial
region; this may contribute to the ischaemic injury which occurs in the myocytes and

conducting cells, and to the electrocardiographic changes seen.

These histopathological changes, resulting in inadequate myocardial function or heart
block, may possibly be the cause of the reported cases of early donor heart failure after
transplantation; clinical evidence for this is documented. Certain histopathological changes
in the myocardium which result from brain death may lead to confusion in the interpretation

of endomyocardial biopsies during the first days after transplantation of the heart.

Myocardial structural damage can be prevented by previous total cardiac sympathectomy
or the prior administration of either a adrenergic blocking agent, such as propranolol, or

a calcium antagonist, such as verapamil hydrochloride.

The second major effect of brain death is a rapid reduction of circulating triiodothyronine
(T3): in the baboon a reduction of cortisol and insulin is also seen. This hormonal
depletion is associated with an increasing inability of the tissues throughout the body

to metabolise aerobically, with an associated increase in anaerobic metabolism.
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Depletion of myocardial high energy stores (ATP and CP) and glycogen, and
accumulation of lactate, occur, resulting in a deterioration of cardiac function.
There is also evidence that these significant metabolic changes have a deleterious
effect on renal function (and almost certainly on other organs also). The change to
anaerobic metabolism, the loss of myocardial energy stores, and the deterioration
of cardiac function, can all be reversed by T5 replacement therapy. T3 would

appear to be essential for satisfactory mitchondrial function.

Similar reductions in circulating T4, and, to a lesser extent, cortisol and insulin
have been observed in human brain-dead donors, and a similar deterioration of
myocardial function in the hours following the diagnosis of brain death has been
noted also. In a clinical study, a group of 26 potential donors showed increasing
acidosis, necessitating repeated administration of bicarbonate in order to maintain
a normal acid-base balance. This was accompanied by progressive haemodynamic
deterioration requiring increasing inotropic support to maintain cardiovascular stability.
Despite this therapy, 20% of potential donors were considered unsuitable for purposes
of transplantation due to a progressive cardiovascular deterioration or sudden ventricular

fibrillation.

In comparison, a group of 21 donors treated with hormonal therapy (T3, cortisol,
and insulin) showed a significant improvement in cardiovascular status, despite
reduced needs for inotropic support and bicarbonate. Following the initiation of
hormonal therapy, significant reductions in serum lactate and pyruvate were
observed. In this group, all donors were suitable for transplantation of either heart
or heart and lungs, together with the kidneys, and excellent organ functions was

observed following the implantation of all grafts.
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Despite the elapsed time, the clinical application of hormonal therapy to brain dead
organ donor is expanding. According to UNOS data currently in the US 19.9% of
donors receive this therapeutic modality (T, cortisol-methylprednisolone, vasopressin,
and insulin as required) for the hemodynamic recovery. Following hormonal thera-
py, brain dead organ donors become hemodynamically stable, allowing a signifi-
cant increment of organ procurement and transplant procedures in the recipient.
Furthermore recipients of organs from treated donors at one year have shown a
significant survival improvement, most probably this benefit may be observed as
time elapses. There is no doubt that hormonal therapy is now being used with more
frequency, and will expand over the coming years, thus this dissertation despite the
elapsed time remains of great value for the management of brain dead organ
donors, | think the re-submission of the thesis is timely and only now the scientific
transplant community is finding that a rational treatment of the brain dead organ

donor yield organs in a removed metabolic slate and prolongs the life of the recipient.

An overview on ethical issues related to this dissertation has been done. The
research for this presentation was performed in non-human primates and on the
pig. The provided care in the 80’s is reviewed and compared with current research.
There were no differences found in the provided care to the animals, the humane
care was the result of the input from the UCT Departments of Anesthesia, Surgery,
Neurosurgery and Cardiothoracic Surgery. The chairs and faculty were actively
involved in the development of the required analgesia and anesthesia. Thus despite the
elapsed time the ethics of the performed animal research, did fulfill current institutional

requirements.

In summary, the acute rise in intracranial pressure which occurs in many subjects

during the development of brain death leads, therefore, to major haemodynamic
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changes which may result in significant injury to the heart and lung, and probably to
other organs also. The depletion in various circulating hormones which subsequently
occurs may have a profound effect on the metabolism and function of the organs

being considered for transplantation.
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SUMMARY OF CONTRIBUTIONS MADE BY THESE STUDIES

This thesis presents details of studies on the physiopathology of the agonal period and
the hours which follow brain death, with specific emphasis on its effects on potential
donor organs, in particular the heart. The chapters detail the results of, firstly, animal
experimentalion and, subsequently, observations from human brain-dead potential organ
donors. From these original observations, a new form of hormonal therapy is detailed,
which restores aerobic metabolism in the brain-dead subject, enabling normal metabolic
activities to proceed, and rendering the donor organs in an improved condition before

transplantation.

Each chapter provides information which either substantiates previous work in this area,

or provides original contributions.

Chapter 1

Reviews the literature regarding the pathophysiology of brain death.

Chapter 2

A new method of inducing brain death in the baboon is described. A detailed analysis of

the electrocardiographic changes which occur during and after brain death is presented;

no previous study has documented these changes so thoroughly.

The haemodynamic changes which take place during and after brain death are investigated.

The extreme rise in systemic vascular resistance, resulting in significant increases in the

mean arterial and left atrial pressures, is highlighted. The rise in systemic vascular resistance
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leads to a virtual cessation of aortic blood flow, a rise in left atrial pressure above that in the
pulmonary artery, with subsequent pooling of blood in the lungs for a short period of time.
These observations provide information on the pathophysiology of neurogenic pulmonary
oedema, and it is suggested they may be a causative factor in the "reimplantation response”,

seen in some patients after hear-lung transplantation, and even of lung failure.

The endocrine changes which take place in the body during and after brain death have
been investigated. There is an early, but short-lived, rise in circulating catecholamines,
but evidence is provided which suggests that endogenous catecholamines are largely

responsible for the tissue damage which can result following the induction of brain death.

The rapid depletion of T4 and T3, occurring within 16 and 19 hours respectively following
brain death has not been documented previously. The half-life of these hormones in
the normal subject is at least 4 and 1 days respectively, and therefore their rapid
depletion following brain death suggests that this is not due solely to degradation by
the monoiodinases. In the present state of our knowledge, we cannot adequately explain
this rapid degradation of T4 and T4. Levels of thyroid stimulating hormone remain normal.
Following brain death, when induced by this method, the hypothalamic-pituitary portal
system connections are disrupted, suggesting that, in addition to TSH, other humoral or

neurogenic factors are required for the synthesis of T,.

Rapid depletion of serum cortisol and insulin levels has also been documented following

brain death.

The histopathological changes which can occur in the myocardium during the induction
of brain death are described and illustrated. A high percentage of hearts suffer significant

injury during the agonal period. Damage to the conduction tissue and to the smooth
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muscle of the walls of the coronary arteries does not appear to have been described
previously in the literature; such injury may lead to early death after heart transplantation

from arrhythmia or myocyte damage.

Chapter 3

The mechanism by which myocardial injury occurs during brain death has been investigated,
and evidence is provided to suggest that it is a result of endogenous catecholamine release,
resulting from extreme sympathetic activity ("sympathetic storm"). Such myocardial
damage can be prevented by prior sympathetic or total denervation of the heart. It can
also be prevented by prior adrenergic blockade or calcium antagonism, suggesting that

the endogenous catecholamine activity is calcium mediated.

Chapter 4

Evidence is provided that brain death leads to depletion of myocardial high energy and
glycogen stores, with an increase in tissue lactate, suggesting a change to anaerobic
metabolism. These changes are associated with significant functional deterioration of the

isolate heart taken from a brain-dead animal.

Storage of the heart for 24 hours by continuous hypothermic perfusion is associated with
little deterioration in myocardial function when the heart is taken from an anaesthetized
animal. When the heart is excised from a brain-dead animal, however, significant further

deterioration in myocardial function has been documented.

Chapter 5

The depletion of myocardial energy stores and increase in tissue lactate (described in
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Chapter 4) were found to be reversible by the administration of hormonal therapy,
consisting of T4, cortisol and insulin, to the brain-dead animal. Evidence is presented
to show that this hormonal therapy results in a reversal from anaerobic to aerobic
metabolism, and leads to significant improvement in myocardial function on testing

of the isolated heart.

Chapter 6

Studies on the kidney confirm that similar changes to those described in Chapter 4 also
take place in this organ after brain death. Hormonal therapy (as outlined in Chapter 5)

again results in reversal of these changes and normalization of function.

Chapter 7

It is conclusively shown that brain death results in inhibition of aerobic metabolism, with
a resulting increase in anaerobic metabolism. The administration of T4 alone reverses
these changes, and leads to a full recovery of oxidative phosphorylation. Evidence is
provided to show that T5 is necessary for mitochondrial activity under the circumstances
of brain death. This would appear to be an important observation, possibly with major

implications in biochemistry and physiology.

Chapter 8

A Clinical survey of early donor heart failure in patients with heart transplants is presented.
It is suggested that early donor heart failure after transplantation can result from myocardial
damage occurring during the donor agonal period. Histopathological features seen in the

myocardium of certain patients with heart transplants who died from early donor heart
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failure show extreme similarities to those seen in hearts taken from baboons subjected

to brain death.

Chapter 9

A Clinical trail of hormonal therapy (T4, cortisol, and insulin) has been carried out in
brain-dead potential organ donors. Certain metabolic and functional parameters have
been monitored before excision of the heart for purposes of transplantation. Changes
seen in this group of brain-dead donors has been compared with those seen in a previous
group of brain-dead donors who did not receive such hormonal therapy. It is concluded
that hormonal therapy leads to metabolic and haemodynamic improvement in the donor,
rendering the heart (and probably other organs also) in a better state for subsequent
transplantation. Such a study has not been undertaken previously, and clearly may have
important implications in the field of organ transplantation. Certain data included in this
thesis have been published previously, or are in the process of publication at present.

The sources of this published data, and my co-authors, are listed below.

Chapter 10

Current management of brain organ donors is presented, in this overview the impact
of the use of T3, cortisol/methylprednisolone, vasopressin in brain dead organ donors
in presented. Hormonal therapy did impact not only in the cardiac recovery, but also
on all organs used for transplantation. More organs were harvested from brain dead
organ donors whenever were treated with hormonal replacement. One year survival
of the recipient was significantly improved following cardiac and renal transplantation.
This overview presents the current brain dead organ donor management, the outcomes

following standard management and following the introduction of hormonal replacement.
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Therefore the organ donor pool was significantly increased, allowing to provide care

to sick patients awaiting organ transplantation.

Chapter 11

The ethical aspects of the performed animal research in the 80’s is reviewed, and has
been comprehensively described, the provided animal care was no different to the care
currently provided in institutions with Animal Research Committees. The comparisons

are clearly outlined.
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CHAPTER 1

PATHOPHYSIOLOGY OF BRAIN DEATH - ORGAN DONOR, GENERAL
CONSIDERATIONS

INTRODUCTION

There is a persistent shortage of donor organs world wide (Slapak 1978, van der Vleit et
al. 1982, Cooper et al. 1982, Hertzer et al. 1986), yet, as increasing numbers of heart
transplants and other organs (kidneys, liver, pancreas, bone marrow) are performed, the

need for such organs is becoming increasingly urgent.

The loss of vasomotor control, development of diabetes insipidus and the large and rapid
blood and fluid volume shifts that accompany brain death contribute to haemodynamic

instability in potential cardiac donors.

Jorgensen (1973) studied 63 such patients in which the diagnosis of brain death had
been established and the patient was maintained on a ventilator; 62% suffered cardiac
arrest within 24 hours and 87% by the end of 72 hours. Muhlberg et al. (1986) showed

that 10% of referred donors are lost due 1o progressive cardiovascular deterioration.

At our own centre, supportive therapy of the donor in the past has taken the form of
intravenous (i.v.) fluids to replace the large urine output which brain dead patients produce
(diabetes insipidus) and to maintain a central venous pressure (CVP) of between 5-10
cmH,0, inotropic support to maintain a mean arterial pressure (MAP) of above 60 mm Hg,
and vasopressin given either by i.v. infusion or by intermittent intramuscular (i.m.) injection,

both to reduce urinary output and help maintain an adequate MAP by peripheral
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vasoconstriction (Johnston 1981). Despite these measures, in Cape Town approximately
20% of hearts have been lost through deteriorating haemodynamic function before excision

for transplantation, or have been deemed unsuitable for transplantation.

Many authors have stressed the importance of stabilizing the cardiovascular system,
correcting the acid-base balance in order to prevent further deterioration of the donor.
(Slapak 1978, Montefusco et al. 1984, Dickerman et al. 1986). In unstable donors, Rieder
(1986) has advocated the use of hypothermic body perfusion for multiple organ removal
and, in the past, cardiopulmonary bypass was used, lowering the body temperature, in
an attempt to prevent organ injury (Barnard et al. 1969, and Toledo-Pereyra et al. 1980).
In spite of many different therapeutic methods, 30% of patients referred to Groote Schuur

Hospital for cardiac transplantation die before a donor is available.

The advantages of being able to store a donor heart for a few hours are obvious (Wicomb
et al. 1984). There would be time to transport the donor or the isolated graft to the transplant
centre, prepare the recipient, and perform tissue typing; a much larger geographical donor
pool could be tapped. We therefore developed a technigue of continuous hypothermic
perfusion storage of the donor heart which resulted in excellent immediate and long-term
myocardial function when the heart was excised from a healthy, anaesthetised baboon or
pig (Wicomb et al. 1981). Storage periods up to 48 hours were followed by long-term survival

of the recipient baboons into whom these hearts were transplanted (Wicomb et al. 1984).

When hearts taken from human brain-dead donors were stored by the same system,
however, a delay of several hours in the return of good myocardial function was observed
(Wicomb et al. 1981, Cooper et al. 1983). As the storage system utilized in these patients
was identical to that used in our animal studies, it appeared that this delayed function

must presumably result from a loss of myocardial energy stores and/or other reversible damage
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sustained during and following the onset of brain death, this being the only obvious

difference between the two groups.

These observations led me to undertake a series of experiments in the baboon and pig
to elucidate the effects of brain death and the subsequent management of the brain-dead
donor on myocardial function. The additional effect of 24 hours storage by hypothermic

perfusion on hearts taken from brain-dead animals was also investigated.

PATHOPHYSIOLOGY OF BRAIN DEATH

The neocortical part of the brain maintains an intricate balance of input and output with
lower centres, especially the reticular formation of the mid brain; through this pathway, the
cortex is kept alert and the individual awake. The limbic-mid brain circuits maintain
haemostatic equilibrium and the relation of instinct-emotional behaviour, together with the
perception of specialized sensory reception, e.g., sight, taste, smell, hearing, and
balance; Hypothalamic-pituitary-endocrine functions (Baylis 1983) influence the
complex mechanisms of cell metabolism. Continuous regulation of the viscera
through the autonomic nervous system maintains and regulates functions such as
respiratory, cardiovascular, and gastro-intestinal, and modulates the physiology of

organs such as the pancreas, kidneys, and liver.

The most recent evolutionary acquired functions of the neocortex are the so-called
higher functions of the nervous system, comprising learning, memory, judgement,
ideation, language and other psychological functions of the mind. The integration of
these higher functions represents the ultimate contribution of the central nervous system
to intellectual and conscious life. The irreversible loss of these functions creates a state

of "vegetative" existence.
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Recent advances in clinical investigation, such as computerized tomography, continuous
intraventricular pressure monitoring, measurement of cerebral blood flow, and the new
acquisition, scanning by nuclear magnetic resonance, have thrown new light onto the

structural and pathophysiological changes which occur during severe brain damage.

BRAIN INJURY

Two types of injury occur when the head is accelerated after a blow or when the moving
head undergoes sudden deceleration. The "primary injury", known as impact damage,
occurs at the time of injury. Secondary brain damage may occur as a consequence of a
complication of the primary injury or may be related to metabolic disorders which are in

turn associated with such conditions as cardiac arrest and hypoxia.

PRIMARY BRAIN DAMAGE

Direct injury to the brain produces two types of lesions. Cerebral contusion and diffuse

axonal injury.

Contusion

The initial report by Strich (1956) on 5 patients who, following closed head injury,
survived for periods of 5-15 months in more or less decerebrated and extremely
demented states, drew attention to the effect of these lesions. The most obvious
signs of primary brain damage are haemorrhagic contusions on the surface of the
cerebral cortex which vary in extent with regard to both surface area and depth.

They may coalesce, producing sizeable intracranial lesions, such as haematomas.
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Diffuse Axonal Injury in the White Matter

At present it is believed that the most important cause of primary brain damage following
head injury is the widespread presence of sub-cortical lesions. Adams (1982), reviewing
45 cases, showed a triad of focal lesions in the corpus callosum and in the dorsolateral
quadrant of the rostral brain stem, with microscopic evidence of diffuse damage to axons.
Holbourn (1945), observing the mechanical deformation of the brain which occurs, especially
during violent rotation of the head, postulated that a swirling motion of the brain within
the skull during the impact induces widespread damage to axons throughout the
white matter which results directly from sheer or tensile strain. These lesions are
often associated with intraventricular bleeding. The histopathological appearance is
of the presence of diffuse axonal injury with so-called "retraction balls"; subsequent

degeneration of the axonal system leads to a microglial scar.

Clinical Manifestations of Primary Brain Damage

The most common result is alteration in the level of consciousness. The importance
of the conscious level as an indicator of brain damage was emphasized by Teasdale
and Jennet (1974) from Glasgow who developed a clinical scale which assessed the
depth of impaired consciousness and coma based on three major aspects: (a) motor
responsiveness, (b) verbal performance, (c) eye opening. This became known as the
Glasgow Coma Scale. It now seems likely that the different depths of coma reflect
varying degrees of diffuse axonal injury. Deep and persistent coma is usually associated

with severe and widespread axonal damage.

Gennarelli et al. (1981) reported histological evidence of diffuse axonal injury in primates

unconscious for more than two hours after injury but with subsequent recovery of
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consciousness. Lesions of the reticular activating system in the mid brain are well
known to be associated with loss of consciousness, leading some to propose that this
phenomenon of concussion is largely a brain stem event. A study of experimental head
injury by Povlishosk et al. (1978) showed evidence that the endothelium of brain stem
vessels may be damaged (and thus the blood-brain barrier disturbed) following any injury
which induces a short period of unconsciousness. Mitchell and Adams (1973) suggested
that primary brain stem injury does not exist in isolation but is always part of diffuse brain

damage.

SECONDARY BRAIN DAMAGE

Reduction in the initial post-injury level of consciousness in patients is likely to be related
to secondary brain damage. The ultimate mechanism for this damage to the brain is
either hypoxia, or ischaemia, or a shift of the brain with distortion and compression.
Graham et al. (1978) showed ischaemic lesions in 91% of 151 patients dying after severe
head injury; these lesions were spread widely in the brain, involving mainly cortex,

cerebellum, hippocampus, and basal ganglia.

Causes of Secondary Brain Damage

(A) Intracranial Factors

Extradural haematomas may occur between the skull and meninges secondary to

damage of the middle meningeal artery (extradural haematomas) (Figure 1-1). This may

be associated with little or no primary brain damage.

Intradural haematomas are three times as common as extradural and may be (a)



1-7

subdural, (b) intracerebral (Figure 1-2), or a combination of both. They induce a cascade
of events leading to decreased perfusion of the brain, with resulting brain cell anoxia, and

raised intracranial pressure.

Brain swelling denotes an increase in volume of the brain itself. It may be due to an
increase in cerebral blood volume (engorgement) or an increase in intra or extra-cellular
fluid (oedema). These conditions are often associated with raised intracranial pressure.
An elevated intracranial pressure from engorgement may reduce cerebral venous return

and lead to an increase in cerebral blood volume.

The movement of water across the capillary membrane causing oedema is related to the
hydrostatic pressure within the blood vessels and to the oncotic pressure in both plasma
and tissues. The special characteristics of the permeability of the brain capillaries result
in the special properties of the blood-brain barrier. Function of this barrier may fail.
Several different mechanisms may produce brain oedema; the cause may be vasogenic,
cytotoxic, hydrostatic, or interstitial. All are inter-related with direct brain injury and with
the occurrence of hypoxia or other cause of secondary brain damage. Cytotoxic oedema
usually takes place as a result of secondary injury, while oedema around an intracranial

haematoma (primary injury) is probably vasogenic in origin.

(B) Extracranial Factors

These are usually related to hypotension and/or hypoxia. The major source of energy to
the brain is through aerobic glycolysis. The interrupted supply of oxygen and glucose is

direcily related to the cerebral blood flow and oxygen tension.

Overgaard and Tweed (1974) studied regional cerebral blood flow in brain oedema and
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increased intracranial pressure in 43 patients. Patients with flow rates of less than 20
ml/100 gm/min (normal is above 50 mI/100 gm/min) either died or survived in a chronic
vegetative state, indicating that perfusion at this level is incompatible with cerebral
functional recovery. Autoregulation of cerebral blood flow during the first few hours after
head injury was studied by Fieschi et al. (1974); autoregulation was intact initially and
impaired 2-3 days afterwards. Eklof and Siesjo (1971), in an experimental model in rats
in which ischaemia was induced by carotid occlusion, measured ATP, ADP, and AMP;
these were all significantly decreased following bilateral ligation of the carotid arteries.
McPherson and Graham (1978) studied 96 patients who died from non-penetrating head

injury, and showed that the incidence of vascular spasm was 41%.

Clinical data implicate vasospasm, (McPherson and Graham 1978), a factor of major
importance in the overall morbidity associated with subarachnoid haemorrhage, and it
may also be responsible for severe ischaemic brain damage. A slow cerebral circulation
may be due to a combination of increased intracranial pressure and decreased systemic

blood pressure and vascular capillary thrombus formation.

Ames (1968) demonstrated an inability to perfuse portions of rabbit brain following a
period of oxygen and glucose deprivation. Chiang et al. (1968), using electron
microscopy, showed a decrease of vascular diameter and an increase in cerebrovascular
resistance following similar deprivation. Both oxygen and glucose deprivation may,
directly or indirectly, produce generalized intracranial hypertension. Hypoxaemia, from
whatever cause, will impair glucose utilization by the brain cells. Opitz and Schneider
(1967) showed experimentally that the critical oxygen tension is reflected by a venous
pO, of 19 mmHg; animals lost consciousness and death followed when the venous pO,
reached a range of 12-14 mmHg; concomitant hypotension greatly potentiates the

effects of hypoxia.
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RAISED INTRACRANIAL PRESSURE

This is a common observation in severe head injuries. The relationships between the
different intracranial components are shown in Figure 1-3. Because the skull is rigid, an
increase in volume in any one of the components must lead to a reduction in one or
more of the others. Once the compensatory mechanisms are overcome, intracranial

hyperlension results.

Teasdale et al. (1977) showed that a blood flow reduction of 40-70% (to 30-60% of con-
trol) resulted in disturbances of cerebro-electrical function. (Figure 1-4). A flow of less
than 16 ml/100 grams brain/minute resulted in slowing of cerebro-electrical activity.
Between 12-16 ml there is a reversible increase in the level of potassium in the extracel-
lular space, and a flow between 8-10 ml indicates a failure of the mechanism responsible for
maintaining the action potential. If this persists for more than 30 minutes, irreversible damage
to neurons will take place. Graham et al. (1978) showed that many patients with intracra-
nial haematomas showed an increase in intracranial pressure resulting from ischaemic dam-

age. (Figure 1-5).

BRAIN SHIFTS

In any of the above-discussed mechanisms (such as haematoma or brain oedema), a
shift may occur from one compartment to another, especially in relation to the tentorium,
which divides the intracranial spaces into supratentorial and infratentorial. During tentorial
herniation, compression of the oculomotor nerve occurs and the parahippocampal gyrus
will distort and compress the brain stem, affecting its blood supply; compression of the

posterior cerebral artery may lead to infarction of the occipital cortex. (Figure 1-1).
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Hypertension within the posterior fossa will affect the cerebellar tonsils and the medulla,
extruding them through the foramen magnum. Compression of the medulla leads to vasomotor

and respiratory derangement, leading to sudden respiratory arrest and hypoxic death.

During the episodes of endocranial hypertension increased sympathetic activity has been
shown by many authors, Clifton (1981) studied plasma noradrenaline and dopamine in 48
patients, correlating the elevation of catecholamines with increase in blood pressure, pulse
rate and temperature. Peerles (1981) showed a 12-14 fold catecholamine rise following
subarachnoid haemorrhage. Wauchob (1984) discussed the implication of massive
sympathetic response, most likely of hypothalamic origin, and its effect on the lungs,
inducing neurogenic pulmonary oedema. Nathan (1975) working with rats, induced lesions
in the anterior hypothalamus which released adrenal catecholamines. Hunt (1985),
pre-treating rats with propranolol, prevented myocardial lesions after stimulation of the
hypothalamus, mid brain reticular system, or following catecholamine infusion. Feibel
(1981) found a significant fall of catecholamines in pre-terminal patients as soon as the
brain stem reflexes were lost, concluding that it is likely that the sympatho-
adreno-medullary failure is due to the destruction of the hypothalamic-diencephalic
structures and loss of mid brain autonomic function. Hall (1982) studied TSH, prolactin,
and cortisol concentrations in brain-dead patients, finding that there were no significant
changes in a subsequent 24 hour follow up period, but circadian cortisol variation was
absent; he concluded that after the clinical diagnosis of brain death has been made, the

hormonal evaluation of such patients does not help further in determining brain death.

CLINICAL DIAGNOSIS OF BRAIN DEATH

A patient in whom life is maintained by a ventilator will be unresponsive and unreactive

to external stimuli, with loss of brain stem reflexes. Extensive reviews on this subject and
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the implications of death of the brain stem have been contributed by Black (1978), Pallis
(1983), and de Villiers (1984), concluding that the clinical diagnosis of brain stem death

is reliable in diagnosing irreversible loss of function of the brain.

CONCLUSIONS

The crucial events which lead to the phenomenon of brain death (Figure 1-5) are (i) the
failure of the blood-brain barrier, (ii) the breakdown of neuronal membranes so that
repolarization and energy transporl is impossible, (iii) oxygenation below the level
required for basic metabolism of the nerve cells, (iv) the production and utilization of
abnormal metabolic substances by the cell, and finally, (v) the decrease or arrest of

cerebral blood flow.
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LEGENDS

Figure 1-1

The effects of an intracranial haematoma - raising the intracranial pressure, inducing
midline shift, midbrain distortion,herniation of the temporal lobe through the tentorium,
and compression of the 3rd nerve.(After Jennet B.Introduction to Neurosurgery, 3rd

Edition, Heinemann, London, 1977).

Figure 1-2

Effects of an intracerebral mass leading to an elevated intracranial pressure in the
supratentorial area,transmitted through to the infratentorial portion, and inducing com-
pression of the midbrainand cerebellum.Cerebellar protrusion through the foramen
magnum occurs, resulting in compression of the distal midbrain and proximal spinal cord

(coning).

Figure 1-3

Estimated volumes(in mis) of the intracranial contents. (After Jennet B. Introduction to

Neurosurgery, 3rd Edition, Heinemann, London, 1977).

Figure 1-4

The effect of reduction of cerebral biood flow on central nervous system function. (After

Jennet B., and Teasdale G. Management of Head Injuries, Davis, Philadelphia, 1981).

Figure 1-5

Schematic representation of pathophysiological pathways leading to brain death. (After
Mendelow AD, Teadale GM, 1983, Pathophysiology of head injuries, BritJ Surg, 70, 641).
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CHAPTER 2

ELECTROCARDIOGRAPHIC, HAEMODYNAMIC, ENDOCRINE AND HISTOPATHO-
LOGICAL RESPONSES TO THE INDUCTION OF BRAIN DEATH IN THE BABOON

Part A

METHODS OF INDUCTION OF BRAIN DEATH IN THE EXPERIMENTAL ANIMAL.

INTRODUCTION

Two different models of the induction of brain death have been employed. Both were
followed by almost identical haemodynamic changes, and therefore the differences in
each technique of induction of brain death do not appear important. In the majority of
our studies in the baboon, brain death was induced by a sudden increase in intracranial
pressure brought about by inflation of the balloon of an indwelling Foley catheter
(Method 1 below). In the majority of our studies in the pig, and also in a small group of
baboons, brain death was induced by clamping or ligation of the two major arteries arising
from the arch of the aorta which supply the upper part of the body (Method 2 below);
this brought about sudden ischaemia of the brain, as both the carotid and vertebral arterial

supplies were interrupted.

ANAESTHESIA AND MONITORING

Both large white Landrace pigs and Chacma baboons (Papio ursinus) weighing 10 to
33 kg were sedated with ketamine hydrochloride (5-10 mg/kg/i.m. and i.v. morphine
(1.5 mg/kg). (In some animals, muscle relaxation was brought about with alcuronium
dichloride (0.5 mg/kg/i.v.) in pigs and pancuronium bromide (4.8 mg/i.v.) in baboons).

After endotracheal intubation, a mixture of oxygen (4¢/min) and nitrous oxide (6¢/min)
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was administered, the animal breathing spontaneously. Blood gases and urine output
were measured. A neurological examination confirmed the presence of brain stem reflexes.
(Table 2A-1). Electrocardiogram (ECG), mean arterial pressure (MAP), and central
venous pressure (CVP) were continuously recorded in all animals. Temperature was

monitored by rectal thermometer.

In selected groups of animals further monitoring was carried out, namely of left atrial
pressure (LAP) or pulmonary capillary wedge pressure (PCWP), and stroke volume (SV).
Aortic and pulmonary arterial blood flows (QA0-QPa) were measured simultaneously
by electromagnetic flowmeters (Figure 2A-1). Cardiac output (CO) was measured, and
systemic (SVR) and pulmonary (PVR) vascular resistances calculated. When flowmeters
were placed around the major vessels and when direct LAP was monitored, necessitating

median sternotomy, oxygenation was maintained by positive pressure ventilation.

In some groups, blood specimens were taken at intervals both before and after induction
of brain death for estimation of catecholamines, metabolites, hormones, and enzymes.
At the end of the experiment, an autopsy was performed. The myocardium was biopsied
for estimations of high energy phosphates, glycogen and lactate. The heart, and other

organs were also biopsied for histological examination.

METHOD 1

After baseline measurements, the anaesthetic level was deepened (ketamine 2 mg/kg/i.v.).
A burrhole was drilled in the right fronto-parietal area of the skull, the duramater was
incised, and a Foley catheter was introduced into the subdural space. The rapid injection
of 10 to 20 ml of saline inflated the balloon of the catheter, producing an acute increase

in intracranial pressure with herniation of the para-hippocampal gyri, compression of the
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midbrain, and paralysis of brain stem reflexes. Cerebellar herniation (coning) causes
interruption of neurological pathways between the midbrain and the spinal cord. (Figure
2A-2). Brain death occurred within 20 minutes in all animals and was established by neu-

rological examination (Table 2A-1).

When spontaneous respiration ceased, positive pressure mechanical ventilation was
initiated; it was continued throughout the experiment and adjusted following blood gas
measurements. Potassium chloride was administered to maintain the serum level
between 3 and 4.5 mmol/l; no inotropic agents were given to any of the brain dead

animals in the initial studies, but were administered to later groups (as detailed below).

METHOD 2

Median sternotomy was performed and the pericardium opened longitudinally. The two
arteries to the upper part of the body which arise from the aortic arch were mobilized,
ligated or clamped, interrupting the arterial blood supply to the central nervous system
via the carotid and vertebral arteries. Previous studies in our laboratory showed that this
procedure led to irreversible and total brain damage in the pig within a period of 120 - 135
minutes, and in the baboon within a period of 15 - 45 minutes, Lanza et al. (1983). In this
model there was no acute increase of the endocranial pressure, but rather an acute

ischaemia (see Chapter 1).

During the induction of brain death in the animals using method 1 and method 2, marked
electrocardiographic, haemodynamic, endocrine, and histopathological changes took

place.
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LEGENDS

FIGURES

Figure 2A-1

Diagram showing the haemodynamic monitoring of the systemic and pulmonary circulations.
Two electromagnetic flow meters were inserted around the aorta and main pulmonary artery
for independent flow measurement. (SG = Swan-Ganz catheter; RA = right atrium; AO =

aorta; PA = pulmonary artery; LA = left atrium).

Figure 2A-2

Cast of the endocranial contents measuring 200 ml from a baboon weighing 25 kg. The
cast has a great similarity to the macroscopic appearance of a baboon's brain. (F = frontal
lobe; T = temporal lobes; O = occipital lobe; Cer = cerebellum; MB = midbrain; FM =

position of foramen magnum; Tn = position of tentorium).
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Figure 2A-2
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Part B

ELECTROCARDIOGRAPHIC CHANGES

INTRODUCTION

An unmodified induction of brain death in the baboon (n=17) was studied. The ECG was
continuously displayed on a monitor and a 12-lead ECG recorded on a Mingograf
(Siemens-Elema) obtaining: (i) a control ECG prior to brain death induction and a
continuous recording while brain death was induced and during the next 10 minutes.
When significant ECG changes were seen on the monitor these were also recorded for
a period of one minute, noting the time from the induction of brain death and the duration
of the events. ECG monitoring and recording lasted for a mean period of 17 hours, with

a range of 16-24 hours.

The following ECG parameters were studied: (1) rhythm, (2) rate, (3) PR interval, (4) QRS
duration, (5) R wave voltage at V5, (6) QT interval, (7) QT corrected for rate (QTC), and

(8) T wave and the ST segment configuration.

RESULTS

Five different stages following the induction of brain death were defined based on: 1)
rhythm, 2) rate, 3) ventricular ectopics, 4) ventricular tachycardia, and 5) ischaemic

changes. (Table 2B-1) (Figures 2B-1 to 2B-4).

Stage 1: Appeared immediately during the increase of endocranial pressure, characterized

in all animals by a sinus bradycardia of a mean rate of 44 beats per minute, mean duration
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of 4.5 minutes. Eleven animals had third degree A-V block, 10 presented second degree
A-V block and 8 first degree A-V block. Six of 17 had sinus pauses, sinus arrest with AV
dissociation and nodal escape. The longest pause lasted for 17 seconds. (Table 2B-1)

(Figures 2B-1, 2B-5).

Stage II: Characteristics were a sudden recovery to sinus rhythm and a rapid increase in
the heart rate to a mean of 144 beats per minute, with no ischaemic changes. This stage

lasted for @ mean period of 7.3 minutes. (Table 2B-1) (Figures. 2B-1 to 2B-4).

Stage Ill: Characterized by the presence of ventricular ectopics. Fifteen animals had
ventricular tachycardia at a rate of 160 per minute. All animals had unifocal or multifocal
ventricular premature contractions and couplets associated with bigeminal rhythm. The
longest ventricular tachycardia lasted for 2 minutes 30 seconds and most animals had
a recurrence of runs of ventricular tachycardia. The mean time of ventricular tachycardia
was 43% of the duration of Stage Ill; 28% of the remaining beats were of sinus origin.

(Table 2B-1) (Figs. 2B-1 to 2B-4).

Stage |V: Started when all ventricular ectopic activity ceased, was of extremely variable
duration (mean 51.3 minutes) with a rate of 160 beats per minute with marked
ischaemic changes, temporary presence of Q waves in 5 animals. ST elevation or
depression and inversion of T wave in all animals. Two of the 17 studied animals had a
continuous tachycardia in Stage IV until the end of the experiment. Both animals had

a spontaneous cardiac arrest. (Table 2B-1) (Figures 2B-1 to 2B-4).

Stage V: Characterized by a reduction in the heart rate to control levels or below lasting

until the experiment was electively terminated.
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DISCUSSION

Ten animals had T wave inversion, associated with ST segment elevation in 7 and ST
depression in 3. Only 4 animals had T wave inversion with no ST segment changes, and
3 presented with ST depression. Six animals had a more prominent T wave, in some
associated with the previous changes. In 4 animals, the ST segment-T waves remained

unchanged.

Only one animal developed a Q wave infarct pattern beginning during Stage Il in the
precordial lateral leads, suggestive of a transmural infarct. Two animals had an ECG

pattern of non-transmural myocardial infarct.
In 6 animals, depolarization changes were seen as early as in Stage | (very similar to the
classical J wave) persisting throughout the experiment and becoming more evident in

Stage V. An example is shown in Figure 2B-4).

The statistical comparisons of the different stages versus control are shown in Table 2B-2.
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FIGURES

Figure 2B-1

Examples of the 5 ECG stages following the induction of brain death (baboon 570)
recorded from the precordial leads V3-V6. Control - sinus rhythm, heart rate 120 per
minute. Stage | shows a sinus bradycardia with third degree A-V block and junctional
escape beats; heart rate 20 per minute. Stage Il shows a sinus tachycardia, heart rate of
160 beats per minute, otherwise normal ECG. Stage lll, bifocal ventricular ectopics at a
rate of approximately 170 per minute. Stage IV, sinus tachycardia at a rate of 160 per
minute with marked ischaemic changes, ST elevation suggestive of an acute myocardial
infarct. Stage V, a resting ECG with a heart rate similar to control in sinus rhythm, loss of

amplitude of the QRS complex, and flattening of the T waves.

Figure 2B-2

Recording of ECG from precordial leads, C: (control) heart rate of 54 beats per minute,
sinus rhythm and a normal PR interval with some flattening and inversion of the T wave.
Stage |, sinus bradycardia, heart rate of 31 beats per minute, T wave inversion in V2,
otherwise no significant changes. Stage Il, sinus tachycardia of 150 beats per minute,
no evidence of ischaemic changes and a positive T wave in V2. Stage lll, ventricular
tachycardia of approximately 166 beats per minute of multifocal origin. Stage 1V, sinus
tachycardia of 165 beats per minute, with marked elevation of the ST segment in V2 and
V3, as seen in the early stage of a myocardial infarct. Stage V, sinus rhythm of 100 beats

per minute, loss of the R wave amplitude, mainly in lead V3, and more marked T wave
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inversion than in the control trace, possibly compatible with ischaemia or a non-transmural

myocardial infarct.

Figure 2B-3

ECG recording from the precordial leads. C: (control) sinus rhythm, heart rate of 95
beats per minute. Stage | junctional rhythm, rate of 37 beats per minute, normal QRS
configuration and a ventricular extrasystole is seen, suggesting that during this early
stage, sympathetic activity is present. Two P waves are shown not followed by the QRS
complex. Stage I, sinus tachycardia, rate of 166 per minute, unspecific ST segment and
T waves present in leads V5 and V6. Stage lll, multifocal ventricular tachycardia with an
approximate rate of 200 beats per minute. Stage |V, sinus tachycardia with a heart rate
of 166 beats per minute, ischaemic ST segment depression in leads V4, V5 and V6.
Stage V, sinus rhythm, heart rate of 80 beats per minute with no specific ST segment
elevation in leads V3, V4, V5, and more prominent T waves, no loss of R wave, more

prominent S waves and a new S wave in V6.

Figure 2B-4

C: (control) standard leads, heart rate of 107 beats per minute. Stage |, sinus rhythm,
heart rate of 59 beats per minute, depolarization changes or incipient appearance of a J
wave. The ST segment and T wave do not differ significantly from the control. Stage II,
sinus tachycardia, heart rate 150 beats per minute, loss of the QRS wave voltage
amplitude in all leads, disappearance of the previously seen J wave; the remaining
parameters are not significantly different from control. Stage IlI, ventricular tachycardia
of 115 beats per minute. Stage |V, sinus tachycardia of 136 beats per minute,

depolarization changes or J wave at the end of the QRS complex, inversion of T
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waves in leads Il, Ill and aVF. Stage V, sinus rhythm, heart rate of 88 beats per
minute, more evident QRS complex changes and a J wave are seen, loss of the QRS

complex amplitude and early repolarization changes.

Figure 2B-5

Stage |, from 3 different animals, A = sinus arrest, occasional escape junctional beats.

B = third degree A-V block, junctional QRS complex, irregular rhythm. C = sinus and

atrial standstill with junctional escape beats.
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Part C

HAEMODYNAMIC CHANGES

These were studied in 11 animals. In 8 baboons, a midline splitting sternotomy was
performed, the pericardium was opened and the aorta was dissected from the main
pulmonary artery. Two electromagnetic flowmeters were placed around the arteries
(Figure 2A-1) providing simultaneous recordings of flow through both vessels and
hence the cardiac output. A catheter was also introduced through the left atrial
appendage for continuous left atrial pressure monitoring. In this group, positive pressure

ventilation was maintained throughout the experiment.

All animals had continuous ECG recordings made and MAP and CVP pressures were
monitored via catheters introduced through the femoral vessels. A Swan-Ganz catheter
was inserted through the opposite femoral vein and positioned under fluoroscopic control

within the pulmonary vessels to obtain PAP and PCWP.

In 3 animals sternotomy was not performed; two Swan-Ganz catheters were inserted to
monitor pulmonary artery pressure (PAP) and pulmonary capillary wedge pressure

(PCWP); in these 3 animals, aortic and pulmonary artery flowmeters were not implanted.

All pressures were recorded on a physiological data recording system (ARG Honeywell)
multichannel recorder, allowing simultaneous recording of all haemodynamic parameters;

SVR and PVR were calculated.

Prior to induction of brain death (by method 1), control recordings of all the parameters

were taken.
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Continuous haemodynamic monitoring was maintained for the first five minute period
from the moment of the distention of the Foley catheter balloon; thereafter, all parameters
were recorded at 15 minute intervals during the first hour, at 30 minute intervals for the
next six hours. The experiment was then electively terminated; the heart and lungs were

excised and examined histologically.

RESULTS

Systemic Haemodynamic Changes

During the induction of brain death, significant changes tock place (Figs 2C-1 to 2C-8).
MAP rose from a control of 100 mmHg to a peak of 296 mmHg (range 170-660 mmHg)
(p<0.002), an increase of 196%. SVR showed a marked increment at the time of the dra-
matic increase in MAP from a control level of 45 Wood units to a peak level of 287 Wood
units (range 80-800 Wood units) {(p<0.02), an increment of 537%. CVP showed no signif-
icant changes at the time of the maximal MAP or SVR, but rose slightly afterwards.
Though this rise was significant (p<0.01) at a later stage, at peak MAP and SVR it did
not achieve significance. Mean aortic blood flow fell from a control level of 2.25 é/min to
1.30 é/min range 0.78-2.40 ¢/min (p<0.0003), a fall of 42%. When SVR subsequently
decreased, the aortic blood flow increased, in some cases back to control levels, though

in most animals remaining low. (Figs 2C-1 to 2C-7).

Pulmonary Haemodynamic Changes

The conirol mean LAP (or PCWP) 8 mmHg rose to a mean of 52 mmHg (range 13 to 90

mmHg) (p<0.0001) (Figs 2C-1 to 2C-8). (On visual observation, the left atrium became
markedly distended}. The mean PAP of 14 mmHg reached a peak of 34 mmHg (range



2-24

10-55 mmHg) (p<0.002). In 9 of 11 baboons in this study, the LAP or (PCWP) exceeded
the PAP; this reversal of the normal pressure relationship lasted for a mean period of 57
(14.4) seconds. Mean PVR showed a rise from a control level of 3 to a peak of 7 Wood
units (range 1-18 Wood units); this did not reach statistical significance. In 4 cases, the
PVR fell below the baseline level, whilst in the remaining baboons it showed a marked
increase. Pulmonary artery blood flow, which was equal to the aortic blood flow (2.25
¢/min) before the induction of brain death, rose to a peak of 2.82 ¢/min (range 0.10-4.70

¢/min), an increase of 25%; this rise, however, did not reach statistical signficance.

Changes in Pulmonary Blood Volume

Under normal haemodynamic conditions, the lung contains approximately 20% of the
total blood volume (Ganong 1977); in addition, an extra 4% is contained within the left
atrium and left ventricle. The pulmonary and left heart blood volume, therefore, comprises

approximately 24% of the total blood volume. (Ganong, 1977).

In the present study, during induction of brain death, when aortic blood flow was markedly
reduced following the extreme rise in SVR, the pulmonary and left heart blood volume
increased to a mean of 72% of the total blood volume (p<0.0001) (Fig. 2C-4 to 2C-10).
As the PVR remained relatively low, right ventricular failure did not occur, as evidenced
by no significant changes in the CVP at this time. As the SVR decreased, the left ventricle
became capable once again of pumping blood through the aorta. A significant increase
in the aortic blood flow occurred, and the blood which had been pooled within the lungs
was returned to the systemic circulation. At this stage, aortic blood flow exceeded
pulmonary blood flow, until the pulmonary blood volume had returned to normal.

Thereafter, aortic and pulmonary flows remained equal once again.
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FIGURES

Figure 2C-1

Mean changes in systemic and pulmonary haemodynamic data during the induction of
brain death in 8 baboons. The left hand graph shows changes in systemic haemodynamics
between control levels (A) and those recorded at the peak of systemic vascular resistance
(B). The SVR was calculated in Wood units. Q = aortic blood flow {I/min). Changes in

MAP, SVR and QAo reached significance.

The right hand graph shows changes in pulmonary haemodynamics between control
levels (A} and those obtained at peak systemic vascular resistance (B). Q = pulmonary

arterial blood flow (I/min). The changes in PA and LA reached statistical significance.

Figure 2C-2

Simultaneous pressure recordings from a femoral artery catheter and PCWP obtained
from a wedged Swan-Ganz catheter (giving PCWP). Control (pre-induction of brain
death) values are shown. The arrow indicates the moment of the induction of brain death
(by inflating the balloon of the Foley catheter). There is a rapid response with a drop in
the arterial blood pressure and an evident slowing of the heart rate (as seen by the arterial
pulse trace) corresponding to the ECG stage I. Following a period of 5 minutes, there is
a rapid significant increment of both the systolic and diastolic arterial blood pressures and
a rapid increase in heart rate corresponding to the ECG stages I, I, and IV. During stage

l, the wedge pressure does not show significant changes. However, at the time of the
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arterial pressure increment corresponding to the peak of the SVR, the wedge pressure

rises rapidly (off the scale), reaching a peak of 90 mm Hg.

Figure 2C-3

Simultaneous recordings of the MAP, PCWP (wedged) and CVP, showing that at the
induction of brain death (arrow), a significant increment of the MAP occurs simultaneously

with the PCWP elevation. The CVP does not show significant changes.

Figure 2C-4

Systemic and pulmonary haemodynamic data during induction of brain death in a
Chacma baboon. The upper graph shows changes in SVR (Wood units), MAP (mmHg),
QPA, and QAO. The discrepancy between flows (shadowed area) represents the period
and extent of blood pooling within the lungs; in this case, blood pooling extended for a

period 160 seconds.

In the lower graph, changes in mean LAP (mm Hg), mean PAP (mm Hg) and PVR (Wood
units) are shown. The shaded area represents the period of 85 seconds during which the

LAP exceeded the PAP.

Figure 2C-5

Systemic and pulmonary haemodynamic data during induction of brain death in a second

baboon in this series. Legends as for Figure 2C-4. In this case, blood pooling within the

lungs extended over 105 seconds. LAP rose above PAP for only 6 seconds.
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Figure 2C-6

Systemic and pulmonary haemodynamic data during induction of brain death in a third
baboon of this series. In this case, blood pooling within the lungs extended for 140

seconds. LAP rose above PAP for 55 seconds.

Figure 2C-7

Shows control {(A) cardiac output, and the QPA-QAOQO at the time of peak SVR. (B) QAO
decreases significantly. A significant difference in flows was recorded at B. Statistical

differences are shown.

Figure 2C-8

Central blood volume pooling (QPa-QAo) in litres, in each of the 8 animals in which flow
meters were inserted, the shaded areas represent the pooled blood in the lungs and left

atrium.

Figure 2C-9

Shows the normal central blood volume (A) contained within the lungs and the left side of

the heart, and at the time of peak SVR (B). The increase in the central blood volume is

statistically significant.

Figure 2C-10

Simuftaneous ECG (lead I) and arterial puise trace recordings during the control period
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and during the first 4 ECG stages. The heart rate and the blood pressure for each stage
are shown. During Stage | the MAP remained unchanged in spite of a marked bradycardia,
indicating an increment of the SVR, as a result of increased sympathetic activity. ECG

stages I, Ill, and 1V, as per 2B-1. The resulting hypertension started settling by the end

of stage IV.
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Part D

ENDOCRINE CHANGES

Studies were carried out in two groups of animals. Five animals were included in each
group. All underwent brain death as per method 1. Group A received no or minimal
amounts of fluids. Group B received a continuous i.v. infusion of a crystalloid solution
(Maintelyte) in order to replace fluid losses and maintain MAP of above 60 mmHg. Blood
specimens were taken for control measurement and following induction of brain death at
5 and 15 min, and at 1,7,10,13,16 and 19 hours, or until the experiment was electively

terminated, or the animal had a cardiac arrest. (For laboratory methods see Appendix 1).

Catecholamines

Circuiating catecholamines were measured in 5 animals (Fig. 2D-1). A significant
increase occurred within 5 minutes of inflation of the Foley catheter balloon. Adrenaline
concentration rose elevenfold over baseline levels {p<0.001), noradrenaline threefold
(p<0.01), and dopamine twofold (p<0.05}. Ten minutes later, these levels returned to
control values. By the third hour, catecholamine levels had decreased further, below
baseline values. Only the noradrenaline drop, however, was significant (p<0.05). During

the later stages of the experiments, catecholamine levels were not measured.

T4'T3 -TSH (n:1 O)

The thyroid hormones (Fig. 2D-2 and 2D-3) T4 and T4 fell sharply to 50% of control values
(p<0.04) by the end of the first hour; no circulating T4 or T4 was detectable 16-19 hours
after induction of brain death (p<0.0001). TSH (Fig. 2D-4) showed no significant change

from the control level throughout the experiment.
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Cortisol (n=10)

Cortisol blood levels rose in all animals during the first 5 minutes, then declined
progressively to 50% of baseline values at one hour (p<0.05) (Fig. 2D-5). By 16

hours, a further decline had occurred (p<0.0001).

Insulin (n=10)

Circulating insulin also fell in all baboons during the first 5 minutes (Fig. 2D-6). By one
hour, the fall was significant (p<0.04), and at 13 hours the level had reached 37% of

the control level (p<0.003).

Antidiuretic Hormone (n=10)

Antidiuretic hormone levels fell significantly in all animals, disappearing from the circulating
plasma within 6 hours (p<0.0001). Unless fluid replacement was given actively, urine output
ceased between the second and third hour of observation, by which time MAP had fallen
to approximately 45 mmHg. When no fluid replacement was given, mean total urine output
in baboons was 500 ml. If fluid replacement were given, the baboon continued to pass large
quantities of urine throughout the experimental period, the mean total output reaching 8

litres in 24 hours (p<0.0001).

Glucagon (n=10)

Blood levels of glucagon showed no significant changes from baseline values.

lonized Calcium (n=6)

The blood levels of ionized calcium showed no significant changes from baseline values.



2-41

LEGENDS

FIGURES

Figure 2D-1

Changes (mean of 5 animals) in circulating adrenaline (ad), noradrenaline (na), and
dopamine {dop), during the first three hours following the induction of brain death. The
statistical differences between control levels (C) and levels taken at 5 minutes, 15 minutes,

and 3 hours after induction of brain death are shown.

Figure 2D-2

Changes in circulating thyroxine (T,4) following the induction of brain death. Group A
received no i.v. fluid support; group B received a continuous i.v. infusion to maintain a CVP
of 5-10 cmH,0O and MAP of 60 mmHg. The statistical differences between control levels

(C) and levels taken at one hour and 19 hours after induction of brain death are shown.

Figure 2D-3

Changes in circulating triiodothyronine (T3) following the induction of brain death,
(Groups A and B, as in Fig. 2D-2). The statistical differences between control levels (C)

and levels taken at one hour and 16 hours after induction of brain death are shown.

Figure 2D-4

Changes in circulating TSH (Groups A and B, as in Fig. 2D-2) following the induction of

brain death. No statistical differences were found throughout the experiment.
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Figure 2D-5

Changes in circulating cortisol (Groups A and B as in Fig. 2D-2) following the induction
of brain death. The statistical differences between control levels (C) and levels taken one

hour and 16 hours after induction of brain death are shown.
Figure 2D-6
Changes in circulating insulin {groups A and B, as in Fig. 2D-2) following induction of

brain death. The statistical differences between control levels (C) and levels taken one

hour and 13 hours after induction of brain death are shown.
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Part E

HISTOPATHOLOGICAL CHANGES (LIGHT MICROSCOPY)

PULMONARY

Of 11 animals studied, 4 (37%) showed pulmocnary oedema with an exudate rich in
proteins (Figs. 2E-1 to 2E-4). There was also evidence of capillary endothelial damage
and, in one animal, diffuse haemorrhage, both of the alveolar walls and into the alveolar

space (Fig. 2E-2). The remaining animals showed normal lungs on light microscopy.

CARDIAC

Myocytes

In 15 of 17 animals (88%) histopathological changes could be seen in the left and
right ventricular walls, and interventricular septum, and in the atria. These consisted
of contraction band necrosis (in 15), focal coagulative necrosis {in 5), and myocytolysis,
with cedema formation and various degrees of interstitial mononuclear cell infiltration

(Table 2E-1) (Figs. 2E-5 to 2E-10).

Conduction Tissue

The study was performed in 17 baboons. The tissue blocks for examining the atrioventricular
node and bundle of His were fashioned according to the method of Hudson. In 7 animals
(41%) the hearts showed features of injury to the conduction tissue. Three of the 17 animals

showed an abnormal infiltrate of moncnuclear cells in the region of the A-V node. Six hearts
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demonstrated focal areas of contraction banding, moncnuclear cell infiltration and fibrinoid
necrosis of the bundle of His. In 2 hearts, both the A-V node and the bundle of His were

compromised (Figs. 2E-11, 2E-12 and 2E-18).

Coronary Arteries

Sections of major coronary arteries (right coronary artery, left anterior descending, and

circumflex) were performed in the proximal mid and distal third portions.

Of the 17 animals, 12 (70%) presented with contraction banding of the smooth muscle of
one or more major coronary artery walls characterized by focal eosinophilic densities with
intervening pallor and some interstitial oedema (Figs. 2E-13 and 2E-14). In one further heart
the left anterior coronary artery showed focal medial hyalinization and in one heart the
circumflex coronary artery demonstrated a mild mononuclear cell infiltrate. These
histopathological changes were present in only one coronary artery in 8 animals, in 2

arteries in 3 animals, and all 3 vessels were affected in one animail.

In five animals in which the histopathological sections showed contraction bands of
the coronary arteries, specimens were stained with the von Kossa stain technique,
demonstrating stippled calcification within the damaged myocytes of the coronary

arteries, probably within the mitochondria. (Figs. 2E-15 and 2E-18).

PANCREAS

In one animal haemorrhagic infiltrate was present throcughout the organ. (Fig. 2E-17).
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Figure 2E-1

Histopathological section of the lungs showing severe pulmonary oedema- intra-alveolar
fluid rich in protein, filling all the alveolar spaces. The haemodynamics of this animal are
shown in Fig. 2C-4 (haematoxylin-eosin x 150).

Figure 2E-2

Histopathological section of the lung showing intra-alveolar haemorrhage, thickening of
the septum, and erythrocytes seen outside the capillary lumen. The haemodynamics are
shown in Fig. 2C-5 (haematoxylin-eosin x 600).

Figure 2E-3

Histopathological section of the lungs belonging to the animal whose haemodynamic
changes are shown in Fig. 2C-6, showing air bubbles within oedema fluid in the alveoli

(haematoxylin-eosin x 600).

Figure 2E-4

Histopathological section of the lungs. A: Intra-alveolar exudate with air bubbles
(haematoxylin-eosin x 150) and B: High power magnification of view A in a different
area showing protein-rich alveolar exudate and extravasation of erythrocytes in the

alveolar septa (haematoxylin-eosin x 600).
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Figure 2E-5

Histopathological view of the wall of the left ventricle showing abundant contraction
bands within the myocytes, some interstitial haemorrhage and a mild degree of interstitial

oedema. (haematoxylin-eosin x 150).

Figure 2E-6

Histopathological view of the wall of the left ventricle showing extensive contraction band
necrosis within the myocytes, associated with moderate interstitial oedema and diffuse

mononuclear cell infiltration (haematoxylin-eosin x 150).

Figure 2E-7

Histopathological view of the myocardium showing the presence of two necrotic myocytes
in the centre of the picture with abundant mononuclear cells. This view resembles the

appearance of severe acute rejection (haematoxylin-eosin x 600).

Figure 2E-8

Histopathological view of the myocardium showing hyper-eosinophilic staining of the
myocytes and loss of the normal striation (left hand side of the picture) and central
myocytolysis; the whole area is invaded by mononuclear cells. The appearances are
impossible to differentiate from those of severe acute rejection following heart transplantation

(haematoxylin-eosin x 600).
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Figure 2E-9
Histopathological view of the wall of the left ventricle showing myocytolysis with moderate

interstitial oedema and mononuclear cell infiliration (haematoxylin-eosin x 150).

Figure 2E-10

Histopathological section of the subendocardial area showing extensive myocytolysis,

interstitial oedema and hyper-eosinophilic staining of the myocytes, indicating severe injury.

The endocardium lies on the left hand side of the picture (haematoxylin-ecsin x 150).

Figure 2E-11

Histopathological section of the bundle of His showing a necrotic myocyte (arrow)
within the sarcolemma. The area is surrounded by moderate interstitial oedema

(haematoxylin-eosin x 600).

Figure 2E-12

Histopathological view of the A-V node showing moderate mononuclear cell infiltration,
interstitial oedema and probably myocyte necrosis on the left upper quadrant of the

picture (arrow) (haematoxylin-ecsin x 600).

Figure 2E-13

Histopathological section of the left anterior descending coronary artery showing

contraction bands in the outer third of the media at the junction with the adventitia

(haematoxylin-eosin x 50).
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Figure 2E-14

Histopathological view of the outer third of the media of the left anterior descending
coronary artery showing contraction bands of the smooth muscle (arrow). In addition,
there are pale-staining vacuolization areas within the myocytes, providing further evidence

of cellular damage (haematoxylin-eosin x 600).

Figure 2E-15

Histopathological view of the previous coronary artery showing stippled calcification within

the damaged myocytes (arrows) of the outer third of the media (von Kossa stain x 100).

Figure 2E-16

Histopathological view of Figure E2-15 at higher magnification, showing intracellular

calcium deposits. (von Kossa stain x 600).

Figure 2E-17

Histopathological view of the pancreas showing extensive interstitial haemorrhage and
interstitial oedema throughout the pancreatic parenchyma (haematoxylin-eosin x 150). This
is the only animal of a series of 17 in which the pancreas had a macroscopic haemorrhagic

appearance.

Figure 2E-18

Histopathological view of the bundle of His showing widespread contraction band

necrosis and mild oedema (haematoxylin-eosin x 600).
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Figure 2E-4
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Figure 2E-6
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Figure 2E-7

Figure 2E-8
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Figure 2E-12
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Figure 2E-14
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Figure 2E-16
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Figure 2E-18
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DISCUSSION

Experimental brain death has been performed in chimpanzees by Ducker (1968), in the
cat by Hoff (1970), in the rat by Nathan (1975), in cats by Garcia-Uria (1981), and in
sheep by Simon (1984). The authors Abildskov (1970), Clifton (1981), and Friedman
(1984), consistently showed that sympathetic activity is present in episodes of raised

endocranial pressure or during brain anoxia.

The ECG findings in patients following brain death have been comprehensively reviewed by
Abildskov (1970), Drory (1975), Jackuck et al. (1975), Yamour (1980), Clusin et al. {1983).
ECG changes described in patients with raised endocranial pressure or following brain
death, include the presence of prominent T waves, ST segment changes, notched T waves
and shortening or prolongation of the QT intervals. The presence of the J wave has been
attributed to progressive hypothermia. As the process of brain death advances, a progressive
slowing of the heart rate has been observed, the ECG showing progressive slowing of the
depolarization and repolarization processes, broadening of the QRS complexes, and finally,
as a terminal event, progressive bradycardia, ventricular ectopic activity and ventricular
fibrillation Jorgensen (1973). Rajs & Jacobson (1976) showed a correlation between

severe head trauma and subsequent cardiac lesions causing heart failure and death.

Though this experimental model provides a sudden and rapid increase in endocranial
pressure which may not exactly reproduce the development of brain death in all patients
who subsequently become potential organ donors, certain observations that were made

are of relevance to the clinical situation, and are worthy of comment.

There is a large increase in circulating catecholamines in the baboon during the early

few minutes after induction of brain death, which is associated with an increase in
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myocardial activity together with the appearance on the ECG of ventricular arrythmias.
Structural damage occurs in the myocardium at this stage, though the more protracted
period of tachycardia, probably related to continuing endogenous catecholamines
release within the myocardium, is almost certainly more important, with ischaemic and

even infarction patterns seen on the ECG.

The classic interpretation of the appearance of the J wave in the brain dead patient has
been attributed to hypothermia. The ECG appearance of the J wave disappears following
the transplantation of the heart in one or two days, although the body temperature at the
end of the procedure is usually between 36°-37°C. In my own observations J waves can
be seen as early as Stage |, during the predominantly parasympathetic-vagus mediated
effect although sympathetic activity is already present. (Figures 2B-4, 2C-10). The
histological evidence of injury of the conduction tissue at the A-V node and bundle of His
may play a role in the appearance of the J wave. In clinical practice (see Chapter 9) the
presence of the J wave in hypothermic patients is quite a common phenomenon. After
the institution of hormonal therapy, in which T4 is the most important component (Chapter
9), the J wave disappears in many cases between 60-90 minutes, although the central
temperature of the body remains unchanged. Another factor, therefore, must play an
important role, possibly a catecholamine effect plus progressive myocardial energy

depletion and abnormalities in the depolarization-repolarization process.

The Q-T interval measures the myocardial depolarization and repolarization.
Prolongation of the Q-T interval occurs in several states, such as quinidine
hyperkalaemia, and other drug intoxication. It may identify cardiac conditions susceptible
to serious arrythmias. Abildskov (1976) reviewed the effects of the Q-T interval on the
ECG in dogs, and showed that rapid catecholamine infusion prolongs the Q-T interval.

Prolonged sympathetic nerve stimulation and slow infusion of catecholamines induced
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shortening of the Q-T interval. Browne (1982) showed that propranolol significantly
increases the Q-T interval; in contrast, atropine significantly shortened the mean measured
Q-T interval. The simultaneous administration of propranolol plus atropine in patients
led to shortening of the mean Q-T interval. Ahnve (1985) showed that changes in the
autonomic tone influenced the heart rate and consequently there must be a relationship

between heart rate and Q-T interval.

The results presented in Table 2B-2 clearly show a significant prolongation of the Q-T
interval by 16% (p<0.0001) during Stage | when the parasympathetic tone has its
maximum effect on the myocardium. During syrpathetic stimulation (Stages Il, Ill, and
IV) it is significantly shortened during the normal sinus beats seen in Stages lll and IV,

decreasing by 16% (p<0.0001). In Stage V, it is not significantly different from the control ECG.

This clearly correlates in an inverse way with the work done by Browne (1982).

The Q-TC (QT corrected for heart rate) using the Bazett's formula (Bazett 1920) was
shown in this study to be unsuitable for extreme bradycardias as in Stage | in which the
Q-TC decreased by 23% (p<0.001) and by an increment of 10% during Stage Il
(p<0.0005) being not significant during Stages lli, IV, and V, fully agreeing with the work
of Browne (1982) and Abildskov (1976).

The haemodyanmic changes observed in these animals reflect the body's attempts to
compensate for the intracranial changes taking place during "coning" (Cushing's reflex
1902). The significant increments in MAP and SVR during the agonal period are almost
certainly the direct result of a great increase in sympathetic nervous activity, which
produces an extreme degree of peripheral arterial vasoconstriction. Blood is therefore

redistributed into the capacitance vessels, leading to a rapid accumulation within the
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great veins and right atrium. Due to a combination of low PVR, high pulmonary vessel
compliance, and pulmonary capillary reserve recruitment (Vaughn et al. 1976), associated
with a higher degree of right ventricular compliance compared to the left ventricle, the
right ventricle is able to adjust to this increased venous return, and increase its output,
demonstrated by a significant increase in pulmonary artery flow compared with aortic
flow at this time (QPA - QAo = 1.31 (p<0.007)) for a mean period of 157 seconds. As a
result of the extreme degree of peripheral vasoconstriction may lead to a transient acute
failure of the left ventricle, inducing a change in its geometry, leading to an acute and
temporary event of mitral incompetence, which accounts for the LAP rising above the

mean PAP.

This would indicate that one of the major events leading to neurogenic pulmonary oedema
is a marked rise in LAP, transmitted retrogradely through the puimonary veins and
disrupting the integrity of the pulmonary capillaries. If this is the case, etiology of
neurogenic pulmonary cedema should not be classified as a form of pulmonary

oedema associated with normal PCWP.

In 9 of 11 animals, the LAP (or PCWP) markedly exceeded the PAP (mean peaks of 52
vs 34 mmHg respectively) for a mean period of 57 seconds. In one animal at the time of
peak SVR the LAP had risen from 4 mmHg to 90 mmHg while the mean PAP remained
unchanged. This remarkable and surprising observation implies that the pulmonary
capillary blood flow temporarily ceased entirely. It would seem likely that it is during this
period that disruption of the normal pulmonary capillary anatocmy could occur (Staub
1978). As the peak LAP far exceeded the normal hydrostatic pulmonary capillary presure,
capillary integrity within the lungs would be disrupted, resulting in pulmonary oedema
with high protein content (Theodore 1976) and interstitial haemorrhage; this, in fact,

occurred in 36% of cases. In the remaining animals in which light microscopy did not
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show pulmonary oedema, LAP in general rose less markedly, it is possible that capillary
injury occurred but was not observed by light microscopy, though changes may have

been seen if the lung tissue had been examined by electron microscopy.

The observed pulmonary oedema following capillary damage may contribute towards
acute failure of the lungs and death in patients who have undergone transplantation of
the heart and both lungs (Siegeiman 1973, Staub 1978, Reitz 1980). A mild degree of
pulmonary injury (in addition to ischaemic injury and inadequate pulmonary preservation)
in patients with heart and lung transplants may result in early post-operative pulmonary
oedema, also called re-implantation response, and an extreme degree of injury will result

in patient death due to Jung failure.

Cardiac muscle contraction (Appendix 2) depends mainly on the ability of the myocyte
to raise the level of intra-cellular calcium from 0.1 to 10 mmol/mg (Dhallan 1982,
(Gevers 1982, Opie 1984). Langer et al. (1982) showed that at this calcium level the
tropinin C sub unit can react with myosine. Tada (1982) showed the intrinsic control
mechanism is closely related to the level of energy stores, (ATP and CP), within the
myocardium. Stiles (1984) showed that the above-mentioned mechanisms are sensitive
to many pharmacological agents, catecholamines being the most important.
Rasmussen (1984) suggested that hydrolysis of the enzyme phosphatidylinositoi takes
place after the action potential arrives, activating calcium-dependent ATPase, an

enzyme related to calcium channel control at the sarcolemma.

3 receptors also activate adenyl-cyclase, increasing the level of cyclic AMP (Wikman and
Coffelt 1983). The increased level of cyclic AMP mobilizes calcium from the sarcoplasmic
reticulum, mitochondria and extracellular fluid, increasing the cytosolic calcium level and
inducing an increased recruitment of actinomysin linkages, leading to a progressive

myocardial contraction.
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Reichenbach (1975) showed that 80% of patients dying suddenly from causes other than
ischaemic heart disease, demonstrate extensive myocardial contraction band necrosis.
Szakacs (1958) showed the noxious effect of infused catecholamines on the myocytes.
Klein (1961) correlated myocyte injury to the presence of pheochromocytoma, leading to
similar myocardial damage. Cooley (1972) described ischaemic contracture (stone heart)
following poor myocardial protection during cardiopulmonary bypass, resulting in similar
myocardial injuries. French (1952) showed that electrolyte disorders induced similar injury.
Connor (1968) showed myocardial injury following brain stem stimulation. Hunt (1985)
correlated subarachnoid haemorrhage and myocyte necrosis. Milei (1978) concluded
that myocardial necrosis induced by Isoprenaline is primarily related to the stimulation of
adenyl-cyclase and activation of calcium and sodium channels; exaggerated calcium inflow
induces an excess of excitation-contraction coupling mechanisms, energy consumption
and cellular death. Baroldi (1975) described the various types of myocardial cell necrosis,
and Lown (1976) correlated hypothalamic stimulation, peripheral sympathetic stimulation,
and psychological stress with myocardial ectopics and fibrillation, all these effects were

related to circulating and endogenous catecholamine release.

In the present study, during the agonal phase major structural damage also occurs in the
specialized myocytes of the conduction tissue and smooth muscle of the coronary arteries.
Evidence from this study correlates with the release of circulating and endogenous
catecholamines from sympathetic nerve endings stimulating the myocardial cell receptors,
leading to increased calcium uptake within the sarcoplasmic reticulum and mitochondria,
these latter confirmed by the presence of intracellular calcium deposits related to a
calcium overflow. In addition, there is aimost certainly a temporary decrease in coronary
blood flow mainly to the subendocardium during the period of tachycardia (Stages 1,1l
and V) associated with ECG features of ischaemia, in addition to an increase of

coronary artery resistance. (Simons 1985).
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Almost identical features of myocardial damage have been found in human donor hearts
used for transplantation, and will be discussed later (Chapter 8). In the human, such
myocardial histopathological changes could possibly be related, at least in part, to the
intravenous administration of high doses of inotropic agents. In the present experiments,
however, baboons undergoing brain death and showing widespread myocardial cell

necrosis received no catecholamine infusion at all.

The endocrine changes brought about by the induction of brain death were mostly
surprising, as in many ways they contradict the normal physiological concepts. {The

methods used to measure each different hormone are described in Appendix 1.

The catecholamine increment in the baboon at 5 minutes following induction of brain
death and the subsequent reductions to below control levels by 3 hours indicate that the
catecholamine "storm” is of extremely short duration. The rapid disintegration of
sympathetic nervous system control over both circulating and endogenous
catecholamines, and over the regulation of energy metabolism, occurs. Most probably,

by the end of these experiments, no circulating catecholamines were present (Feibel 1981).
The level of circulating T, rapidly declined, and reached half control level within 4 to 7

hours. A rapid drop also occurred in T (reduced by half only one hour post-induction of

brain death), while TSH remained unchanged throughout the experiment.

In humans, it is well known that the half life of T, is approximately 4 to 7 days, and that

of T4 one to 2 days;

TSH half life is only 50 to 55 minutes (Dillon, 1980).
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A remarkable finding was the unchanged value of TSH, in the presence of extremely
rapid depletion of T, and T,, equating with an acute hypothyroid crisis. Although the
mechanisms of T, and T degradation are well known (Ingbar & Woeber 1981), with pres-
ent physiological knowledge, it is impossible to explain the rapid catabolism and deple-

tion of T4 and T4 during the induction of brain death.

Observations made in human brain dead patients by Hall (1983) also revealed normal
TSH values. This implies that the adenohypophysis is still able to produce TSH without
the influence of hypothalamic thyroxine releasing hormone TRH. It is well known that the
major inhibitory mechanism of TSH production is the level of circulating free Ty, but if TSH

is produced, why not T,, or is another interrelated hormone to TSH missing?

Cortisol was found to decrease rapidly after an initial increment, being reduced by 50%
within 15-60 minutes. In humans, half life of cortisol is approximately 110 minutes. ACTH

was not measured in these experiments.

The insulin drop following the induction of brain death was less significant; its reduction
occurred rapidly within the first 5 minutes, with a slower fall during the first hour. At this
time interval, reached half its control value. In humans, half life of insulin varies between
10-25 minutes (Tepperman 1983). Glucagon remained insignificantly changed throughout
the observations; its half life in humans is between 5 and 10 minutes. The significant
fall of insulin in the absence of the significant change in glucagon level was another

unexpected finding of this study.

ADH rapidly disappeared to unrecordable levels by 6 hours; it is known that in humans

the half life is about 18 minutes.
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The rapid increment of endocranial pressure at the time of inflation of the Foley catheter
induces destruction of the hypothalamic region and its connections both o the anterior
hypophysis (via the portal system) and to the neurohypophysis. The anterior and posterior
pituitary lobes are no longer influenced by the releasing factors such as thyroxine releasing
hormone TRH and corticotrophin releasing hormone (CRH). Loss of ADH, secreted by
the supraoptic and paraventricular hypothalamic nuclei, results in diabetes insipidus,

which was clearly observed in this study.
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CHAPTER 3

MECHANISM OF MYOCARDIAL INJURY OCCURRING DURING THE AGONAL
PERICD IN THE BABOON

INTRODUCTION

A series of experiments in baboons, using Method 1 to induce brain death, was carried
out to try to elucidate the mechanism of myocardial injury occurring during the agonal
period following brain death. The theory that the prolonged release of endogenous
myocardial catecholamines which was the main factor leading both to the ischaemia seen
on ECG and to the histopathological changes, was put to the test. Four groups were

studied (Table 3-1),

EXPERIMENTAL GROUPS

Group A (Control) (n = 17)

Brain death was induced with no other surgical or pharmacological intervention
(Chapter 2-E}. Group B; (n=9), underwent bilateral cardiac sympathectomy (n = 5), auto-
transplantation performed 7 days previously (n=2) or bilateral vagotomy plus 3 blockade
(n=2), prior to the induction of brain death. Group C (n=5), calcium blockade was
achieved using verapamil hydrochloride prior to the induction of brain death. Group
D (n=7), in which the sympathetic nerve supply to the heart was retained, but other

interventions were performed. (Table 3-1).
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Group B: Cardiac Sympathectomy or Pharmacological Blockade

Surgical Technique

Under standard anaesthesia and muscle relaxation, a midline splitting sternotomy was
performed, both pleural cavities were entered and the apical portion of the lung retracted
exposing the stellate ganglia and the first four sympathetic thoracic ganglia in the posterior
mediastinum. Using electrocautery the sympathetic tissue was removed bilaterally and

sent for histological examination to confirm the nature of the tissue.

Groups of baboons underwent either cardiac sympathectomy (as above) or cardiac

sympathectomy followed immediately by bilateral vagotomy at the base of the skull (n=3).

In 2 further animals autotransplantation was performed 7 days before induction of brain
death . The surgical technique has been described previously by Cooper et al. (1983).
Briefly, this involves the institution of cardiopulmonary bypass, cardioplegic arrest and
excision by division of the right and left atria, aorta and pulmonary artery, care being
taken to avoid damage to the sinus node, which was retained as part of the excised heart.
All autonomic nerve supply to the heart was, therefore, severed. Replacement was
performed using continuous suturing of each of the divided atria and vessels. Seven

days later brain death was induced.

Two further animals underwent bilateral vagotomy at the base of the skull; this was
followed by an increase in heart rate. The 3 adrenergic receptor antagonist propranolol
was then administered intravenously in a dose of 10 mg/kg. This was followed by a fall

in heart rate to 40-50 beats/minute. Brain death was then induced.
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Group C: Calcium blockade with verapamil hydrochloride

A group of 5 animals had a midline splitting sternotomy performed, and flowmeters
placed around the aorta and pulmanary artery. An intravenous infusion of the calcium
antagonist verapamil hydrochloride in a dosage of 0.25 mg/kg was administered to bring
about a reduction in MAP to 60 mmHg, together with some slowing of the heart. After
15-30 minutes, brain death was induced. Verapamil infusion was continued throughout
the first 3-4 minutes of the agonal period or until such time as the MAP was seen to be

falling once again to control pressures; verapamil was then discontinued.

Group D: Cardiac sympathetic nerve supply remaining fully or partially intact (n=7)

These animals underwent the following procedures before induction of brain death.

In 2 animals both vagi were divided surgically at the base of the skull through bilateral

high neck incisions.

In one animal the left stellate ganglion was left in situ and only the right was removed;

only a partial sympathectomy was therefore performed.

In 2 animals, autotransplantation was performed (as in Group B) but brain death was not
induced until 4 and 5 months later respectively, at which time, there was evidence that

reinnervation of the heart had occurred (Novitzky et al. 1986).

fn 2 animals bilateral adrenalectomy was performed.

Following the induction of brain death, baboons in Group B, C and D were studied for a

period of 6 hours. Basic haemodynamic monitoring was as described in Chapter 2-C for group
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A animals in which a midline splitting sternotomy was performed and electromagnetic
flowmeters were inserted around the aorta and pulmonary arteries. During the 6 hours
of observation fluid replacement was given, but no inotropic or other drugs (other than
those mentioned above) were administered. At the end of the experiment the heart
was excised, biopsies were taken from the lungs and different tissues were examined

histologically.

RESULTS

Electrocardiographic and Haemodynamic Observations

Following the induction of brain death in the animals which had undergone previous
bilateral cardiac sympathectomy (Group B), the resulting sinus bradycardia (Stage 1)
was immediately followed by a tachycardia (Stages II,1i1,1V), though this was by no
means as marked as in the control animals described earlier (Chapter 2). There were
only occasional ventricular extrasystoles and no evidence of ischaemic changes during

Stage IV (Figures 3-1 and 3-2). Changes in MAP and SVR remained unmodified.

In the animals which underwent cardiac sympathectomy and bilateral vagotomy, the
initial sinus bradycardia (Stage |I) was completely abolished; otherwise the changes
were similar to those seen after bilateral cardiac sympathectomy alone (Figure 3-2).
In the animals in which autotransplantation was performed 7 days previously, minimal
ECG changes were seen following the induction of brain death - a moderate increment
of heart rate and occasional coupling during Stage Ill. Otherwise, the haemodynamic
response remained the same as in those undergoing cardiac sympathectomy and

vagotomy. (Figure 3-3).
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Following vagotomy and 3 receptor blockade with propranolol, there was again
abolition of Stage |, and a slight increment of heart rate at Stages II-1lI-IV but no
other electrocardiographic or haemodynamic changes were seen following induction

of brain death.

In Group C animals after the administration of the calcium blocker verapamil HCI (Table
3-2, 3-3), induction of brain death resulted in only a mild tachycardia; there was occasional
ectopic activity and no ischaemic changes on the ECG. The number of ventricular ectopic
complexes seen in stage Ill was significantly less than the control group (p<0.005), similarly,
the duration of ectopic activity was significantly reduced (p<0.0001) (Behrends-Fischer T
test). The rise in MAP and other haemodynamic changes were not significant except for the

increment of the cardiac output (Figures 3-4, 3-5).

In Group D animals which retained sympathetic cardiac innervation showed ECG and
haemodynamic changes basically identical to those in the control animals discussed

earlier (Figure 3-8).

Histopathology

All of the above animals which had undergone total sympathectomy either surgically or
by pharmacological blockade (Group B) or had received a calcium antagonist (Group C)
showed normal myocytes on histological examination, though mononuclear cell infiltration
and mild interstitial cedema were present {Figures 3-7, 3-8). The animals that retained
sympathetic innervation {either complete or incomplete (Group D)), all showed myocardial
histopathological changes identical to those seen in the control animals (Group A);
contraction band type of myocardial necrosis was the most common.(Table 3-1).

(Chapter 2-E).
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DISCUSSION

Total denervation of the heart (autotransplantation) or bilateral cardiac sympathectomy
led to a greatly modified cardiac haemodynamic response to brain death, with reduction
of the tachycardia, and abolition of ventricular arrythmias and ischaemic features on the
ECG, but did not completely abolish the increase in MAP or SVR. This would suggest
that the cardiac response to the increased circulating catecholamines is attenuated or
abolished, and the output of endogenous myocardial catecholamines inhibited, but the
peripheral vascular response remains intact. 3 adrenergic receptor blockade abolished
the entire response. No hearts in which the sympathetic supply had been interrupted

showed evidence of myocyte necrosis on light microscopy.

When the sympathetic supply to the heart remained even partially intact, the haemodynamic
response to the induction of brain death and the nature and incidence of myocardial
structural damage were almost identical to those seen in control animals. The presence
or absence of an intact vagal supply to the heart did not play a role in the mechanism of

myocyte injury.

The myocardium has a rich sympathetic plexus, with fibres arising from the cervical
sympathetic ganglia, giving origin to the cardiac nerves (Bowman 1980). When stimulated,
the post-synaptic nerve endings release endogenous catecholamines which directly affect
the myocardial cells, 3 receptors (in the myocytes and conduction tissue) and receptors in
the coronary arteries. (To my knowledge, this is the first communication in the literature
confirming conduction tissue injury and calcium deposits probably within the mitochondria

in the smooth muscle of the coronary arteries associated with brain death).

The early massive increase in circulating catecholamines, brought about partially by
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release of catecholamines from the adrenal glands, is relatively short-lived, lasting for
only a few minutes. In some control animals, however, the heart rate remained high at
160 bpm for several hours (in 2 animals for up to 15 and 17 hours), which may suggest
sympathetic activity on the myocardium and to the release of endogenous catecholamines.
The reason for this prolonged activity in animals otherwise clearly brain dead remains
unclear. It may be related to lack of inhibition of spinal sympathetic centres from higher mid

brain inhibitory centres.

It would seem that the initial short outburst of circulating catecholamines is less likely to
have a lasting damaging effect on the myocardium rather than the prolonged activity of
endogenous catecholamines in the myocardium itself. This theory is supported by the
observation that, following bilateral adrenalectomy, myocardial damage still occurred. The
mechanism of myocardial injury, however, is probably multifactorial, with both sources of
catecholamines playing an important part, resulting in significant increment of the SVR
and MAP and severe coronary spasm leading to an acute myocardial oxygen debt and

ECG features of severe ischaemia (Stages II1,1V).

As the prior administration of a calcium antagonist verapamil hydrochloride greatly
attenuates the haemodynamic response to brain death, and prevents myocardial
structural injury (Cheung et al. 1984, Reves 1984, Hamman et al. 1984, Schwartz 1984,
Pedrinelli 1984), it is highly suggestive that the myocardial damage (necrosis) which
occurs is the result of excessive calcium uptake by the myocytes, coronary arteries and
conduction tissue during endogenous catecholamine release. (Reichenbach 1970,

Waldenstrom et al. 1978, Baroldi 1975, Ganote 1983).
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LEGENDS

FIGURES

Figure 3-1

ECG recording from precordial leads (previous sympathectomy - Group B) showing C:
(control), sinus rhythm, heart rate of 115. Stage |: sinus bradycardia, heart rate 65. Stage
Il sinus tachycardia, heart rate 150. Stage Ill: sinus rhythm, heat rate 187. Stage IV: sinus
rhythm, heart rate 150. Stage V: sinus rhythm, heart rate 88. The ischaemic changes
seen in Group A animals were completely abolished and no ventricular ectopic activity

was seen during Stage .

Figure 3-2

ECG recording from precordial leads from an animal which underwent bilateral
sympathectomy and vagotomy. C: (control) sinus rhythm, heart rate 105. Following
bilateral vagotomy (BV), sinus rhythm, heart rate 136. Following the induction of
brain death (BD) the ECG features were similar to Figure 3-1 except that during
Stage | the vagus mediated bradycardia was abolished. During Stage Ill only one

ventricular ectopic beat was seen.

Figure 3-3

Precordial ECG recording, from heart autotransplanted 7 days prior to brain death. C:

(control) sinus rhythm, heart rate 100. Stage I: probable sinus rhythm, heart rate 100.

Stage II: probable sinus rhythm, heart rate 100. Stage IlI: ventricular ectopic coupling for
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a period of 30 seconds. Stage IV: sinus rhythm, heart rate 103. Stage V: sinus rhythm,
heart rate 94. The heart rate remained unchanged throughout the experiment; ventricular

activity was shown however in Stage Il.

Figure 3-4

Haemodynamic response to BD in a baboon treated with verapamil hydrochloride
(Ca*t3). Following the induction of brain death (BD) the aortic and pulmonary flows
remained equal, and no blood pooling in the lungs toock place. CO went up due to
vasodilatation. The MAP and SVR did not rise. The pulmonary haemodynamics showed
a normal ratio of PAP to LAP. There was no increment of the PVR. (Compare to Figure

2C-2).

Figure 3-5

Left hand - systemic parameters, right hand - pulmonary parameters.

A: Control haemodynamic parameters prior to induction of brain death.

B: Modified haemodynamic response to induction of brain death after pre-treatment with
verapamil hydrochloride in 5 animals. The significant changes seen in the control

group (Figure 2C-1) have been abolished.
Figure 3-6
ECGs taken during Stage Il in 3 animals, Group D. A, incomplete sympathectomy, B,

following bilateral adrenalectomy; and, C, following autotransplantation done 4 months

previously. Ventricular ectopic activity is present in the three examples.
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Figure 3-7

Histopathological view of the myocardium from a baboon which had been pre-treated
with verapamil hydrochloride prior to the induction of brain death. Normal myocyte
appearance, a mild interstitial oedema is present, and some mononuclear cell infiltrate.
A probable contraction band is seen on the right hand of the picture. (haematoxylin-eosin

x 150).

Figure 3-8

Histopathological section of the myocardium following the induction of brain death in the
baboon which underwent bilateral sympathectomy, showing normal myocytes with
severe interstitial oedema. Other sections of this heart showed only mild oedema

(haemotoxylin-eosin x 150).
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Figure 3-8
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CHAPTER 4

THE EFFECTS OF THE AGONAL PERIOD ON THE MYOCARDIUM -
FUNCTIONAL AND BIOCHEMICAL STUDIES IN THE PIG

Part A

INTRODUCTION

These studies were carried out in the pig using Method 2 for the induction of brain death.
After the experimental procedure (outlined below), all hearts underwent functional testing

by a system which has been described in detail previously (Wicomb et al. 1981).

SYSTEM OF EX VIVO FUNCTIONAL TESTING

The functional testing apparatus is shown in Figure 4-1. Oxygenated blood, matched for
group, was supplied by a perfusor pig to which deoxygenated blood was returned.
Initially, the aorta was retrogradely perfused as a Langendorff system supplying blood
to the coronary arteries of the isolated heart. This allowed a period of recovery, usually
continued for 5 - 15 minutes. When the myocardial temperature reached 37°C the heart
was defibrillated (if spontaneous contractions had not occurred) and the model converted
into the working heart mode. Blood was then directed into the left atrium of the isolated
heart, converting the role of the heart from a passive to an active one by "challenging"
the left ventricle with blood from the left atrial reservoir (preload). If myocardial function
was good, the left ventricle pumped blood through the aortic balloon past the non-linear
resistance to a height of 100 cmH,O (afterload), after which the blood was returned to

the left atrial reservoir.
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Preload and afterload could be adjusted, but were kept constant at 11 cmH,0O and 80 mm
Hg respectively during the period of testing. The left ventricular (LVP) and left ventricular
end-diastolic (LVEDP) pressures were measured using a Statham P23H transducer.
Cardiac output (CO) was obtained by a timed collection of aortic output plus coronary
venous return; stroke volume (SV) was calculated. Coronary flow (CF) was similarly
measured by a timed collection of coronary venous return. All hearts were tested for one

hour during which time these parameters were recorded.

The results obtained by this system of ex vivo functional testing of isolated hearts have
been shown to reflect accurately the performance of the heart following orthotopic

transplantation (Wicomb et al. 1981).

ESTIMATION OF MYOCARDIAL HIGH ENERGY PHOSPHATES, LACTATE, AND
GLYCOGEN (See also Appendix 1)

In selected hearts, the myocardium was biopsied, immediately before undergoing functional
testing, for estimation of adenosine triphosphate (ATP) and creatine phosphate (CP), as well

as of lactate and glycogen, using standard techniques (Opie 1971).

STATISTICAL ANALYSES

Statistical analyses were carried out using either a one or two way analysis of variance.
Paired comparisons were made using the Dunnett's t test. Statistical analyses for multiple
comparisons were made using the Bonferroni inequality.

EXPERIMENTAL GROUPS

Four groups of pigs were studied.
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Group A1 - Freshly excised (control)

The chest was opened by median sternotomy and the heart excised after infusion of
cardioplegic solution (Table 4A-1). The heart was then immediately transferred to the

functional testing apparatus and its myocardial function tested for one hour.

Group B1 - Induction of brain ischaemia/death

The pigs sustained a period of brain ischaemia by the technique described earlier
(Method 2). Once the MAP returned to an approximate control level, the heart was
rapidly excised, and immediately functionally tested for one hour. The period of brain
ischaemia varied from one to 2 hours. From evidence from previous experiments in our
laboratory (Lanza et al. 1985), some of these pigs almost certainly suffered irreversible
cerebral damage, if not complete brain death; others, however, underwent only

reversible cerebral ischaemia.

Group C1 - Brain death + hypotension (minimal haemodynamic support).

The heart was retained in the pig for a period of 4 hours following induction of brain death.
No intravenous fluid or inotropic support was given unless the MAP fell below a mean
of 40 mmHg (irrespective of the CVP). At this MAP, i.v. fluid (a balanced solution of
electrolytes-plasmalyte B, supplemented with potassium chloride (30 mmol KCI/l)) was
infused in order to maintain the MAP at approximately 40 mmHg. If i.v. fluids were
not successful in maintaining this pressure, then inotropic support in the form of an
infusion of dobutamine hydrochloride was given, regulated to maintain the pressure
at this relatively low level. Most of these hearts did not require any support until the

final hour of the test period. In general, less than 500 ml of fluid was administered.
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Four hours after clamping of the head and neck vessels, the heart was excised and

functionally tested.

Group D1 - Brain death + normotension (fluid and dobutamine support).

This group underwent identical management to Group C1 except that efforts were
made to maintain a CVP between 5-10 cmH,0 and an MAP above 60 mmHg. In nearly
all animals i.v. fluid support was begun within the first hour; the amount of fluid given varied

between one and 3 litres. Where necessary, a dobutamine infusion was commenced.

RESULTS
Functional Testing (Table 4A-2).

Measurements of CO, SV, LVP, LVEDP and CF are shown in Table 4A-2; the statistical
differences between the control Group A1 and the experimental groups B1, C1 and D1
are also shown. Functional testing immediately after a period of brain ischaemia (Group
B1) did not lead to any significant deterioration of myocardial function when compared
with freshly excised hearts (Group A1). The addition of a further period of function of the
heart within the brain dead animal, however, led to a deterioration of myocardial function,
as evidenced by significant reductions in CO, SV, and LVP in Groups C1 and D1; this
deterioration was irrespective of whether the pig had been maintained in a normotensive
(Group D1) state; the differences in observed function between hearts in Group C1 and

D1 were not statistically significant.

Myocardial High Energy, Lactate and Glycogen (Table 4A-3)

High energy phosphates (ATP and CP), glycogen and lactate were measured in 3 groups

only (A1, B1, and C1). A pericd of brain ischaemia (Group B1) was associated with falls
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in ATP, CP, glycogen, and lactate measurement, though in no case did the changes
reach significance. When brain ischaemia was allowed to progress to brain death and
little or no haemodynamic support given (Group C1), significant falls in CP and glycogen
were observed. Measurement of tissue lactate levels in these two groups showed a

significant increment.

DISCUSSION

When the haemodynamic status of the pig was maintained for 4 hours from the time of
onset of brain ischaemia (C1), detericration of subsequent myccardial haemodynamic
testing function occurred. This was associated with no significant ATP reduction but a
significant CP reduction in which creatine phosphate shuttle may play a role (McClellan
et al. 1983) and in glycogen, with a significant lactate increment, suggesting that there

is a preferential anaercbic metabolism.

It would appear that the attempts (inotropic support and i.v. fluids) to maintain adequate
CO, CVP and MAP led to consumption cof myocardial energy stores which, during
anaerobic glycolysis, the brain dead animal is unable to replenish. Similar studies in the
baboon, where post-brain death support was maintained for 24 hours, lend support to
this point (Table 4A-4). This would suggest that the inability of the animal to replenish these

stores may be related to a rapid tissue reduction in circulating T4, insulin and cortisol.

Efforts to maintain the circulation with a CVP greater than 5 cmH,0 and a MAP of more
than 40 mmHg may, therefore, result in greater myocardial damage by placing greater
demands on the myocardium. This is clearly important if the heart is to be transplanted sub-
sequently. The effects of a low MAP for several hours on the viability of kidneys, however,

remains uncertain, and this must be considered if the kidneys are also to be transplanted.
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From these studies we can conclude that (i) brain ischaemia leads to no significant
reduction in subsequent myocardial function nor in myocardial energy reserves or
glycogen, but an initial rise of lactate was observed, (i) brain death with or without subsequent
haemodynamic support of the circulation for 4 hours leads to a significant reduction in
subsequent myocardial function, and also results in depletion of myocardial high energy
phosphates and glycogen reserves, though the rate of high energy phosphate depletion
is reduced, mainly CP, to a certain extent by inhibition of aerobic pathways; (iii)
attempts to maintain a normal haemodynamic status over longer periods of time (24
hours in the baboon) results in a significantly greater loss of myocardial energy stores

and increase in tissue lactate.

The electrocardiographic and haemodynamic changes observed in the pig following the
clamping of the aortic vessels leads to the same changes observed in the baboon
(Chapter 2B-2). The same histological features can be observed (myocardial contraction
bands, coagulative necrosis and myocytolysis), as a result of the catecholamine injury as

previously described.

Most of the hearts removed at the end of brain ischaemia (Group B1) were excised
between 1-2 hours following the clamping of the aortic vessels, and by that stage the
catecholamine "storm" had settled, and the tachycardia subsided. Most likely by this
time the tissue (cellular) T4 and other hormones remained in sufficient concentration to
maintain full activity of the mitochondria; the celis were therefore able to replenish high

energy nucleotides aerobically.

Possibly, at a later stage, tissue T4 becomes depleted and progressive aerobic metabolism
within the mitochondria is inhibited (see Chapter 7), leading to energy stores and glycogen

depletion and accumulation of tissue lactate, as seen in Groups C1 and D1.
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LEGENDS

FIGURES

Figure 4A-1

System for functional testing of the isolated heart. A = the apparatus in the laboratory.
B = its diagramatic representation (HE = heat exchanger; F = filter; AoO = aortic output
(for monitoring cardiac output); WK = Windkessel; PR = non-linear resistance device; AoB
= aortic balloon; AoP = aortic pressure monitoring transducer (mmHg); ECG = electro-
cardiographic needle electrodes; LAR = left atrial reservoir; LAP = left atrial pressure (cm
H20); P = roller pump; LVP = left ventricular pressure monitoring transducer (mmHg);

CVR = coronary venous returnj.
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TABLE 4A-1

CONSTITUTION OF CARDIOPLEGIC SOLUTION

NaCl

NuHCO4

KCI
CaCl,2H,0
MgS0,7H,0
Procaine HCI
[nsulin
Dextrose
Verapamil HCI
Osmolality

pH at4° C

git
6.00
0.38
0.75
0.15
3.50
0.27
20 U/E
50
0.0015
320 Mosm/¢

74

mM

102.0
4.0
10.0
1.1

14.0

278

/UM
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Figure 4B-1
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Part B

THE ADDITONAL EFFECT OF STORAGE OF THE HEART FOLLOWING
BRAIN DEATH IN THE PIG

INTRODUCTION

The additional effect of 24 hours storage by hypothermic perfusion in hearts taken from

brain dead pigs (Method 2) was also investigated.

SYSTEM OF HYPOTHERMIC PERFUSION STORAGE

Storage of the heart by continuous 24 hours hypothermic (4-10°C) perfusion was carried
out using a system previously described in detail (Wicomb et al. 1981), (Wicomb et al.
1984). The perfusion circuit is shown in Figure 4B-1. The perfusate (Table 4B-1) was
sterilized by being passed through a 0.8 micron filter, the pH being adjusted to an initial
value of 7.2 by bubbling a 97% O, and 3% CO, mixture through it. The perfusate was
both oxygenated and circulated throughout this pericd of perfusion by the airlift pump
principle (Dumbleton 1953). A mixture of 97% O, and 3% CO, was bubbled through
a sterile gas filter into the perfusate in the lower reservoir through an air ejector port
inserted into the delivery tube, by which system the fluid was transported to the upper
chamber (reservoir) through a Cobe 20 micron filter. At a gas flow of approximately
500 ml/min this gas solution maintained perfusate pH at 7.0 - 7.8 and maintained
perfusate flow into the upper chamber at approximately 60 - 120 ml/min. Perfusate
pO, has been measured at a partial pressure of between 1000 - 2000 mmHg

determined at 30°C.
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From the upper chamber, perfusate flowed by gravity into the ascending aorta of
the suspended heart, perfusing the coronary arteries at a pressure of approximately
8-10 cmH,O depending on aortic length. Coronary venous effluent to the right atrium
returned to the lower reservoir by gravity drainage via the inferior vena cava or
pulmonary artery orifices. From the lower chamber, the perfusate was recirculated. An
overflow pipe between the upper and lower reservoirs prevented the upper chamber
from filling completely with fluid, and thus limited the maximum hydrostatic pressure at

which the myocardium could be perfused.

Three litres of perfusate were initially added to the lower chamber. The perfusion
apparatus was then placed in a stainless steel container, insulated with polystyrene
and perspex, and packed with ice to maintain the desired temperature of 4-10°C

throughout the preservation period.

Extensive previous studies in the pig and baboon have shown this hypothermic perfusion
system to be consistently successful in storing freshly excised isolated hearts for periods
of 24 hours (Wicomb et al. 1981, Wicomb et al. 1983). An extension of this period to 48

hours has been achieved (Wicomb et al. 1985).

The coronary flow (CF) of the perfused heart and the coronary sinus effluent perfusate
lactate dehydrogenase (LDH) were measured both at the onset and end of the period of

storage.

Functional testing and myocardial biochemical studies were as in the previous group of
experiments (Chapter 4A), with which the results may be compared to show the added

effect of storage on those of brain death alone.



EXPERIMENTAL GROUPS

Five groups of pigs were studied.

Group A2 - Freshly excised + 24 hours storage

Fresh hearts were excised under identical conditions to those described in Group A1 but

were then stored by hypothermic perfusion for 20-24 hours before being functionally tested.

Group B2 - Induction of brain ischaemia/death + 24 hours storage

These hearts underwent brain ischaemia/death and excision {as did the hearts in Group

B1), but were then stored for 20-24 hours before being functionally tested.

Group C2 - Brain death + hypotension (minimal haemodynamic support) + 24

hours storage

These hearts underwent identical procedures to those in Group C1, but were then stored

for 20-24 hours before being functionally tested.

Group D2 - Brain death + normotension (fluid and dobutamine support) + 24 hours

storage

These hearts underwent identical procedures to those in Group D1, but were then stored

for 20-24 hours before being functionally tested.



4-16

Group E2 - Brain death + normotension (vasopressin support) + 24 hours storage

These hearts underwent identical procedures to those in Group D1, but instead of
dobutamine being given as support of the circulation, intermittent vasopressin (0.1 -
0.25 wkg/i.m.) was administered. After 4 hours the hearts were excised, stored for 20-

24 hours, and functionally tested.

Observations during 20-24 hours Storage by Continuous Hypothermic Perfusion

(Table 4B-2)

Measurements of CF at the onset and end of the 20-24 hours period of storage are
compared in Table 4B-2; changes in perfusate LDH are also shown. There was no statistical
difference in CF at the onset of storage between any of the groups, suggesting that brain
ischaemia or brain death with or without haemodynamic support did not immediately
alter CF. In all groups, however, there was a significant fall in CF during the period of
storage. The induction of a period of brain ischaemia alone (Group B2) did not cause
a more marked percentage fall in CF during storage when compared with freshly
excised hearts (Group A2). At the end of the storage period, CF was significantly lower
in Group E2 when compared with group A2, and in Groups C2, D2, and E2 when
compared with Group B2. The percentage reduction in CF was, therefore, greater
in those animals in which the heart had remained in the donor under brain dead
conditions for 4 hours before excision (Groups C2, D2, and E2), particularly in
those which had received i.v. fluid and dobutamine or vasopressin support (Groups

D2 and E2).

Perfusate LDH was significantly raised at the onset of the storage period in Group B2,

which pigs had undergone a period of brain ischaemia only. LDH also rose significantly
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during storage in all groups. At the end of the storage period, LDH levels were significantly
higher in Groups C2 and E2 when compared with Group A2. The percentage change in
LDH between the onset and end of the storage period was again much more marked in
those groups where the heart had remained in the brain dead animal for 4 hours (Groups

C2, D2 and particularly E2) when compared with Groups A2 and B2.

RESULTS

Functional Testing (Table 4B-3)

A period of brain ischaemia or death led to a reduction in CO in all groups (B2-E2) when
compared with the fresh, stored hearts of Group A2 (Table 4B-3). The fall in CO was
greater in two of those groups (D2 and E2) which had been allowed to continue functioning
in the brain dead animal for 4 hours. There was similarly a significant decrease in SV in
Groups C2, D2, and E2 when compared with Group A2. LVP was also lower in Groups
B2, D2, and E2, though in Group C2 the fall did not reach statistical significance. LVEDP

was higher in Groups D2 and E2. CF remained within control levels in all groups.

Myocardial High Energy Phosphates, Lactate, and Glycogen (Table 4B-4)

ATP and CP were measured in hearts in Groups A2, C2 and D2 {Table 4B-4). ATP was
significantly reduced after storage in hearts taken from brain dead pigs (Groups C2 and
D2) compared with freshly excised stored hearts (Group A2). CP was not reduced in
Group D2. Tissue lactate was measured only in Groups C2 and D2, but fell within the normal
range, suggesting lactate diffusion into the perfusate and a decreased rate of anaerobic
metabolism was taking place in these hearts as a result of low temperature (4-10°C).

Glycogen levels in all 3 groups were within the normal range.
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DISCUSSION

I would conclude, therefore, that storage of fresh hearts for 24 hours by continuous
hypothermic perfusion leads to a minimal reduction in subsequent myocardial function
and no reduction in myocardial high energy phosphates. Haemodynamic support of the
brain dead animal by i.v. fluids, dobutamine and/or vasopressin may have a deleterious
effect on myocardial function if the heart is to be stored subsequently. Storage, however,
would appear to diminish the rate of anaerobic metabolism seen in hearts functioning in
brain dead pigs and leads to replenishment of the glycogen stores, though these changes

did not appear to be sufficient to result in a return to normal myocardial function.



LEGENDS

FIGURES

Figure 4B-1

Schematic representation of the portable hypothermic perfusion system.
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CHAPTER 5

THE EFFECT OF HORMONAL THERAPY ON MYOCARDIAL FUNCTION
AND ENERGY STORES IN THE BRAIN-DEAD PIG

INTRODUCTION

The deterioration of function in brain-dead baboons was clearly associated with depletion
of both myocardial energy stores (Chapter 4) and certain circulating hormones, notably
T4, cortisol, and insulin {Chapter 2D-1). An investigation, therefore, was carried out of
the effects on both myocardial function and energy reserves of the administration of
these three hormones to brain-dead pigs; the value of such hormonal therapy was

assessed with and without the addition of a 24 hour period of storage.

Group D3 - Brain death + normotension (fluid and

dobutamine support} + hormonal therapy

This group underwent identical procedures to those in the previous Group D1 for 4 hours
following arterial ligations; at this time, hormonal therapy was instituted. This consisted of the i.v.
administration of triiodothyronine (T5) (2 LLg), cortisol (100 mg), and insulin {(5-10 International
Units according to the blood glucose as estimated by the dextrostix test); after one hour this

therapy was repeated. After a further hour, the heart was excised and functionally tested.

Group D4 - Brain death + normotension (fluid and

Dobutamine support) + hormonal therapy + 24 hours storage.

These hearts underwent identical procedures to those in Group D3, but were then stored

for 20-24 hours before being functionally tested.
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RESULTS (Tables 5-1, 5-2, 5-3, 5-4, 5-5)

Group D3 hearts showed a return towards control levels in respect of CO (Figure 5-1)
and SV (Figure 5-2), but LVP remained reduced. Measured levels of CP (Figure 5-3),
glycogen (Figure 5-4) and lactate (Figure 5-5} did not differ significantly from the control
Group A1 (Chapter 4).

During the pericd of hypothermic perfusion storage (in hearts of Group D4) there was a
significant fall in CF (as in all the previous stored Groups A2 - E2). Perfusate LDH was
significantly raised at the onset of storage, and rose more markedly in Group D4 than in

the previous hearts stored following brain death in pigs (Groups C2 - E2).

Myocardial function was not significantly different in Group D4 when compared with
freshly excised stored hearts (Group A2), though CF was significantly increased (Figure

5-6 10 5-9).

ATP was not significantly different in Group D4 from the control stored hearts (A2),
suggesting replenishment of the energy stores (Figure 5-10); CP was significantly increased
in Group D4 (Figure 5-11}. Tissue lactate, however, was raised in the hormonally treated
hearts of Group D4, compared with the normal levels measured in similar brain dead stored
hearts taken from pigs not receiving hormonal therapy (D2}. Glycogen levels were similar in

D4 to other groups (C2 - E2} (Figure 5-12).

COMMENT

Hormonally treated stored hearts (D4) showed no significant difference from non-stored

hearts (D3}, with the exception that coronary flow was markedly increased after storage.
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Storage led to a significant increase in CP, but ATP and glycogen remained insignificantly
changed. Lactate levels remained high, but storage did not significantly alter this
increase. Both aerobic and anaerobic metabolism would therefore appear to be

increased in hormonally treated stored hearts.

In this study, the administration of the hormonal mixture of T, insulin, and cortisol led to
a remarkable recovery of myocardial function and high energy phosphates (D3 vs C1).
Myocardial function in the hormonally treated group (D3), however, was not significantly
different from that in the freshly excised hearts of Group A1 except for a reduced LVP. The
CO of functionally tested pig hearts has been found to be a most sensitive parameter of
function in previous studies (Wicomb et al. 1981); it is therefore, particularly notable that
CO should be normal in brain dead pig hearts which had been treated with hormones in

this way.

Following the administration of hormones, myocardial high energy stores and glycogen
returned to normal levels, and lactate levels were correspondingly reduced; hormonal
therapy would therefore appear to reduce the rate of anaerobic metabolism occuring in

hearts in brain dead subjects.

Hormonal therapy reversed the deterioration in myocardial function which occurred
following storage. Myocardial function in these hearts was indistinguishable from
that in the control Group A2. Similarly, the significant reduction in ATP which
occurred following storage of hearts taken from brain dead pigs (Groups C2 and D2)
was reversed by hormonal therapy, which also resulted in increases in CP and lactate

production.

It would appear that brain death in pigs is followed by a consumption of myocardial energy
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stores which, despite anaerobic glycolysis, the brain dead animal is unable to replenish.
This is associated with reduced myocardial function. The administration of hormonal therapy
to the brain dead pig for a period as short as only 2 hours leads to replenishment of
myocardial energy and glycogen reserves and reduction in lactate, with associated

improvement in haemodynamic function.

The myocardial tissue damage associated with brain death as a result of the sympathetic
"storm" is manifest by an increased perfusate LDH level observed at the onset of the storage
period. The raised LDH in the hormonally treated hearts (Group D4) was unexpected and
does not initially appear to correlate with the other findings in this study, which suggest
that hormonal therapy is beneficial to the heart. The marked increase in perfusate LDH
during the storage period in this group is also contrary to the observations made on
well-preserved hearts taken from non-brain dead animals (Group A2), where there was
little increase in LDH during storage. The opinion arrived at was that a perfusate LDH
greater than 80-100 (/| in stored hearts taken from brain-viable pigs strongly suggested
myocardial damage, which would result in poor subsequent function. This present

study does not confirm that finding.

The observations that both better function and an increase in myocardial energy stores
occurred in the D4 hearts (when compared with the C2 and D2 hearts), even though
perfusate LDH rose to significantly higher levels during hypothermic perfusion storage,
and tissue lactate levels remained high, suggests that T4 may promote both aerobic and
anaerobic metabolism in brain-dead animals.

A possible éxplanation for these observed high perfusate LDH and tissue lactate
levels might be that T4 therapy increased, or at least maintained the normal rate of
protein synthesis during the agonal period. When the heart is subjected to a period of

low temperature perfusion, membrane structural changes occur, which influence the
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transport of molecules across the membrane. Increased LDH synthesis, resulting from T,
therapy, would result in a higher release of LDH into the perfusate during the period of
storage. The higher levels of tissue lactate seen in the hormonally treated brain-dead

animals would also indicate increased LDH activity or concentration in the tissues.

The exact mechanisms by which Ts, cortisol, and insulin bring about their effects in the
brain-dead animal remain uncertain. The role of T4 will be discussed later (Chapter 7). Its
functions and mode of action in the normal subject have been extensively reviewed by
Hoch (1962), Horowitz (1977), Limas (1978), Sterling (1979), Oppenheimer (1979),
Sestoft (1980), and Dreyer (1884). Cortisol has a large number of activities, and has been
the subject of numerous reviews (Labhart 1974, Liddle 1981, Sherman 1984, Davies
1984), as has the role of insulin (Constance 1974, Porte & Halter 1981, Danforth 1983},
Watanabe 1984, Kahn 1985.
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LEGENDS

FIGURES

Figure 5-1

Mean cardiac output on functional testing of isolated hearts taken from 3 groups of
pigs (A1 = freshly excised hearts; D1 = hearts taken from brain-dead pigs after 4
hours supportive therapy with i.v. fluids and dobutamine; D3 = hearts taken from
brain-dead pigs after 4 hours supportive therapy but with the addition of two hours
hormonal therapy with T3, cortisol, and insulin. Statistical significances (p) between
test and control groups are indicated. There is no significant difference between

Groups A1 and D3.

Figure 5-2

Mean stroke volumes on functional testing of isolated hearts taken from 3 groups of pigs

as per Figure 5-1.

Figure 5-3

Mean myocardial creatine phosphate (CP) levels from isolated hearts taken from 3

groups of pigs as per Figure 5-1.

Figure 5-4

Mean myocardial glycogen levels from isolated hearts taken from 3 groups of pigs as per

Figure 5-1.
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Figure 5-5

Mean myocardial lactate ievels from isolated hearts taken from 3 groups of pigs as per

Figure 5-1.

Figure 5-6

Mean cardiac output on functional testing of isclated stored hearts taken from 3 groups
of pigs and compared with data from 3 non-stored groups (A1, D1, and D3) shown previously
in Figure 5-1. (A2 = freshly excised hearts stored for 24 hours; D2 = hearts taken from brain-
dead pigs after 4 hours supportive therapy with i.v. fluids and dobutamine and subsequently
stored for 24 hours; D4 = hearts taken from brain-dead pigs after 4 hours supportive therapy
as in Group D2 but with the addition of 2 hours hormonal therapy with T5, cortisol, and insulin,
and subsequently stored for 24 hours). The statistical differences between Groups D2 and D4

compared with Group A 2 are shown.

Figure 5-7

Mean stroke volume on functional testing of isolated stored hearts taken from 3 groups

of pigs (Legend as in Figure 5-5).

Figure 5-8

Mean left ventricular end diastolic pressure on functional testing of isolated stored hearts

taken from 3 groups of pigs (Legend as in Figure 5-6).
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Figure 5-9

Mean coronary flow on functional testing of isolated stored hearts taken from 3 groups of

pigs (Legend as in Figure 5-6).

Figure 5-10

Mean myocardial ATP levels from isolated stored hearts taken from 3 groups of pigs

(Legend as in Figure 5-6).

Figure 5-11

Mean myocardial CP levels from isolated stored hearts taken from 3 groups of pigs

(Legend as in Figure 5-5).

Figure 5-12

Mean myocardial glycogen levels from isolated stored hearts taken from 3 groups of pigs

(Legend as in Figure 5-6).
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CHAPTER 6

THE EFFECTS OF THE AGONAL PERIOD AND HORMONAL THERAPY
ON THE DONOR PIG KIDNEY

INTRODUCTION

Having confirmed that the agonal period leads to depletion of myocardial energy stores
with diminished function, consideration was given to whether similar changes might occur
in other organs, particularly those which might subsequently be transplanted, such as the

kidney.

Kidneys were excised from various groups of pigs, some of which had undergone
induction of brain death as described earlier. The cellular potassium/sodium ratio
(K*/Nat) was calculated; there is good correlation between this ratio and kidney function

(Collins 1982).

EXCISION OF THE KIDNEYS AND PREPARATION OF KIDNEY SLICES

Through a midline abdeminal incision, both kidneys were mobilized, excised, and
immersed in iced saline slush (2°C). The warm ischaemic time never exceeded 90 seconds.
After thermal equilibration, the renal arterial system was flushed at a pressure of 100 mm
Hg with 100 mi of a low ionic strength intracellular solution (LIC) at 4°C consisting of
NaHCO4, 0.94g/¢ (10 mM); K, HPO,4 3H,0, 4.20g/¢ (18.4 mM); KH,PO,,0.70g/¢ (5. 1mM);
MgCL,.6H,0, 0.4g/¢ (2.0 mM); glucose, 42g/¢ (233 mM) (24) (Collins and Halasz 1982).
The time taken to perfuse each kidney was recorded in some animals. Each kidney was

frontally divided, the capsule removed, and each half was dissected into six 2 x 2 cm
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cubes; slices were cut from the cortical surface of each cube using a Stadie-Riggs
microtome. Each cube yielded one slice. A total of 6 slices was therefore obtained from
each kidney (3 from each half). Preparation of the slices was carried out at 4°C (Clark
et al. 1984). The slices were either tested immediately (see below) or stored for 24 hours

in LIC in ice betore testing.

VIABILITY TESTING

Slices were placed in scintillation vials containing 3 ml Cross and Taggart solution, and
gassed for 20 seconds with pure oxygen, and then quickly sealed {Cross 1950). The vials
were placed in a shaker waterbath at 26°C (140 to 160 cycles/min) for one hour. Each
slice was then removed from the incubation vial, rinsed four times in 300 mM mannitol to
remove extracellular ions, and placed in 3 ml 3% trichloroacetic acid. After a minimum of
one hour the supernatant potassium and sodium concentrations were determined by

atomic absorption spectrophotometry, and the potassium-sodium (K+/Na*} ratio calculated.

EXPERIMENTAL GROUPS (Table 6-1)

Nine groups of kidneys were studied.

Groups A1, B1, C1, and D1 correlated exactly with the Groups A1-D1 of the myocardial
studies (Chapters 4, 5), and Groups A2, B2, and D2 correlated with those in which heart
storage had been carried out (Groups A2-D2). Groups D3 and D4 correlated with the
similar groups in which the effect of hormonal therapy on myocardial function and

biochemistry was investigated (Chapter 5).
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RESULTS

Kidney Flush Infusion Time (Table 6-2)

In Groups A1, D1, and D3 the time taken to flush 100 ml of LIC using a pressure of 100
mmHg, was recorded (Table 6-2). Kidneys in Group D1 (brain death and normotension)
flushed slowly, some regions being inadequately perfused; flush infusion time differed
significantly in this group from the control Group A1. Mean flush infusion time of kidneys
from hormonally treated pigs (Group D3) was not significantly different from that of the

controls.

VIABILITY TESTING

1. Freshly excised kidney slices

In the control Group A1, the slice K¥/Na* ratio was 5.17 (Table 6-1). Animals that were
subjected to the agonal (brain ischaemia) period only (Group B1) experienced a marked
depression in slice ratio. In both groups C1 (brain death and hypotension) and D1 (brain
death and normotension), slice functions were improved in comparison with B1, though
these differences were not significant but they remained significantly depressed compared
to A-1. Slice function of kidneys in Group D3 (brain death, normotension and hormonal

therapy) was excellent and did not differ from the control value. (Figure 6-1).

2. Kidney slices stored for 24 hours

Storage resulted in a significant reduction in slice function in all groups except D1 when

compared with the freshly excised kidney slices (Table 6-1). Slice function of Group B2
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kidneys (brain ischaemia/death} differed significantly from the other groups (A2, D2, and

D4), suggesting severe injury.

DISCUSSION

In this study, the viability of the kidneys was assessed by in vitro evaluation of renal slice
function. Although kidney slice function was originally used to determine cellular p-amino
hippurate accumulation, there is good correlation between the cellular K*:Nat ratio,
measured by this method, and kidney viability (Fahy et al. 1979, Fahy et al. 1984).
Mitochondrial integrity measures maintenance of the K*/Na* ratio by supplying sufficient
energy to the potassium-sodium ATPase to actively maintain the ionic gradient; an imbalance
in the gradient leads to failure of cell volume regulation. Thus the maintenance of an ionic
gradient implies an intact energy-producing system within the cell. The ratio does not give
information about the vascular system within the organ, but is purely a test of the
integrity of the renal parenchyma. In previous studies on kidneys stored for 48 hours at
-4°C kidney slice function showed a good correlation with whole organ function

{(Wicomb et al. 1984).

The results of this study clearly indicate that the agonal period influences renal parenchyma
function, and that a subsequent period of storage causes further functional deterioration.
Significant injury to the kidney also resulted from ice storage, which also exacerbated the
damage which occurred during the agonal period. Ice storage using LIC would, therefore,
appear to provide inadequate protection from injury of kidney cells over a period of 24
hours. Subsequent work in the laboratory of fresh kidney slice storage in ice, using a
newly developed storage solution, has been followed by a normal K+/Na* ratio (Wicomb

et al. unpublished data).
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The significantly reduced slice ratio seen in Group B1 kidneys almost certainly resulted
from poor renal perfusion resulting from the marked rise in peripheral resistance
which accompanies the dramatic increases in sympathelic activity and circulating
catecholamines which occur immediately after the onset of brain ischaemia. The
injury caused to the kidneys during this period was increased when these slices were
stored for 24 hours (Group B2). When a 4 hour period was allowed to elapse from the
onset of brain ischaemia before kidney excision, the renal slice function showed
some recovery, whether the pig had been maintained in a hypotensive (Group C1) or
normotensive (Group D1) state. Slice function remained significantly reduced in these
kidneys, however, and Group D1 kidneys demonstrated a prolonged flush perfusion
time compared with control kidneys (Group A1} suggesting tissue damage.
Catecholamines have disappeared from the circulation within this time, and therefore
probably do not significantly contribute to an increased renal vascular resistance at this
stage. This injury would appear to be reversed following a period of hormonal therapy.
The long flush perfusion time may be associated with endothelial cell swelling resulting
in increased red blood cell trapping. Previous studies have shown that approximately
45% of red blood cells remain trapped even in healthy fresh kidneys following flushing

(Collins et al. 1984).

Administration of the hormones T3, cortisol, and insulin to the brain dead pig at hourly
intervals resulted in significantly improved renal slice function. The relevance of hormonal

therapy will be discussed in Chapter 2, 5, 7, and 9.
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LEGENDS

FIGURES

Figure 6-1

Mean slice potassium-sodium ratios in freshly excised kidneys taken from 3 groups
of pigs (A1 - freshly excised, D1 - kidneys taken from brain-dead pigs after 4 hours
supportive with i.v. fluids and dobutamine; D3 - kidneys taken from brain-dead pigs
after 4 hours supportive therapy but with the addition of 2 hours hormonal therapy

with T, cortisol and insulin, There is no significant diference between Groups A1 and D3.
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CHAPTER 7

CHANGE FROM AEROBIC TO ANAEROBIC METABOLISM AFTER BRAIN DEATH,
AND REVERSAL FOLLOWING TRIIODOTHYRONINE (T3) THERAPY

INTRODUCTION

In the previous chapters it has been documented that a significant reduction in circulating
hormones T4, T4, cortisol and insulin in baboons and T4 in humans takes place after brain
death. This leads to a progressive haemodynamic deterioration shown by the ex vivo
testing, and a progressive depletion of ATP, CP and glycogen with accumulation of lactate.
These observations suggest a change from aerobic to anaerobic metabolism within the

myocytes (and also kidney cells).

The administration of T4, cortisol and insulin to brain dead pigs leads to replacement of
myocardial energy stores, reduction in tissue lactate, stabilization of haemodynamic

function, and also K*/Na* ratio recovery in the kidneys.

These two essential organs therefore undergo major metabolic disorders resulting from

inhibition of aerobic metabolism.

These observations have led to consideration of the metabolic changes which take
place in the entire body after brain death. A series of experiments was undertaken
employing the principle of single bolus intravenous kinetics in the plasma and “CO,
production (following oxidation in tissues) from expired air using ""C-R in the baboon.

Lactate and free fatty acids in blood were also monitored.



7-2

EXPERIMENTAL METHODS

Chacma baboons (Papio ursinus) weighing 17 to 29 kg were used in all studies. Each
study involving "“U-C-glucose, "“C-1-pyruvate, or “C-1- palmitate utilization was divided into
three parts and performed sequentially in the same animal. Study 1 was made on the
sedated baboon (control), study 2 followed brain death, and study 3 followed T4 therapy after

brain death.

Anaesthesia and Monitoring

The baboon was sedated with ketamine hydrochloride (5-10 mg/kg/i.m.) After endotracheal
intubation, sedation was maintained with a mixture of oxygen (41/min) and nitrous oxide
(61/min), the animal breathing spontaneously. The ECG, MAP, and CVP were continuously
recorded. Blood gases were maintained within normal limits. Body temperature was

maintained at 37°C by surface warming.

GLUCOSE UTILIZATION

The principle of single bolus kinetics with labelled carbon (*“C-R) with subsequent
measurement of both plasma activity (Figure 7-1) (Searle 1976, Roberts 1981) and of
exhaled "“CO, (Figure 7-2), (Bircher 1981, Gordon 1964) was used to study glucose
utilization under conditions of (i) sedation, (ii) brain death, and (iii) brain death with T4

therapy.

Study 1 (Control)

An initial infusion of 30 to 40 grams of glucose was administered intravenously (300-
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400 m| of Maintelyte containing 10% dextrose). Universally labelled carbon 14 glucose
("*C-U-glucose) (20 uCi) was administered i.v. as a bolus to the sedated baboon. Arterial
blood samples were taken at 5 minute intervals for 30 minutes, at 10 minute intervails for
a further 30 minutes, at 15 minute intervals for the next 60 minutes, and at 30 minute
intervals for the next 4 hours. Following centrifugation, 0.1 ml lactic acid (0.1 molar
concentration) was added to 1 ml of plasma to remove the dissolved bicarbonate. The
sample was agitated slowly for one minute, following which 10 m| of scintillation fluid
were added (Insta-gel, United Technologists, Packard). Finally, 0.1 ml hydrochloric

acid (0.1 molar solution) was added to precipitate the proteins.

Radioactivity in the scintillation vial was measured as disintegration per minute (DPM) in

a [3 counter.

Expired CO, was measured at the same time intervals as follows. Expired gas was dried
by bubbling through absolute alcohol, and drawn into a 3 ml solution of hyamine
containing phenolphthalein. This provided an end point for the collection of 1 mMole
of CO». The sample was then diluted with 10 ml of scintillation fluid and counted (as

for plasma) to determine the proportion of labelled CO, in the sample.

After the 6 hour study period, the indwelling arterial and venous lines were removed, the

baboon was extubated, and returned to its cage.
Study 2
This study was carried out on the following day, beginning 24 hours after the initiation of

study 1. Sedation and monitoring were as in study 1, but, in addition, a urinary catheter

was inserted for measurement of urine output. With the animal breathing spontaneously,
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baseline haemodynamic parameters were obtained. Samples of blood and expired air

were taken, as in study 1, for measurement of control levels of glucose and CO, production.

Sedation was then deepened by the intravenous administration of 1-2 mg/kg ketarine
hydrochloride, following which brain death was introduced. The technique of induction
of brain death has been described in detail previously (Chapter 2A, Method 1). When
spontaneus respiration ceased, positive pressure mechanical ventilation was initiated
using a Bird Mark 2 ventilator supplying a mixture of air and 40% oxygen. Blood gases,
acid base balance, and serum electrolytes were maintained within the normal range.
Intravenous fluids (Maintelyte) were administered to replace volume loss from the
high urinary output which occurred as diabetes insipidus developed. The CVP was

maintained between 2 and 5 cmH,0O with a MAP of a minimum of 50 mmHg.

Twelve to 16 hours (mean 13.8 hours) after the induction of brain death the injection of
“C-R was repeated and a glucose utilization study (as described in study 1) was carried

out over a 6 hour period.

Study 3

This study followed immediately after study 2. An intravenous injection of T (2
micrograms) was given to the baboon, and this dosage was repeated at hourly intervals
thereafter. Thirty minutes after the initial T3 injection, the administration of “C-R was
repeated, and a glucose utilization study (as described in study 1) was repeated exactly
as before over a 4 to 6 hour period (mean 4.6 hours). Since some "C-U-glucose
remained in the baboon from Study 2, this amount was calculated as 1.8 to 5.1 (mean
2.9) uCi, equal to 14% of the initial dose. A further 20 uCi were administered after initial
dose of Study 3. Thereafter a total dose of approximately 22.9 uCi “C-U-glucose (and

its metabolites) was available at the onset of Study 3.
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PYRUVATE UTILIZATION (n=4)

Pyruvate utilization was studied exactly as for glucose utilization (above), except that

twelve uCi of “C-I- pyruvate were injected in each of studies 1, 2 and 3.

PALMITATE UTILIZATION (n=2)

Palmitate utilization was studied exactly as for glucose utilization. *C-1-palmitate (5 uCi)

was injected in each of the three studies.

SERUM LACTATE LEVELS (n=5)

Blood was taken for measurement of serum lactate at three time intervals: Control (before
inducing brain death), at 19 hours after induction of brain death (end of study 2), and 4

hours after the administration of T4 (end of study 3).

PLASMA FREE FATTY ACIDS (n=5)

Blood was taken for measurement of plasma free fatty acids at five time intervals: Control
(before induction of brain death), at 1, 3 and 19 hours after the induction of brain death,

and finally 4 hours after the administration of T,.
STATISTICAL METHODS
For plasma counts (DPM) the data were submitted to the computer programme

AUTOAN (Sedman et al. 1972) to provide the best fit function for the measured points.

The coelfficients and exponents for this function were then used to calculate the half-life
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(Roberts 1981, Greenblatt 1985) and plasma clearance of the labelled glucose in each

study (Wagner 1976).

The DPM obtained from the CO, were plotted in such a way to incorporate absorption
kinetics with negative coefficients with a lag time in order to obtain a measure of the rate
of appearance of labelled C in expired breath. The total number of expired counts from
the time of injection of the "“C to peak CO, production was calculated by integrating the

area under the curve of each studied metabolite (Bircher 1981, Gordon 1964).

Peak CO, production in study 1 (control) was found to take place at 2 hours in the case
of glucose, 20 minutes in the case of pyruvate, and one hour in the case of palmitate,
each time interval corresponding to the point of peak of oxidation (Gordon 1964). The
total accumulated counts under the curve from the time of injection of '“C-R until the peak
CO, production (e.g. 2 hours for glucose) was calculated. The peak production time taken
from study 1 (e.g. 2 hours for glucose) was also chosen for calculations of the areas

under the curves in studies 2 and 3.

The data obtained from studies 1 and 2, with regard to plasma half-life and clearance
and CO, production, were compared using the Mann Whitney U test. Study 3 vs 2 were
compared using the Wilcoxon matched paired rank test. Considering the complexity of

these studies, a p value of less than 0.07 was considered to be significant.

RESULTS

The results are shown in Table 7-1. The information concerning the data is shown in

Appendix 3.



7-7

Glucose Utilization (n=6) (Table 7-1) (Figures 7-3, 7-4)

The half life of glucose increased by 46% in brain dead animals (Study 2) when
compared with controls (Study 1) (p<0.04). The administration of T to the brain
dead baboon (Study 3) resulted in a significant reduction of half life by 60%
(p<0.02). After T3 administration, the half life was significantly shorter than the control

level (p<0.07).

Plasma glucose clearance fell by 45% in brain dead animals compared with controls
(p<0.06), and increased by 122% following the administration of T3 (p<0.02), returning to

a level not significantly different from control values.

Following brain death, “CO, production fell by 82% (p<0.002). T3 administration
was followed by a 324% increase "“CO, production (p<0.02), by which time it was

not significantly different from control.

PYRUVATE UTILIZATION (n=4) (Table 7-1),(Figures 7-5, 7-6)

Following the induction of brain death, the half life of pyruvate increased by 798% (p<0.05),
but showed a 68% reduction when brain-dead animals were treated with T, (p<0.05).

After T4 therapy the half-life was not significantly shorter than control.

The plasma clearance of pyruvate in brain dead animals dropped by 25% when
compared with control (p<0.06), while T, therapy increased plasma clearance by
123% (p<0.05); clearance was then significantly greater than in the control studies
(p<0.04). CO, production tell by 51% (p<0.03) following brain death, but after the

administration of T3 improved by 42% (p<0.05), returning to the control range.
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PALMITATE UTILIZATION (n=2) (Table 7-1),(Figures 7-7, 7-8)

(Statistical analyses were not performed in this small group). Palmitate half life
increased by 105% following brain death, with a recovery of 46% after T therapy.

Clearance progressively increased by 36% (Study 1 vs 2) and 31% (Study 2 vs 3).

“CO, production decreased by 57% following brain death, with complete recovery

(increase of 110%) following T3 admistration.

Serum Lactate Levels (n=5) (Table 7-2), Figures 7-9A)

After brain death, serum lactate showed an increase of 257% (p<0.0001). Four
hours after T5 administration, the lactate level had fallen by 63% (p<0.0001), not

being significantly different from the control level.

Plasma Free Fatty Acid Levels (n=5) (Table 7-2),(Figure 7-9B)

Within one hour of the induction of brain death, the level of free fatty acids had increased
by 91% (p<0.0001); By 3 hours normalization of free fatty acids to control levels occurred;
by 18 hours the mean free fatty acids increased by 315% above the control level
(p<0.0001). Following 4 hours of T4 therapy a fall of 72% had occurred (p<0.0001), the

level no longer being significantly different from the control.

DISCUSSION

Study 1 represents a different physiological and anatomical preparation when compared

with studies 2 and 3. After brain death there is a reduction in certain hormone levels, a
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loss of vasomotor control, development of diabetes insipidus, and an almost total
absence of blood flow to the brain; glucose is therefore not utilized in the brain following
brain death. An argument could be made, therefore, that the data obtained in Study 1
should not be compared statistically with those obtained in Studies 2 and 3. Statistical
comparison has been made, however, using the Mann Whitney U test which considers

Study 1 and Studies 2 and 3 as different preparations.

Studies 2 and 3, however, were made in similar models, the only significant difference
(apart from the administration of T4) being that the animal had been brain-dead for a

longer period of time in Study 3; more metabolic derangement may have occurred.

The greater variance in the measured parameters seen in Study 2 may be related to
individual pathophysiological responses to brain death - for example, the rate at which
T4 is lost from the circulation. The time interval which had elapsed from induction of
brain death may also be a factor. The reductions in plasma clearance of pyruvate and in
“CO, production following pyruvate administration (seen after brain death), did not
reach statistical significance (Mann Whitney U test) when compared with control
observations. This probably reflects the small number of experiments performed, as the
trend closely followed those of glucose utilization. The significant differences seen
between Study 3 and Study 1 indicating, for example, that the half life of glucose was
less after T4 therapy than under control circumstances, are most likely due to an excessive

dosage of Ty.

The findings demonstrate that there is a major change in metabolic oxidative processes
following brain death. The rate of glucose, pyruvate, and palmitate utilization is markedly
reduced, and there is an accumulation of lactate and free fatty acids in the plasma. The

findings indicate a change from aerobic to anaerobic metabolism affecting the body as a



7-10

whole, and correlate well with the previous findings which concentrated on metabolism
in the heart alone (Chapter 4). Body energy stores will be rapidly depleted (presumably
from all major organs) under this changed metabolic environment, almost certainly

leading to deterioration in function of all organs.

The administration of 2 [Lg of Ty at hourly intervals to the brain dead baboon resulted in
a dramatic reversal in the rate of metabolite utilization and CO, production, and reduc-
tions in plasma lactate and free fatty acids, indirectly indicating a reversal from anaero-
bic to aerobic metabolism. This finding again correlates well with previous studies
which shows replacement of myocardial energy stores and improvement in myocar-

dial function following T4 therapy.

Tissue and plasma lactic acidosis in the presence of adequate perfusion pressure and
normal pO,, again indicate that pyruvate is converted into lactate and the pyruvate does
not enter the mitochondria, Huckabee (1959). Type A and B lactic acidosis has been
reviewed by Cohen (1976) and Kriesberg (1984). However, the acidosis seen following
brain death does not fit into any of the described forms as no intoxication takes place but

rather an acute metabolic derangement induced by hormonal depletion occurs.

These findings from the brain-dead baboon and from human potential organ donors
(Chapter 9) suggest that inhibition of a common metabolic pathway for carbohydrates
and free fatty acids takes place in the mitochondria, which are the main site of CO,
production. In the absence of Ts, the mitochondria cease functioning effectively, and
anaerobic metabolism takes place. Following T3 therapy, the rapid increase in glucose,
pyruvate, and palmitate utilization and in CO, production, and the normalization of
lactate and free fatty acid metabolism, indicate reactivation of the mitochondria,

resulting in aerobic oxidative phosphorylation.
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T4 therapy would appear to lead to reactivation of mitochondrial activity, resulting in
oxidation of tricarboxylic acid and electron transfer coupling, stimulating ATP production
and activation of ATPases at different levels. This is probably from a direct effect of T,
mediated through calcium (Nayler 1971, Fabiato and Fabatio 1979, Holland 1979),
activating key enzymes (Gevers 1981, Nichols 1982, Newsholme-Leech 1983),
such as the phosphorylase complex, pyruvate dehyndrogenase complex, isocitrate
dehydrogenase, oxoglutarate and NAD*-linked isocitrate dehydrogenase (Figure 18
Appendix 4-1). The short period of time required following the administration of T4 to
obtain this response would suggest that DNA T4 receptors and mRNA do not play an
initial role. The role of Ca** in the activation of the above-mentioned enzymes is

shown in Appendix 4.
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LEGENDS

FIGURES

Figure 7-1

The laboratory methed of trapping “CO,. (A) Actual laboratory set up, and (B) schematic
representation. (1} Tubes connected to the ventilator. (2) Endotracheal tube with a T
connection for suction of exhaled air. (3) Foley catheter in situ. (4) Flask containing
absolute alcohol through which the exhaled air is bubbled. (5) Roller pump, and (6) vial

containing hyamine in which CO, is collected.

Figure 7-2

Single bolus kinetics - a combined figure from "A Textbook of Clinical Pharmacology", by

Rogers HJ, Spector RG, Trounce JR. (Chapter 1: Introduction to Pharmacokinetics).

Hodder and Stoughton, London, 1881, pg 14 and 16.

Figures 7-3

A: Best fit data curves plotted for plasma “C-U-glucose kinetics, Studies 1, 2 and 3.

B: Best fit data curve plotted for “COZ2 produced from "“C-U-glucose. C: (Control) = Study
1, BD (brain-dead animal) = Study 2; BD+T4 (brain-dead animal plus T3 therapy) =

Study 3. Comparisons were made from the accumulated counts under the curve up

to 2 hours.
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Figure 7-4

Histograms for “C-U-glucose half life, plasma clearance and accumulated “CO, studies.

Figure 7-5

A. Best fit data curves plotted for plasma "C-1-pyruvate Kinetics.

B. Accumulated “CO, counts were compared at 20 minutes. Abbreviations as per
Figure 7-3.

Figure 7-6

Histograms for "“C-1-pyruvate, half-life, plasma clearance and “CQO, accumulated counts

for 20 minutes.

Figure 7-7

A: Best fit data curves plotted for plasma "C-1-palmitate kinetics.

B: Expired “CO,. Comparisons were done for CO, accumulated counts up to one hour.
Abbreviations as per Figure 7-3.

Figure 7-8

Histograms for "*C-1-palmitate plasma half-life, clearance and accumulated “CO, during

the first hour.
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Figure 7-9

A: Plasma lactate levels C (control) before induction of brain death, at 19 hours and at
23 hours. Statistical comparisons as shown.

B: Plasma free fatty acid levels C {(control), at 1, 3, 19 and 23 hours post brain death
induction. T4 therapy initiated showing rapid plasma decrease by 23 hours. Statistical

comparisons are shown.
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PLASMA CONCENTRATION (LOG. SCALE)
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Time course of hypothetical drug distribution in central and
peripheral compartments following rapid i.v. injection in a
bi-phasic decline in plasma concentration in a two-compart-
mental system of the body;1/2 life is shown.

Figure 7-2
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CHAPTER 8
CLINICAL OBSERVATIONS - EARLY DONOR HEART FAILURE

(FOLLOWING TRANSPLANTATION) FROM MYOCARDIAL INJURY SUSTAINED
DURING BRAIN DEATH

INTRODUCTION

We have reviewed those patients who died following heart transplantation at the
Universities of Cape Town and Munich from hitherto unexplained causes either at
operation or in the early post-transplant period. The donors of these hearts did not

undergo hormonal therapy.

CLINICAL EXPERIENCE

Five out of 106 patients (4.7%) showed donor heart histopathological features almost
identical to those seen in the experimental study outlined above (Chapter 2-E). In the
University of Cape Town series, of 76 transplants in 67 patients (8 undergoing a second
transplant procedure, and one a third transplant) death from unexplained donor heart
failure occurred in 4 patients (5.3%) in the operating room or in the early post-operative
period. In the series of 30 transplants performed at the University of Munich, there was

one similar early death (3.3%).
Similar early donor heart failure from uncertain cause (sometimes cited as "unspecified
death”) has also occurred at other centres involved in this form of surgical therapy.

(Billingham and Jamieson - personal communication).

In the Cape Town series, the donor heart in one patient undergoing orthotopic
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transplantation, never functioned satisfactorily and death occurred on the operating
table. The remaining 3 patients, all undergoing heterotopic heart transplantation, died at
2 hours and 7 and 9 days respectively (the last 2 patients haemodynamics were supported
by the recipient's heart during this period) after cardiac transplantation. The donor heart
never had functioned entirely satisfactorily. There was no histological evidence of acute
rejection in these hearts. At the University of Munich, one patient died on the operating
table from donor heart inadequacy. The clinical data of the recipient and donor are shown

in Tables 8-1 and 8-2.

HISTOPATHOLOGICAL FEATURES OF THE DONOR HEART

In all 5 patients, at autopsy, the donor heart showed a grossly normal macroscopic
appearance, except for occasional subendocardial haemorrhage. When examined by
light microscopy, all 5 hearts revealed various combinations of 3 forms of acute
myocardial necrosis, namely contraction bands, coagulative myocytolysis and
coagulative necrosis (coagulative myocytolysis) (Figures 8-1 and 8-2). Focal
mononuclear cellular infiltration was also seen in areas with mild to moderate interstitial

oedema.

DISCUSSION

The similarity between the histopathological features seen in these donor hearts which
failed at or soon after transplantation, with those in the experimental series detailed

above (Chapter 2-E) is striking.

While the damaged heart remains within the donor, it may be able to support the

circulation for several hours, though in a number of cases we have abandoned a
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rapidly failing donor heart before transplantation in spite of significant inotropic
support. The circulation may continue to be supported in some cases, however, by
a significantly damaged heart, as the brain dead potential donor remains grossly

vasodilated, resulting in an extremely low systemic vascular resistance.

The period of ischaemic cardioplegic arrest during transportation and transplantation
may provide an additional insult in spite of efforts to keep the organ cool; the heart
temperature may rise to 20-25°C, depleting further the energy stores, and progression

of the myocyte injury may be unavoidable.

The transplanted heart must function against a normal systemic vascular resistance, and it

may be this factor plus the further metabolic deterioration which leads to final inadequacy.

The possibility exists that the myocardial structural changes seen in the patients
reported here may, at least in part, have resulted from a massive infusion of inotropic
agents administered to the recipient in an endeavour to stimulate donor heart function.
In two of the patients, however, donor heart function was clearly totaily inadequate
before any inotropic support was given (heterotopic heart transplants), and a third
received only minimal post-operative inotropic support before sudden donor cardiac
arrest. It therefore seems unlikely that this could be the major contributing factor

towards the myocardial injury seen.

The above evidence suggests that myocardial structural damage can occur during the
development of brain death in potential organ donors. However, progressive hormonal
depletion in the donor (mainly T3, as shown in Chapters 2C and 5) may also play a

major role in the myocardial performance of the heart following transplantation.
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The hearts may fail immediately after the discontinuation of cardiopulmonary bypass
support or early during the post-operative course. it is possible that besides the myocyte
injury in the myocardium, the specialized conduction tissue may be involved in the

process inducing unexpected cardiac arrhythmias leading to ventricular fibrillation.

During heterotopic heart transplantation (from untreated donors at Groote Schuur
Hospital) poor donor heart function occurred in 10% of the transplanted hearts. After the
hearts were perfused in the recipients with normal blood constituents (hormones), a
pericd of functional recovery took place within the first 24-48 hours (Figure 8-3). If these
hearts had been transplanted in the orthotopic position, most probably death would
have occurred on discontinuation of cardiopu'monary bypass or in the early post-oper-

ative hours. This is clearly an advantage of heterotopic heart transplantation.

Endomyocardial biopsies from the donor heart taken from the left ventricle at the time
of excision of the donor heart, have shown various degrees of myocyte injury, interstitial
haemorrhage, and oedema; cardiac performance following transplantation has been
satisfactory (all patients received hormonal therapy, Chapter 9). In 10 biopsied hearts, 8

showed subendocardial lesions (Figures 8-4 and 8-5).
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LEGENDS

FIGURES

Figure 8-1

Histopathological section of a human donor heart which failed at the end of the procedure,

showing myocytolysis with stromal collapse (haematoxylin-eosin x 450).

Figure 8-2

Histopathological section of the left ventricle belonging to patient NO. 2 showing myocyte

necrosis with stromal collapse and interstitial oedema (haematoxylin-eosin x 600).

Figure 8-3

Simultaneous ECG and pulse wave trace recording following heterotopic heart
transplant. The donor heart had been stored ischaemically by continuous hypothermic
perfusion for over 12 hours. (D = donor heart ECG QRS complex and its respective
pulse wave trace. R = recipient heart ECG QRS complex and its respective pulse
wave trace). By 12 hours post-transplantation the R heart performed 70-80% of the
cardiac output while the D heart contributed only 20-30%. By 24 hours the D-R ratio
was 50% and by 36 hours the D heart maintained the cardiac output close to 100%

while the R heart contribution was minimal.
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Figure 8-4

Histopathological section of the endomyocardial biopsy taken from the left ventricle from
a donor heart before implantation, showing subendocardial haemorrhage, interstitial

oedema and some areas of contraction band necrosis (haematoxylin-eosin x 100).

Figure 8-5

Histopathological section of the left ventricle from an unused donor heart because of
rapid haemodynamic deterioration showing extensive contraction band necrosis involving

practically all the myocytes, interstitial oedema and an area of interstitial haemorrhage

(bottom right} (haematoxylin-eosin x 150).
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Figure 8-2
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Figure 8-3
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Figure 8-5
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CHAPTER 9

CLINICAL OBSERVATIONS - HAEMODYNAMIC AND METABOLIC CHANGES
FOLLOWING BRAIN DEATH AND RESPONSES TO HORMONAL THERAPY

INTRODUCTION

Studies in the pig and baboon demonstrated a deterioration in cardiac function after brain
death, associated with the fall in circulating hormones and the increasing metabolic
change to anaerobic metabolism. This myocardial deterioration was reversed by

hormonal therapy, which also brought about a return to aerobic metabolism.

Following these experimental observations, all brain-dead potential donors referred to our
centre for heart transplantation have subsequently been treated with hormonal therapy.
Qur observations in these patients are outlined below. Haemodynamic and metabolic
observations on 21 brain-dead potential donors who received hormonal therapy have

been compared with observations in 26 who did not.

EXPERIMENTAL GROUPS

Group A

Twenty-six patients continued to be treated conventionally with intravenous fluid and

inotropic support.

The majority of potential donors referred to us are already receiving (i) intravenous fluids

to replace the large urine output which brain-dead patients produce and to maintain a
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CVP of between 5-10 cmH,0, (ii) inotropic support to maintain a MAP of above 60
mmHg, and (iii) vasopressin given either by i.v. infusion or by intermittent i.m. injection,
both to reduce urine output and help maintain an adequate MAP by peripheral
vasoconstriction. In the past, despite these measures, approximately 20% of hearts
have been lost through deteriorating haemodynamic function before excision for

transplantation, or have been deemed unsuitable for transplantation.

Many of these patients were already showing features of metabolic acidosis (despite
adequate ventilation) with high serum lactate and were requiring large and frequent
infusions of sodium bicarbonate. Their temperatures had also fallen to low levels below

34°C. They required constant potassium infusion to replace loss in the urine.

Group B

In 21 donors (Group B), no changes were made in ventilation, but all were immediately
administered i.v. triiodothyronine (2ug), cortisol (100 mg) and insulin (10 International
Units irrespective of the blood glucose). All were receiving a 10% dextrose-cristaloid
solution (Maintelyte). This therapy was repeated at hourly intervals until the heart was
excised. If myocardial function improved, as evidenced by a sustained MAP of 60 mm
Hg or more, and an increase in cardiac output (when measured), then inotropic and
vasopressin support was steadily reduced and, when possible, discontinued completely.
Intravenous fluid administration was similarly reduced where possible, maintaining a

CVP of 5-10 cmH,0.

In some, electrocardiographic changes showing ischaemia were already taking place.

The cause of death in all cases was head injury. Donors were monitored for a mean period

of 4.5 hours (range 3 to 8 hours).



9-3

HAEMODYNAMIC AND METABOLIC PARAMETERS MONITORED

The following parameters were measured, both when the donor was first seen (control)
and immediately before heart excision (approximately 4 hours post-initiation of
hormonal therapy): mean arterial pressure (MAP), central venous pressure (CVP),
heart rate {HR), bicarbonate requirement to maintain pH and base excess at nor-
mal levels, and inotropic support requirements. In 6 donors cardiac output was
measured using a thermodilution technique from an inserted Swan-Ganz catheter;
serum lactate-pyruvate was measured in 21 patients and plasma free fatty acids

in 6 patients.

RESULTS

The following significant changes were noted during the course of management of the
donor (Table 9-1). In Group A, the bicarbonate requirement progressively increased up
to 100% (p<0.0003) (Figure 9-1) in an attempt to reduce the base deficit, and there was
a 35% increase in the level of inotropic support (p<0.05) (Figure 9-2). In addition, 30%
of these donors required extra suppori with isoproterenol, calcium chloride and/or
vasopressin. Despite these measures, no significant improvements in haemodynamic
function were measured. Five of the 26 donor hearts were eventually considered
unsuijtable for subsequent transplantation on the basis of poor or deteriorating

haemodynamic performance (p<0.04} (exact Fisher test).

In Group B, the bicarbonate requirement fell by 95% (p<0.0001} (Figure 9-1), and the
level of inotropic support was reduced by 88% (p<0.005) (Figure 9-2). There was a
significant increase in body temperature (p<0.05). Cardiac performance significantly

improved (MAP increased by 53% (p<0.02) (Figure 9-3)}, CVP fell by 35% (p<0.02), HR
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increased by 35% (p<0.003). A rapid improvement in cardiac output took place within

five minutes following hormonal therapy (Figure 9-4, Table 9-2).

Serum lactate-pyruvate (n=21) and plasma free fatty acids (n=6) were measured in
Group B only (Figure 9-5); at the initial measurement, all were significantly raised from
normal levels (p<0.0001), but following hormonal therapy, lactate decreased by 52%
(p<0.02), pyruvate by 45% (p<0.005), and free fatty acids normalized within control
levels (p<0.001) (Figure 9-5).

All 21 of these donor hearts were considered suitable for transplantation, and all showed

immediate good function following heart implantation.

In all patients but 5 in Group B, the ECG already showed significant abnormalities (J
waves, ST elevation or depression, T wave changes) suggesting ischaemia at the time
hormonal therapy was introduced. In all cases, these abnormalities disappeared or

improved significantly during the period of hormonal therapy (Figure 9-6, 9-7, 9-8).

In Group B donors, T4 levels were initially low in all cases (Figure 9-9), but rose to
normal or high levels during the period of therapy. Cortisol and insulin levels also rose

to above normal levels.

DISCUSSION

These observations, made in potential donors referred to Groote Schuur Hospital,
provide further evidence for the markedly impaired aerobic metabolism which occurs
in brain-dead donors, which leads to a condition similar to the sickle cell syndrome.

The increasing anaerobic metabolism (as evidenced by a low pH, large base deficit,
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rise in serum lactate, pyruvate and free fatly acids, repeated and increasing need for
bicarbonate administration), is associated with diminished myocardial function (as evi-
denced by low CO2, low MAP, high CVP, appearance of abnormalities on ECG, and

need for inotropic support).

Hormonal therapy for even as short a period as 3 hours was followed by evidence of

decreasing anaerobic metabolism and improving myocardial function.

The dosage of T4 would appear to be critical, and is almost certainly in the range of 2-4
LLg/hour to an adult brain-dead subject. Early in our experience, a dosage of 20 |Lg was
administered to one such brain dead potential donor. As a result of this excessive
dosage, the patient's temperature rose to 40°C, pCOs rose to 15 kPa, and myocardial

function deteriorated though the kidney viability remained excellent.

The great improvement in acid-base balance, and the associated improvement in
myocardial function and haemodynamic status of the potential donor following hormonal
therapy, has enabled us to salvage some donor hearts which would previously have been
unsuitable, and also to transplant all hearts in as good a condition as possible. Immediate

and long term function of these hearts after transplantation has been excellent.

The ECG pattern seen at the time of referral of the donor showed ST depression, T wave
inversion, junctional rhythm, broadening of the QRS interval, and J waves. Although
many of the changes have been attributed in the past to hypothermia and sympathetic
activity over the myocardium, from this study (Chapters 2 and 5), it is now clear that the

sequence of events leading to abnormal ECG in donors is multifactorial.

The stability of the donor has enabled us to perform heart transplants electively the
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following morning when the donor became available the previous afternoon or
evening. Four heart transplants and 3 heart and lung transplants have been performed
as a scheduled procedure in the morning rather than as an emergency operation during

night hours.

This initial clinical experience correlates well with, and confirms, many of the experimental
findings described earlier. The present evidence strongly supports the thesis that
hormonal therapy of the brain dead donor adds considerably to improving the state
of the donor heart (and kidneys), and will become a universal routine therapy in the

management of brain dead potential heart and kidney donors in the future.

Furthermore, the experimental evidence presented in Chapter 4B suggests that, if periods
of storage in excess of 4 hours are to be successfully employed, then pretreatment of the
donor with hormones would appear to be essential if immediate good donor heart function

is to be obtained after transplantation.
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FIGURES

Figure 9-1

Bicarbonate requirement in Group A and B potential donors from the time of referral after
4 hours. Note the significant decrease of bicarbonate administered to Group B donors,
and increase in Group A. Statistical comparisons are shown at the end of 4 hours of
hormonal therapy. Bars represent the SEM. Upper graph shows actual means and
standard errors. Normal graph shows percentage changes.

Figure 9-2

Dopamine requirements in Groups A and B, at the time of referral and after 4 hours of
treatment. Statistical comparisons are shown.

Bars represent the SEM.

Figure 9-3

Mean arterial pressure in Groups A and B, at the time of referral and after 4 hours of
treatment. Statistical comparisons are shown.

Bars represent the SEM.

Figure 9-4

Cardiac output in 6 patients (Group B). C: (control) before initiation of hormonal therapy.
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Significant increases by 5 minutes (A), and 3 hours (B) are shown. Notice rapid
haemodynamic improvement within a short period. Statistical comparisons are shown.

Bars represent the SEM.
Figure 9-5

Metabolic parameters (plasma lactate, pyruvate, and free fatty acids) at time of referral
and initiation of hormonal therapy in Group B donors, and response by 4 hours (lactate
and pyruvate) and by 9 hours for free fatty acids. Statistical comparisons are shown.

Bars represent the SEM.
Figure 9-6

ECG recordings from 3 different donors C: (control) recording taken at the time of
donor referral prior to the institution of hormonal therapy. The intervals (in minutes)

after beginning hormonal therapy are indicated.

A: Recording from precordial leads V1 and V6. C shows sinus rhythm, heart rate 65, V1
normal ST segment, T wave inversion, V6 same as V1 but biphasic T wave. At 22
minutes - junctional rhythm, 100 per minute, similar features to C. Thirty-nine minutes
- junctional rhythm, heart rate 88 per minute and inversion of T wave in V6. At 55
minutes - sinus rhythm, heart rate 115 per minute, normalization of the T wave in
V1 and V6. By 81 minutes - sinus rhythm, heart rate 103 per minute, normal ECG.

Note gain in amplitude of the QRS complex after hormonal therapy.

B: ECG from precordial leads V4, V5 and V6. C: (control) -sinus rhythm, heart rate 75 per

minute, marked ST depression and inversion of T wave. By 20 minutes - sinus rhythm,
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heart rate 115 per minute, less evident ST depression, inversion of T waves. By
45 minutes - sinus rhythm, heart rate 115 per minute, mild ST depression in V4,
normalization of ST segment in V5 and V6, T waves remain inverted. By 75 min-
utes - sinus rhythm, heart rate 107 per minute, features similar to 45 minutes

ECG.

C: ECG recording (V1 and V6), unstable donor, receiving high inotropic support, C:
(control) - junctional rhythm, heart rate 136 per minute, ST depression and presence
of J wave. By 15 minutes - sinus rhythm, heart rate 88 per minute, no ST segment
depression, less evident J wave. By 45 minutes - sinus rhythm, heart rate 100 per
minute, normal ST segment, incipient J wave. By 70 minutes - inotropic support
was discontinued, sinus rhythm, heart rate 75 per minute, stable donor, normal ST

segment, disappearance of J wave and inversion of T wave in V1.

Figure 9-7

ECG strip recording of unstable donor O = (control) at time of referral bizarre QRS
complex, abnormal ST segment and large T wave, heart rate 75 per minute. By 35
seconds heart goes into ventricular fibrillation requiring defibrillation, converting to
irregular ventricular rhythm. At this stage, hormonal therapy commenced. By 1.8
minutes irregular ventricular ECG. By 3.4 minutes junctional rhythm, heart rate 30 per
minute. By 4.6 minutes appearance of normal QRS complexes, irregular rhythm
remains with ventricular ectopics. By 22 minutes remarkable recovery of ECG, sinus
rhythm, heart rate 88 per minute, normal QRS complexes, inverted T wave. Stable

haemodynamics.
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Figure 9-8

Rhythm strip C = (control), recording before initiation of hormonal therapy - junctional
rhythm, heart rate 68 per minute, biphasic T wave. By 58 minutes - junctional rhythm,
heart rate 75 per minute, normalization of T wave. By 75 minutes - incipient appearance
of a P wave with prolonged PR interval, normal QRS and T waves. By 92 minutes - sinus

rhythm, heart rate 79 per minute, normal ECG complexes.

Figure 9-9

Free plasma T5 values in 21 potential donors (Group B) plotted at the estimated time

of brain death to the time since had occurred.
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Figure 9-6
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CHAPTER 10

OVERVIEW - STATE OF THE ART IN THE MANAGEMENT OF THE BRAIN-DEAD
ORGAN DONOR

INTRODUCTION

The presented dissertation confirms that brain-dead organ donors (BDOD) are exposed
during the agonal period to a massive catecholamine release (catecholamine storm)
(Novitzky et al. 1984, Shilvalkar et al. 1993), resulting in systemic hypertension, elevated
systemic vascular resistance, transient acute left ventricular failure, and muitiple cardiac
arrhythmias (Novitzky et al.1987). This is followed by a significant reduction of free
triiodothyronine (FT3), cortisol, insulin, and antidiuretic hormone (Novitzky et al. 1984). A
change from aercbhic to anaerobic metabolism takes place (Novitzky et al. 1988. Sztark
et al. 2000, Bruisma et al. 2001). The low plasma FT, state is one of the components of
the euthyroid sick syndrome (ESS) (Novitzky et al. 1992, Stathatos et al. 2003, Wyne
2005, Groot 1999). As a consequence of the catecholamine storm, the endothelium of
the entire body is affected (Stoica 2002, Stoica et al. 2002), triggering the initial stages
of a systemic inflammatory response that continues progressing as time elapses (Szabo

et al. 2002).

Release of endogenous catecholamines in the heart induces various degrees of
myocyte injury and necrosis (Novitzky et al. 1989), including contraction bands in the
smooth muscle of the coronary arteries and calcium deposits in the ¢coronary media
(Rose et al. 1988, Yeh et al. 2002). Progressive inhibition of mitochondrial function leads
to cellular depletion of high energy phosphates (ATP, CP) and accumulation of tissue

lactate (Novitzky et al. 1988, Sztark et al. 2000). The reduction in cytosolic ATP resuits
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in the inhibition of ATP-dependant ATPases in the sarcolemma and cytosol. Calcium-
induced injury may be reduced if ATP is available, mobilizing Ca** into the sacoplasmic
reticulum (Davis et al. 1993, Tillmann et al. 2002). Reduced ATP will further induce

cellular calcium overioad, contraction band necrosis, and further mitochondrial injury

(Hiroi et al. 2006).

Hormonal therapy (HT) with T4, cortisol, and insulin beneficially impacts the rapid
recovery of mitochondrial function. Thus, depleted high energy phosphates are
restored, allowing hemodynamic recovery. Therefore, following HT, initially unacceptable
hearts recover cardiovascular function, and allow reduction in the initial high dependence
on catecholamines (Novitzky et al. 1987, David et al. 2005). These hearts can be

procured and used for transplantation, with good function in the recipient (Novitzky 1996).

Further studies in Cape Town documented for the first time the occurrence of the ESS
during cardiopulmonary bypass (CPB). Following cardiac surgery on CPB, a group of
patients became CPB-dependent despite the administration of inotropic support, and
placement of an intra-aortic balloon pump. Administration of T4 alone allowed rapid car-
diac recovery, and hemodynamic stabilization; CPB was successfully discontinued in all

patients (Novitzky et al. 1989).

This observation suggested the concept of administering T4 to both the donor and the
recipient of a cardiac allograft. At the time of reperfusion of the donor heart in the
recipient, the heart is exposed to a low plasma FT4 milieu. Potentially, the heart that
has recovered from the low FTj4 state in the donor could relapse in the recipient to a
pre-HT state (Novitzky et al. 1988, Jeevanandam 1997, Zaroff et al. 2002). Thus, the
administration of T to both donor and recipient has become a therapeutic modality in

some centers.
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MAGNITUDE OF THE PROBLEM

Despite major improvements in heart failure management, the demand for donor organs
has outpaced donor organ availability. In the USA, the Organ Procurement and
Transplantation Network and the United Network for Organ Sharing (UNOS) maintain
statistics on organ donor availability and the demand for organs for such patients. In
2006, 90,600 patients were in the UNOS database (Figure 1a-1b). In the year 2005, over
7,000 patients died on the waiting list or were not transplanted for medical reasons
(Novitzky et al. 2006, Rosendale et al. 2003). In that year, 25,953 living and deceased
organ transplants were performed, but 41,057 potential organ recipients were added to
the waiting list. As the demand grows, the number of organ donors will be increasingly
insufficient to meet that demand. Furthermore, using conventional resuscitation methods,
a loss of at least 35-40% and up to 64% of brain-dead organ donors hearts has been
observed (Ullah et al. 2005). In the case of cardiac transplantation, one alternative is the
use of left ventricular assist device support as a bridge to transplantation or as destination

therapy, but this form of therapy has not resolved the problem of donor organ shortage.

An alternative is to implement the use of HT in all brain-dead organ donors. Following
the initial presentation of the UCT findings in 1984 at the International Society for Heart
Transplantation, the response was only modest. The UCT researchers continued to
provide positive results and data on the management of brain-dead crgan donors.
Other research centers confirmed the UCT findings. Thus, at a slow pace, HT has
gained increasing acceptance. Currently, after some years, HT in the management of
potential organ donors is gaining rapidly in popularity. (Rosendale et al. 2003, UNOS
2002, Rosengard et al. 2002, Salim et al. 2005).
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FURTHER BASIC RESEARCH

To understand better the body response to brain death, further studies were performed
in animals and in human donors. It was found that the catecholamine storm has a significant
impact on the endothelium of all organs used for transplantation Stoica et al. (2002); there
is upregulation of major histocompatibility complex molecules Koo et al. (2003 ), expression
of E-P-selectins Jassem et al. (2003) and integrins Pratscke et al. (2000), expression of
Class Il antigens is upregulated Lefer et al. (1991), ICAM-1 Mulligan et al. (1993), VCAM-
1 Walzog et al. (2000), and platelets are activated Hirai (2003), and elevated levels of
inflammatory cytokines are released Skarabal et al. (2004), Avlonitis, 2005 e.g., tumor
necrosis factor (TNF) Takada et al. (1998), and IL-6 Plentz et al. (1998), Plentz et al. 2000,
Stango, (2001). Levels of TNF and IL-6 are elevated 1.6 and 2.4 times, respectively, in
donor hearts deemed unsuitable for transplantation compared with hearts deemed
acceptable. This inflammatory response has also been observed in situations, such as
during CPB Hirao (2003), sepsis (van der Meer et al. 2007), acute myocardial infarction
del Fresno et al. (2007), trauma GOU et al. (2006) heart failure Villacorta et al. (2007), and
in the majority of patients who are treated in an ICU setting Schweickert et al. (2007). It is

associated with the ESS Powner et al. (2005, Papanicolaou (2000).

Further research on BDOD has confirmed their inability to generate high energy
phosphates, not only in the heart Novitzky et al. (1987), but also in the kidneys
Wicomb et al. (1986 ), liver Olinga et al. (2005), pancreas and gastrointestinal tract

Koudstaal et al. (2005) and somatic muscle Sztark et al.(2000).

Despite a better understanding of the events occurring during and following brain
death, the standard therapy of the BDOD remains the same as, or very similar to, that

initially described at UCT in the 1980s.
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CLINICAL STUDIES

Despite multiple clinical studies, the basic therapy remains the same as it was prior to
the introduction of HT. Therapy includes ventilatory support, fluid replacement, acid-
base correction, electrolyte replacement, inotropic support, control of temperature,
treatment and prophylaxis for infection, and blood product replacement Ullah et al.

(2008).

HT has not changed much since the research performed in Cape Town, although
arginine vasopressin, which was used only intermittently at UCT, has been added to
the regimen in some centers. This consists of the administration of triicdothyronine
(21Lg), corticosteroids {100mg cortisol or 125mg methylprednisolone}, vasopressin
(1-3U), and insulin (10U) hourly Novitzky et al (2006), Rosendale et al. (2003). Once
HT has been initiated, plasma K* monitoring is essential. Initially, normal K* levels
may rapidly be reduced to values as low as 2meg/|. This is the result of rapid acti-
vation of Na+/K+ ATPase. ATP-depleted cells lose ionic hocmeostasis. By restor-
ing ATP substrate, T4 allows intracellular K* normalization. On occasion, up to

200-300meqg of K+ are required to normalize plasma K+ levels.

Following the initial studies by the UCT group, other transplant groups presented results
confirming the UCT findings. Although at least four groups demonstrated a beneficial
clinical effect of HT on the unstable donor Wheeldon et al. (1995), Jeevanandam et al.
(1996), Salim et al. (2001), Zuppa et al. (2004) not all studies showed a benefit.
Subsequently, a large number of experimental and clinical studies on the effect of brain

death and HT have been reported Timeket et al. 1398, Salim et al. (2001).

At Papworth Hospital in the UK Darracott-Cankovic et al. (1987, 1988), after conventional
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donor management consisting of ventilation, fluid replacement, and optimizing serum
electrolytes, 50 donors failed to meet minimal acceptance criteria for heart donation due
to low mean arterial pressure (MAP) (<55mmHg), elevated central venous pressure
(CVP) (>15mmHg), elevated pulmonary capillary wedge pressure (PCWP) (>15mmHg),
low left ventricular stroke work index <15gm*m/m2/beat, or high inotrope requirement
(>20ug/kg/min). After HT therapy, consisting of methylprednisolone, T3, arginine vaso-
pressin, and insulin, 44 of the 50 donors had improved enough to be used as heart
donors. Thirty-day recipient survival was 83%, and none of the five early deaths was

due to cardiac failure.

At Temple University, 22 potential donors with impaired left ventricular function,
elevated left atrial pressures, and high inotrope requirement received T , and all
demonstrated an improvement in cardiac and circulatory function concomitant with
a significant reduction in inotrope requirement Jeevanandam et al. (1994). In 17 of
the donors, the heart recovered and was transplanted successfully. In Los Angeles,
HT with methylprednisolone, T4, and insulin enabled similar improvement in the
function of 19 inadequate donor hearts Salim et al. (2001). At the University of
Pennsylvania, 91 pediatric brain-dead donors receiving T4 had a significant reduction
in their vasopressor requirements. No data were given on organ yield or quality Zuppa

et al. (2004).

WIDER ADOPTION OF HORMONAL THERAPY IN THE MANAGEMENT OF HUMAN
BRAIN-DEAD POTENTIAL ORGAN DONORS

For several years, few transplant groups incorporated HT into their protocols for the
management of the brain-dead potential organ donor. However, in 2001, a conference
was held to discuss this form of therapy. Guidelines were developed for maximizing the

number of organs recovered and transplanted from deceased donors. In the cohort of
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10,292 BDOD, 701 received three-drug HT Rosendale et al. (2003) (methylpred-
nisolone, T4/T 4, arginine vasopressin). The mean number of transplanted organs from
HT donors (3.8) was 22.5% more than from non-HT donors (3.1) (p<0.001). Multivariate
studies on HT revealed significant increases in the number of organs from each donor
that could be transplanted, and an improvement in the one-year survival of kidneys and
hearts after transplantation. Kidney graft survival increased from 80% in non-HT BDOD

to 90% when the kidney was procured from a HT donor (p<0.01).

In a second UNOS study Rosendale et al. (2003) of 4,543 heart recipients, one-month
post-transplant survival of three-drug HT donor hearts was 89.9%, compared to 83.9%
of non-HT donor hearts (p< 0.01). In recipients of heart grafts, a 46% reduced risk of
death within 30 days and a 48% reduced risk of early graft dysfunction was documented

if the donor had received 3-drug HT.

A heart donor management algorithm (Table |) was suggested that included 4-drug HT
for donors with a left ventricular ejection fraction <45% and/or with unstable hemody-
namics. Recommended hemodynamic management included a pulmonary artery
catheler to assess the effect of HT in meeting six target criteria: (i) mean arterial pressure
>60mmHg, (i) central venous pressure 4-12mmHg, (iii) pulmonary capillary wedge
pressure 8-12mmHg, {iv) systemic vascular resistance 800-1200 dynes/sec-cm5, (v)
cardiac index >2.4¢/min-m2, (vi) dopamine or dobutamine <10ug/kg-min Zaroff et al.

(2002).

UNOS implemented these recommendations Rosendale et al. (2003), and carried out a
retrospective analysis of all brain-dead potential donors from January, 2000, to
September, 2001, inclusive. HT is now becoming more widely accepted with an increase

in 3-drug therapy from 8.8% of BDOD reported in the US in the year 2000 to 19.9% of
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donors in 2004 (UNOS database 2004).
Similar guidelines have been developed by the Canadian Council for Donation and

Transplantation Forum, ‘Medical Management to Optimize Donor Organ Potential’ in 2004.

These studies therefore clearly indicated that T and additional HT significantly (i)
increased the number of donor hearts considered acceptable for transplantation, (figure
4) (ii) reduced the incidence of inadequate heart function early after transplantation, and
(iii) increased graft survival (figures 2, and 3). HT of the brain-dead donor is therefore

associated with encouraging outcomes (Ulla et al. 20086).

STUDIES ON THE EFFECTS OF T3 FOLLOWING MYOCARDIAL ISCHEMIA AND
CARDIOPULMONARY BYPASS IN EXPERIMENTAL ANIMALS

A significant reduction in plasma FT5, which was known to have an inotropic effect, had
been documented in patients undergoing open-heart procedures Novitzky et al. (1989).
Our observations of the effect of T4 administration to brain-dead organ donors confirmed
that T therapy restored hemodynamic stability. The reduction in circulating FT4 during
and following CPB restored FT5 levels, improved the hemodynamics following cardiac
reperfusion and prevented further deterioration of cardiac function in patients following
open heart surgery. To investigate the effect of this observation, 22 pigs underwent 2 or
3 hours of myocardial ischemia during CPB at 26°C Novitzky et al. (1988). The myocardium
was protected by a standard cardioplegic solution and cold saline solution at 30-
minute intervals. After the pig was rewarmed to 37°C, CPB was discontinued, and
measurements of hemodynamic function were made 10 and 70 minutes later. Half of
the pigs received 6 |Lg of T3 i.v. immediately after removal of the aortic cross-clamp;

the remainder received no Tj.
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After 2 hours of ischemia (cross-clamping of the ascending aorta), untreated pigs
showed significantly reduced myocardial function 10 minutes after discontinuation of
CPB. By 70 minutes, 2 of 5 untreated pigs had died of low cardiac output, but all 5 Tx-
treated pigs survived. After 3 hours of ischemia, both groups showed some reduced
function at 10 minutes, though the reduction was more marked in untreated animals. By
70 minutes, 4 of 6 untreated pigs had died of myocardial failure and all Ty-treated pigs
remained alive. Surviving pigs in both groups still demonstrated some reduced function

compared with values obtained before CPB.

When all pigs were considered together, overall survival of those that did not receive
T4 was significantly less than those that did. T clearly had a significant beneficial
cardioprotective effect when administered after a period of myocardial ischemia and
CPB. These data suggested that its administration might be indicated in patients

undergoing open-heart operations.

To clarify the effect of T3 on myocardial high energy phosphate stores and lactate, a
series of experiments was carried out in baboons undergoing 3 hours of myocardial
ischemia while supported by CPB. Seven baboons received no Ty and six received 6[.g
of T4 at the end of the ischemic period. Seventy minutes after CPB, the myocardial
adenosine triphosphate level was significantly higher in the treated animals. In
untreated animals, a steady increase in myocardial lactate levels occurred after CPB;
by 120 minutes after ischemia (70 minutes after CPB) there was a significant differ-

ence in laclate levels between the two groups Novitzky et al. (1988).

From these data, it was postulated that a combination of global ischemia and depletion
of T4 resulted in reduced mitochondrial function, inhibition of the tricarboxylic acid cycle,

inability to utilize oxygen aerobically with resulting increased anaerobic metabolism, and
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depletion of myocardial phosphates. T5 replacement therapy was presumed to improve
mitochondrial function and increase aerobic metabolism that led to a measured increase
in myocardial phosphates. These observations strengthened the indication for the admin-
istration of T4 to patients undergoing cardiac operations under CPB with a prolonged
myocardial ischemic period, or in whom there was any evidence of low cardiac output

after discontinuation of CPB.

STUDIES ON THE EFFECTS OF T; FOLLOWING MYOCARDIAL ISCHEMIA
AND CARDIOPULMONARY BYPASS IN PATIENTS UNDERGOING OPEN HEART
SURGERY

Initially, we administered T (4-10LLg i.v.) to 10 patients, either when difficulty was being
experienced in weaning from CPB support (n = 5), or when myocardial function remained
extremely poor (n = 5), despite inotropic and intra-aortic balloon pump support Novitzky
et al. (1989). Mean preoperative NYHA functional class of the 10 patients was 3.2, left
ventricular end-diastolic pressure 20mmHg, and ejection fraction 40%. The mean

myocardial ischemia time was 72 (range 40-120) minutes.

Within 1 hour of T, administration, the mean plasma free T3 level had risen from 1.03 to
3.56 pmol/l, and CPB was able to be discontinued in all cases. Balloon pump support (n
= 2) was no longer essential within 3 hours. At 1 hour, the mean arterial pressure had
risen from 42 to 78 mmHg, and heart rate from 90 to 104 beats/min. The left atrial
pressure had fallen from 30 to 14 mmHg, and the central venous pressure from 20
to 11 cm H20. All changes were statistically significant. Inotropic support had been

significantly reduced or discontinued.

To our knowledge, T3 had not been administered previously as an inotropic agent
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to patients who had undergone cardiac surgery. Although this small trial was not
randomized, the observations suggested that T5 could play an important role in the
rescue of failing hearts following a period of myocardial ischemia in patients who

had undergone open heart surgery.

In two small randomized trials in patients undergoing myocardial revascularization on
CPB, postoperative T4 therapy was associated with a reduced need for inotropic support
and diuretic therapy in the first study and improved cardiac output in the second study
Novitzky et al. (1989). A later study added support to this conclusion Novitzky et. al.
(1996).

Others continued to study the effects of CPB on thyroid hormones and the effect of thyroid
hormone on myocardial function Clark (1993, Dyke et al. (1991), Holland et al. (1991), the
mechanisms of action have also been investigated Novitzky et al. (1988), Novitzky et al.

(1989), Novitzky et al. (1990), Haas et al. (2006), Haas et al. (2006}, Reichert et al. (2001).

THE POTENTIAL ROLE OF T; IN THE TREATMENT OF BOTH DONOR
AND RECIPIENT IN CARDIAC TRANSPLANTATION

In view of the findings following brain death and following CPB, it became a UCT policy
to hormonally treat both the brain-dead potential organ donor and the recipient who
had undergone heart transplantation Novitzky et al. (1988). Donors were treated with a
combination of T4, cortisol, insulin (and sometimes vasopressin}, whereas recipients
received T before being weaned from CPB. One hundred and sixteen consecutive
potential donors were treated, as well as 70 of the recipients. Immediate post-trans-
plant cardiac function was good in all but 3, and these hearts recovered to normal with-

in a maximum of 24 hours of mechanical support Novitzky et al. (1990).
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We therefore advocate the use of HT to the donor and T4 therapy to the recipient (figure 5)
Novitzky et al. (1989), Jeevanandam (1997). By correcting the metabolic derangements that
take place in the donor, the heart will be excised with close to normal levels of energy stores
that can be utilized during the period of myocardial ischemia while the heart is transport-
ed to the recipient center and transplanted into the recipient. Tg replacement therapy to
the recipient, administered before removal of the aortic cross-clamp (if this has been
applied), will lead to rapid restoration of energy stores that may have decreased during

CPB, with associated improvement in myocardial function.

In my opinion, all BDOD should receive HT, even those with stable hemodynamics.
In my experience, | have observed primary graft failure of hearts that were explanted
by experienced surgeons at the same institution where the cardiac transplant was

performed.

Institution of new therapies is implemented in medicine based on evidence from
prospective randomized studies. However, the case for HT in the resuscitation of the
donor is made so compelling by the UNOS studies that undertaking a controlled clinical
trial may be unethical. What is required is to carry out a propensity analysis of outcomes
relating to both donor and recipient. This undertaking is close to a prospective randomized

study and would be welcomed by the transplant community.
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LEGENDS

TABLES

Table 1: Number of recipients for whom the donors received 3 HT, as well as each of the
possible combinations of the three drugs, and the percentage of those patients who died
in the first month after transplantation or experienced early graft dysfunction. Rosendale

et al. (2003).

FIGURES

Figure 1 a: UNOS data showing the number of patients awaiting heart transplantation
and the number of donor hearts recovered from brain-dead organ donors from 1988 to
2001. A significant shortage of hearts available for transplantation is evident Rosendale
et al. (2003).

Figure 1 b: UNOS data as for July 22nd 2007 (from UNOS webpage). On this date, in
the US there were 97,008 patients awaiting organ transplantation. In 2007 (January to
July 22ndy g,217 transplants had been performed using organs from 4,662 brain-dead
donors. These data indicate a significant shortage of donors and of organs procured from

BDOD.

Figure 2: Kaplan-Meir survival curves for two groups of recipients showing a difference
in outcome following heart transplantation. The solid line represents hearts procured
from brain-dead organ donors that received hormonal therapy. The dashed line shows
the outcome of hearts procured from brain-dead donors that received only conventional

therapy, (P<0.01), From Rosendale et al. (2003).

Figure 3: Kaplan-Meir kidney graft survival of all recipients receiving three-drug hormonal

therapy (3HR, n=1,805) compared with those receiving no hormonal resuscitation {(no-3HR,
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n=3,570). The graphs also show the survival of recipients with expanded criteria donors
(ECD) with three-drug hormonal resuscitation (ECD-3HR, n=212) vs those receiving no
hormonal resuscitation (ECD-NoHR, n=1,051). The difference in survival for 3 HR vs ECD

No-HR recipients was significant (P<0.01) (From Novitzky et al. (2006).

Figure 4: Dopamine requirements before (gray bar) and after (black bar) Ty
administration alone in 154 brain-dead organ donors. Dopamine requirements are
shown on the left y axis. The T3 administered to the donors is shown on the right
y axis. = Circles indicate the mean T5 dose required to reduce the dopamine
needs, from the time when the donor was first seen until the time of heart procurement.
The numbers indicate the patients in each group. The three left sets of bars
(Groups 1, 2 and 3) indicate BDOD that were receiving <15 pg/min (n = 111). The
two right sets of bars (Groups 4 and 5) indicate BDOD that were receiving
dopamine >15 w/min (n=43). The hearts from Groups 4 and 5 were initially considered
unacceptable for transplantation. There was a significant dopamine reduction shown
for each donor group. The cardiac donor pool was expanded by an extra 43 hearts
(28%) being rendered acceptable. These ‘salvaged’ hearts performed well in the recip-

ients From Novitzky (1990).

Figure 5: Mean plasma free T4 levels (in pmol/l) in 22 human donors (A) at the time of
referral, and 22 human transplanted recipients (C) at the time of release of the aortic
cross-clamp during cardiopulmonary bypass (CPB). After hormonal therapy to donors
(D+T3) and recipients (R+T3), values have become normalized. Four different therapeutic
modalities are possible. Implantation of the donor heart may be from: (1) an untreated
donor to an untreated recipient, (2) an untreated donor to a treated recipient, (3) a treated
donor to an untreated recipient, or (4) a treated donor to a treated recipient. Option 4 is

clearly the most physiologically sound and is to be preferred.
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CHAPTER 11

ETHICAL ASPECTS RELATING TO THIS DISSERTATION

There are two key topics that require comment in relation to the ethics of the work
carried out in animals and reported in this dissertation. The first relates to whether
experiments carried out in the 1980’s followed the same or similar guidelines to those
required today, and the second relates to the use of nonhuman primates in these
studies. In addition, a comment is included on the initial clinical studies relating to hor-
monal therapy in brain-dead potential organ donors and to T4 therapy in patients who

could not be weaned from cardiopulmonary bypass during open heart surgery.

Ethical Aspects of the Management of Experimental Animals: A Comparison

Between the Early 1980s and Today

Today, any research worker embarking on a similar experimental program to that

described in this dissertation would be required to take the following steps.

1. Describe the planned experiments in some detail and submit the protocol to the
Institutional Animal Care and Use Committee (IACUC) at his or her center (Festing 2005,
Aguilar-Nascimento 2005, Schapiro et al. 2006, Anderson 2007). This committee reviews
the proposals, particularly with regard to humane care of the animals to be utilized, and,
if necessary, asks further questions for clarification. A literature search is required
(Johnson, et al. 2002), and is particularly directed to (i) minimizing the number of animals
used in the study (reduction), (i} ensuring that alternative scientific approaches that do
not include experimental animals are not possible and that potential pain- and distress-

inducing procedures have been refined as much as possible (refinement), and (iii)
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replacing potential pain- and distress-inducing methods with other techniques where
possible (replacement) (Rusche 2003, Randell et al. 2005). The investigator is also
expected to have enlisted the help of a statistician to ensure the number of animals used
will be sufficient but not excessive (Fitzpatrick 2003). When the IACUC is satisfied that
the proposal is not only scientifically sound, but that all steps have been taken to
ensure humane care of the experimental animals (Code of Federal Regulation, 1997),

the protocol is approved.

In the USA, the institution is also responsible for providing training of personnel to fulfill
the requirements of the Animal Welfare Act of 1991 (Rollin 2006). Furthermore, the Food
Security Act of 1985, also known as the Improved Standards for Laboratory Animals Act,
requires that the US Department of Agriculture (USDA 2006) registers the research facility

and uses the IACUC to provide training of scientists (Anderson 2007).

The responsibilities of the IACUC continue throughout the period in which studies are

performed (Gonder et al. 2001, Walker 2006, Gonder 2007).

2. The animals are purchased and, after a necessary period in quarantine, if required,
are made available to the research team. With regard to nonhuman primates, they are
generally today colony-bred and relatively few are captured in the wild, although these
are acceptable for experimental purposes after a suitable period of quarantine. Animals

are only allowed to be purchased from recognized dealers and breeders.

3. The animal is transferred to the research center where it is housed in a dedicated
room with other members of the same species. It is given a period of time to acclimate to

the environment and the staff. This period will vary depending on the species of animal.
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4. The animal is provided with adequate food and water. The water, in particular, should
be unlimited and always available to the animai. In addition, its diet should be varied with
certain food ‘treats’ so that the diet is not monotonous. In the case of nonhuman pri-

mates, this will particularly include various fruits.

5. Before any surgical procedure, the animal is sedated with premedication and then
any surgical procedure is undertaken under full inhalational anesthesia, unless there is a
specific reason why this should not be so. This will have been discussed at the IACUC
level before the research is begun. In particular, the use of agents that induce muscular
paralysis are avoided unless a strong case can be made for their use. The reason for this
is that, under deep anesthesia, the animal will be assured of feeling no pain, whereas
when muscular paralysis is used, heavy sedation - anesthesia will be provided to avoid

complete feeling of pain.

6. All surgical procedures are undertaken under aseptic, sterile conditions.

7. After any surgical procedure, adequate analgesia is administered to ensure a
minimum of pain and discomfort during recovery from the operative procedure. This

is usually for a period of three days.

8. Prophylactic antibiotics are administered, if indicated.

9. Throughout the period that the animal is in the experimental facility, it is housed in a
cage of adequate size (defined by regulations) to ensure its movements are not unduly
restricted. Furthermore, it is housed in a socially-acceptable environment, i.e., with other
animals of the same species, and with frequent visits by human handlers who should take

steps to interact with the animals. Stimulation should be provided in the form of music,
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videos, radio, and various toys aimed at preventing boredom. Mirrors are valuable in the

case of nonhuman primates.

10. If euthanasia is required at the end of the experiment, this is carried out under strict

guidelines using accepted pharmacologic agents.

The planning of experiments and the management of experimental animals were very
similar in 1980 as they are today with the exception that no IACUC approval was
required. However, during the planning phase of the experiments, advice and information
were sought from a number of experts (who could be considered to have formed an
informal ‘committee’) both with regard to the scientific methods to be employed and to

how these should be carried out in an ethical manner.

For example, in the brain-death studies described in this dissertation, the mode of inducing
brain death was fully discussed with Professor J.C. Deuvilliers, the Professor of
Neurosurgery at the time at UCT. Anesthesia was discussed with Dr.D. Morel of the
Department of Anesthesia. Indeed, when studies on cardiopulmonary bypass were being
performed, Dr. D. Morel or Dr A. Swanepoel or one of their colleagues would come to
provide anesthesia for the animal. The Chairman of the Department of Cardiac Surgery
at the time, initially Professor C.N. Barnard and subsequently Professor B. Reichart, were
closely involved in the planning and performance of these studies, and advice was
sought from several other experts at UCT at the time, including Professor L. Opie. Dr.
C. Isaacs collaborated as statistician on several projects. All of these advisors and col-
laborators were aware of the studies being planned and undertaken, and so acted as

both scientific advisors and ethical peer reviewers.



The Use of Nonhuman Primates in this Work

Several of the studies detailed in this dissertation were carried out in pigs, which were at
times more readily available and less expensive to maintain than nonhuman primates.
However, several of the key experiments were carried out in baboons, which are ideal for
several reasons (Dormehl 1992, Dormehl, 1992, Kaup 2002, Altman 1995, Carlsson et
al. 2004, National Research Council 2003, Vitale et al. 2004, Randall et al. 2005,
Radzikowski 2006).

Their phylogenetic closeness to humans, particularly relating to anatomy, physiology and
immunology, make them ideal experimental animals tor transplantation and allied
studies. The results obtained in studies using baboons can readily be extrapolated for

human application.

Indeed, even today, work carried out in rodents, or even dogs or pigs, is usually not
acceptable as a basis for clinical trials, and, increasingly, studies are required in
nonhuman primates before they can be transferred to humans. Our ability at UCT to
use baboons for these studies therefore enabled immediate transter to the clinical
transplantation program at UCT. Our findings in baboons proved highly clinically
relevant and, within a very short period of time, enabled advances to be made in the
clinical management of brain-dead organ donors and of patients undergoing heart
transplantation and other cardiac surgical procedures on cardiopulmonary bypass.
This had immense benefits for patients undergoing cardiac surgical procedures at

UCT.

The baboon was being used as the standard experimental animal in the Department

of Cardiac Surgery at UCT at that time. The surgical technique of heterotopic heart
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transplantation had been developed in baboons by Dr. J. Losman, particularly
because the thoracic cavity of the baboon is very similar in shape to that of the
human. Having once been developed in the baboon, the procedure was immediately
translatable to the human patient. Furthermocre, Dr. W. Wicomb, working under the
direction of Professor Barnard, was using pigs and baboons in his studies on organ
storage. This work was again immediately transferred to the clinical transplantation
program once it had been proved successful in nonhuman primates. Professor D.K.C.
Cooper was also using baboons regularly in his studies of immunosuppression of het-
erotopic heart allografts and subsequently of pig-to-baboon heterotopic heart

xenografts.

Baboons were readily available to the experimental laboratories at UCT because they
were being captured by farmers in the surrounding regions as they had become pests,
particularly in crop-growing areas. Rather than being shot, as was common, they were
captured and transferred to a farm where they were placed in quarantine for a period of
time until it was assured they were not carrying significant diseases. They were then
made available to research groups, of which we were one. Nonhuman primates were
therefore much more readily available in South Africa at that time than in most other

countries where advanced experimental research was being undertaken.

Baboons are relatively large animals, allowing sequential blood samples to be drawn. In
the brain-dead studies carried out at UCT, multiple samples were drawn over periods of
perhaps 24 hours or longer. In some experiments, sequential myocardial biopsies were

taken for biochemical analysis after brain death.

The baboon tolerates cardiac surgery using the heart-lung machine particularly well. The

baboon’s tissues, such as the aorta, are strong and easy to suture, and hemostasis is
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easy to obtain. These features allow operative procedures to be carried out without a high

risk of losing the animal.

Clinical Application of T3 Therapy

The clinical use of T4 for non-thyroid diseases was initially studied in two different conditions:
(1) The unstable brain-dead potential organ donor, and (2) the cardiopulmonary bypass
(CPB)-dependent patient during open heart surgery. When these studies were carried
out, there was no IRB in existence at UCT, and so the studies were discussed and
planned with advice from colleagues in the Departments of Cardiac Surgery and
Anesthesia at UCT. In particular, with regard to the studies involving patients who could
not be weaned from CPB while undergoing open heart surgical procedures, it was
members of the Department of Anesthesia who urged use of T4 in an attempt to keep

the patients alive.

At the time hormonal therapy was initially introduced clinically, the management of brain-
dead organ donors consisted of (i) ventilatory support, (ii) acid-base management, (iii)
fluid replacement, and (iv) inotropic support. Animal studies had demonstrated a highly
beneficial effect of hormonal therapy in improving the hemodynamic status of the
potential donor. It was on the basis of these studies that hormonal therapy was first used
clinically. The initial brain-dead organ donors to whom it was administered were those
that were hemodynamically unstable and, because of this, were deemed unsuitable for
organ donation. It was reasoned that it would be ethical to test this new form of therapy
in such deceased individuals. Following hormonal therapy, hemodynamic recovery
was so evident that we used this therapy in a series of donors. We then conducted a
retrospective comparison of outcomes of historical donors with donors treated with hor-

monal therapy. Following hormonal therapy, the data were so compelling with regard to
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favorable hemodynamic and metabolic recovery that this modality was adopted at UCT

as the standard heart transplant donor management.

Our experience with human brain-dead organ donors, together with a review of the
literature that indicated that T4 levels were markedly reduced during CPB, led to
studies in animals undergoing CPB. The results indicated that T therapy could be
valuable in improving myocardial function in patients undergoing open heart surgery.
Triiodothyronine was therefore administered to a small number of patients who were
undergoing open heart procedures and who had become CPB-dependent. These
patients could not be weaned from CPB support despite receiving maximal inotropic
support; in addition, some had had an intra-aortic balloon placed, but remained
dependent on CPB. All of these patients were considered unrecoverable. We treated
10 consecutive patients with T4 (Novitzky et al. 1987). Myocardial function improved
in all cases, allowing discontinuation of CPB and successful recovery of all 10

patients.

In view of this experience, after my relocation to the USA, the first prospective,
randomized clinical studies on T4 therapy in patients undergoing coronary bypass
surgery on CPB were carried out following full IRB approval; all patients gave

informed consent (Novitzky et al. 1989).

SUMMARY

With the exception of the requirements to submit the proposals to a formal IACUC, care
of laboratory animals at UCT was almost identical in the 1980’s as it is today in leading
experimental surgical centers. However, as much care was taken in planning these exper-

imental studies in the early 1980's by discussion with expert colleagues as is achieved



today by submission to an IACUC (Greene 2007).

The advantages of using baboons for some of the studies described in this dissertation
were that the results obtained were immediately applicable to the management of brain-
dead organ donors and palients undergoing cardiac surgical procedures at UCT, and
thus enabled patients to be helped at an earlier stage than if the studies had been

carried out in lower animal species.

At the time of the initial clinical use of T3, there was no IRB at UCT. Donor management
was largely empirical, with only limited scientific knowledge of the pathophysiology of
brain death. Following successful animal studies, hormonal therapy was given initially to
brain-dead potential donors that were hemodynamically unstable and considered
unsuitable for purposes of transplaniation. As hormonal therapy led to recovery of

myocardial function in these cases, its use became routine.

The initial study on 10 high-risk patients who were CPB-dependant was of necessity also
carried out in the absence of an IRB at UCT, but the use of T3 was considered ethicaily
justified as the patients were considered likely to die if this treatment was withheld. All

further studies, carried out in the USA, were IRB approved.
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APPENDIX 1

METHODS USED FOR BIOCHEMICAL ESTIMATIONS IN BLOOD AND TISSUE

Serial blood samples were taken for measurement of hormones; (catecholamines,
adrenaline, noradrenaline, dopamine, T3, T4, TSH, cortisol, glucagon, insulin, ADH, and
electrolytes (sodium, potassium, and ionized calcium)). Also measured were lactate,

pyruvate, and free fatty acids in plasma.

Tissue biopsies of the heart were performed for measurements of ATP, CP, glycogen,

and lactate.

1. Catecholamines

Measured using a radioenzymatic assay kit: CAT-A-KIT (Upjohn Diagnostics).

2. Thyroxine (T,)

Measured using the Amerlex-M. Free T, RIA Kit (for the immunoassay of free T, thyroxine

in human serum). Amersham, England.

3. Triiodothyronine (T3)

Measured using a radio immunoassay method, Amerlex-M. Free T4 RIA kit (triiodothy-

ronine) in human serum. Amersham, England.

4. TSH

Measured with the TSH Amerwell assay (monoclonal antibodies), Amersham, England.
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5. Cortisol

Measured with a radicimmunoassay method using the kit Amerlex-M for cortisol

measurement RIA kit. Amersham, England.

6. Glucagon

Plasma glucagon was measured using a radioimmunoassay technique described by

Unger (1973).

7. Insulin

Measured by a radicimmunoassay method. RIA-Sedonal-MAIA (magnetic separation for

antibodies), Switzerland.

8. Antidiuretic Hormone (ADH)

Measured in plasma using a bio-assay method in ethanol- anaesthetized rats, acceording

to the method of Esturmer (1968).

9. Electrolytes (sodium, potassium)

Measured using flame photocolorimeter analysis with the FLM 3 flame photometer

(Radiometer, Copenhagen).

10. lonized Calcium

Measured in plasma by a UCT designed machine in which a Radiometer ICA-1 calcium

ion exchange electrode was incorporated.
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11. Lactate Dehydrogenase (LDH)

Measured in serum by the method described by Wroblewski (1955), based on spectral
photometric measurements using the Boehringer Mannheim Biochemical test-

combination kit N° 124893,

12. Pyruvate and Lactate

Arterial blood was injected into cold 6% perchloric acid in a pre-weighed centrifuge tube.
The tube was shaken, re-weighed and centrificated. The supernatant fluid was removed
for enzymatic analysis estimations for pyruvate and lactate, using the method of Hohorst

(1963). Boehringer Mannheim test-combination kit N® 12482 was used.

13. Plasma Free Fatty Acids

Plasma samples were centrificated and then separated immediately. A flame photometer

was used for free fatty acids, described by Chlouveralis (1963) and Eggstein (1966).

14. Left Ventricular Tissue Biopsy

In baboons and pigs a method of drill biopsy as described by Poole et al. (1968), was
used; the rotating drill penentrates the myocardium, small cores of tissue are obtained
under suction and, with a sudden burst of positive pressure, ejected into liquid nitrogen.
Depending on the size of the drill, head cores of tissue (wet weight) weighing 50-200 mg
were obtained. The area of the biopsy was 1-2 cm parallel to the left of the left anterior
descending coronary artery. If biopsies were done following cardioplegic arrest, these

were taken from the base of the heart and on the lateral wall of the left ventricle.
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15. Glycogen

This was measured using a modification of the Guud, Kramer and Somogyi method

(1933).

16. Adenosine Triphosphate and Creatine Phosphate

Estimation of ATP and CP were measured according to the method described by

Lamprecht Traudschold (1963).



Appendix 2-1

APPENDIX 2

ANATOMY AND PHYSIOLOGY OF MYOCARDIAL CELL CONTRACTION

The macroscopic and histological appearances of the heart have been described
by many authors. In this chapter emphasis will be directed towards the different

components of the myocyte and ils regulation during excitation-contraction coupling.

Structure and Function of Cardiac Muscle

The myocardium represents a highly specialized structure capable of transforming
chemical energy into mechanical work. Utilization of energy and production of work
depends on a complex process known as excitation-contraction coupling in which the
muscle is activated by an electrical depolarization to contract. Calcium ions are a vital

link between excitation and contraction.

In the myocardium, contraction occurs in an all-or-none fashion; the myocardium is a
"functional syncytium". The predominant feature of the myofibres is the myofibrils
contained within the sarcolemma. The myofibrils appear as bundles of thin, longitudinal
elements with a characteristic repetitive pattern giving the striated appearance. The
myocytes include numerous mitochondria and a centrally located nucleus, an extensive
internal membrane system (sarcoplasmic reticulum), and tubular invaginations of the

sarcolemma (transverse tubular system) which surrounds the myofibrils.

Sarcolemma

On the exterior of the sarcolemma is a homogenous layer of material known as the

glycocalyx. Chemically, the glycocalyx consists of: anionic mucopolysaccharides, gly-
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coproteins and sialic acid residues which contribute to a negative surface charge with
a high capacity for cation binding. The glycocalyx may be a site for calcium binding and

calcium exchange across the cell membrane (Figure 2-1 OPIE 1984).

The portion of the sarcolemma lying immediately deep to the glycocalyx is a bi-layered
structure composed of phospholipids with the phosphate heads extending outwards
while the hydrophobic fatty acid tails are directed inwards. Indentations or invaginations
of the sarcolemma into the cell interior form what is known as the transverse tubular
system (T-tube system). The invaginations occur predominantly at the Z-line of the
sarcomere, penetrating to the centre of the myofibre. The T-tube membrane is heavily
vesiculated, containing many membrane bound particles including the glycocalyx of

the surface sarcclemma.

Embedded within the sarcolemma are numerous globular macromolecules - proteins
and glycoproteins which cross the membrane playing an important role in the regulation
of muscle contraction, e.qg., hormone receptors, neurotransmitters, membrane-bound
enzymes such as sodium NaK/ATPase and adenylate cyclase. Other properties of the
sarcolemma include a selective voltage-dependent permeability to ions traversing the

membrane via ion selective "gates" or channels.

Another characteristic of the myocardial cell is the presence of intercallated discs
between the myocytes. These are thought to serve as a low resistance pathway
between adjacent cells, facilitating electrical propagation during excitation.

Mitochondria

The mitochondria in the myocardial cells are located beneath the sarcolemma as well
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as around and between the myofibrils, and represent close to 30% of the ventricular
heart cell volume. They usually contain lipid droplets and glycogen granules, both con-
stituting the energy requirements of the muscle, which is primarily dependent upon
aerobic metabolism. They also play a role in calcium storage and its movement across

the mitochondrial membrane into the cytosol.

The Sarcoplasmic Reticulum (SR)

The sarcoplasmic reticulum (SR) is not in continuity with the sarcolemma, but is in
continuity with other internal membranes such as that of the nucleus. The SR forms a
plexiform arrangement of tubular elements surrounding each myofibril. The myocardial
sarcoplasmic reticulum is mainly smooth, although small amounts of ribosomes are
present. Pairs of parallel terminal cisternae run tranversely across the myofibril in
close relation to the T-tubular system of the sarcolemma. In cardiac muscle, the sar-
coplasmic reticulum terminates in dilatations of sarcotubules in close apposition to the
T-tubules of the sarcolemma (sub sarcolemma cisternae). This structure plays an
important regulatory role in maintaining the cytosol calcium concentration during the
contraction-relaxation cycle. It is thought that the cardiac SR acts as a primary locus
of calcium storage and release, thus modulating the excitation-contraction coupling.
Calcium flux is regulated by an ATPase enzyme and a phosphoprotein catalyzed by
the cyclic AMP-phosphokinase called phospholamban. Tada and Inui (1983) reviewed
this subject showing that phospholamban is present in 4-6% of the contents of the
cardiac sarcoplasmic reticulum with a ratio of one to one phospholamban and
ATPase. Active calcium transport from the cytosol to the sarcoplasmic reticulum is

dependent on these two ATP consuming pumps.
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The Contractile Apparatus

The basic contractile structure, called the sarcomere, is delineated by two succes-
sive narrow lines known as the Z-lines (Figure 1). During relaxation, the distance
between two Z-lines varies between 2-3 [Im. The A-band, a dark centrally located
region is situated between the Z-lines. At either end of the A-band are more lightly
stained sections, known as the I-bands, which are bisected by the Z-lines. At rest, the
central region of the A-band has a slightly lower density than the rest of the myofibril and
is called the H-zone. In its centre, a narrow dark line, the M-line is located precisely in
the middle of the A-band. Electromicroscopic studies show that the thicker filaments
(myosin) form a parallel arrangement extending throughout the length of the A-band. The
thinner actin filaments interdigitate with the myosin filaments. This interdigitation of the
actin and myosin filaments gives rise to the dense zone of the A-band. The peripher-
al ends of the myosin filaments are covered with numerous projections. In the overlap
region of the A-band, these projections may join to the actin filaments forming “cross
bridges" between the thick and thin filaments. The I-band is composed only of actin fil-
aments. The H-zone within the A-band contains only myosin filaments. The widths of
the H-zone and I-band are determined by the degree of actin and myosin overlap.
During diastole, the H-zone and the |-band become wider and when the myofibre con-
tracts, both regions become narrower. In either case, the width of the A-band remains
the same; neither the myosin filaments nor the actin change length during muscle con-

traction or relaxation.

The central region of the myosin filament is smooth in contrast to the peripheral ends
which are covered with numerous short projections. These reveal individual myosin
molecules, rod-shaped with globular projections at one end having ATPase properties.

The thin actin myofilaments consist of a double stranded helix of globular sub-units.
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Associated with the actin molecule are the tropomyosin and troponin. Troponin is a
primary modulator of contraction. This molecule exists as a globular complex of three
proteins: troponin | appears to act as an inhibitor of actinomyosin interaction. Troponin T
serves primarily to bind the troponin complex to tropomyocin, and troponin C acts as a
reversible binding site for calcium ions. Havers (1984) reviewed the microanatomy of con-
traction showing that after an increment of Ca*+* ions in the cytosol, the Ca*+ binds to
specific sites on troponin C so that the thin filaments revert to the conformation that
permits interaction between the myosin heads and adjacent actin units, inducing
changes in the molecular configuration, hinges flexing the heads of myosin. The
progressive recruitment of actinomyosin complexes leads to an increment of tension

and mechanical work.

The second messenger theory of Sutherland et al. (1965) proposes that a hormone is
the first messenger, acting as the initial extracellular signal; the second messenger is
formed inside the cell and is thought to include the adenylate cyclase, calcium ions, as
well as cyclic nucleotides. Tomlinson et al. (1984), in an extensive review, shows that
there is now evidence that in many cellular systems the calcium ions and cyclic
nucleotides act as dual interrelated messengers, and therefore some intracellular
processes are regulated by calcium as well as by cyclic nucleotides. There is increasing
evidence that hydrolysis of phosphoinositol is connected with sarcolemmol activity in
the calcium dependent channels; Mitchell (1979) and Rasmussen (1984) have

reviewed this subject.

Opie (1984) reviewed the nature of Ca** fluxes. The extracellular concentration is approx-
imately 1 mmol (10-3M), and the intracellular concentration fluctuates between 10-"M dur-
ing diastole and 10°°M during systole; the major intracellular calcium stores are the sar-

coplasmic reticulum and the mitochondria.
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Activation of slow calcium channels occurs during depolarization of the cell. Beta receptor
stimulation results in an increased number of Ca** channels. Fabiato (1983) showed that
"calcium induced-release of calcium" from the sarcoplasmic reticulum leads to calcium
accumulation, initiating the activation of the contractile mechanism. Walsh (1980) showed
that in cardiac muscle, calmodulin is involved in the calcium dependent activation of cyclic
nucleotide phosphodiesterase which may inhibit adenylate cyclase. Calmodulin is impli-
cated in a number of calcium modulated cellular processes including cyclic AMP metab-
olism, calcium fluxes, glycogen metabolism, muscle contraction, microtubular assembly-
disassembly, and stimulus-secretion coupling. Calmodulin was first found in cardiac mus-

cle by Cheung (1980).

An increase in cytosolic calcium concentration results in formation of the Ca-magnesium
- calmodulin that undergoes a conformational change enabling it to interact with
phosphodiesterase. This lowers the cyclic-AMP concentration within the cardiac tissue.
Current evidence suggests that under normal conditions, calmodulin activity is not
altered by changes in its concentration within the cell, but is altered mainly by changes
in the concentration in the free intracellular calcium. In resting conditions the concen-
tration of intraceliular free calcium is too low to allow any significant binding of calcium
to calmodulin. Following electrical cell stimulation a significant increment of calcium
concentration cccurs through the plasma membranes or from its release from intracel-
lular structures or organelles. Calcium then binds to calmodulin which undergoes a
conformational change allowing interaction with inactive enzymes to form an active
complex. A reduction in intracellular free calcium by extrusion from the cell by calmod-
ulin dependent calcium ATPase dissociates the active calmodulin enzyme complex,

decreasing its activity.

The two principal mechanical effects of endogenous catecholamines on the myocardium
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are increased contractility and the abbreviation of systole and accelerated rates of
contraction and relaxation. The cyclic AMP and ATPase-phosphclamban system in the
sarcoplasmic reticulum can alter the rate of calcium uptake and subsequently change
the rate of calcium release. Calcium influx across the sarcolemmal membrane was
also found to increase during beta adrenergic stimulation of the myocardial cells.
In the presence of cyclic AMP, the acceleration of calcium uptake by the ATPase
phospholamban system may explain the acceleration of relaxation because the
increased rate of calcium uptake by the sarcoplasmic reticulum would increase the

rate at which calcium is removed from troponin, accelerating relaxation.

In summary, the arrival of the action potential at a myocyte will open the calcium
gates, allowing entry of cytosolic calcium, permitting a "calcium-induced release of
calcium" from the cardiac sarcoplasmic reticulum; this triggers the interaction between
myosin-troponin C and induces contraction. As the calcium level rises within the cytosol,
calcium is mobilized back into the sarcoplasmic reticulum by several mechanisms -
phosphorylation of phospholamban, calmoduiin-induced elimination of calcium through

the sarcolemma, or through the calcium ATPase pumps and sodium- calcium channels.
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LEGENDS

FIGURE

Appendix 2-1

A schematic representation of the contractile apparatus of the myocyte, the role of
ionic calcium, the different fluxes to the mitochondria, sarcoplasmic reticulum, and to
the sarcolemma during the arrival of the action potential initiating the depolarization-
repolarization and sarcomere contraction, is shown. (Frontispiece from Opie L.H.,
(1984), The Heart - Physiology, Metabolism, Pharmacology and Therapy, Grune and

Stratton, London).
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DATA COLLECTED FROM THE METABOLIC STUDIES (14C-R
PERFORMED IN BABOON AND PRESENTED IN CHAPTER 7
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APPENDIX 4

METABOLIC IMPLICATIONS

Carbohydrates and fatty acid oxidation are the main sources of cellular fuels yielding
high energy bonds (ATP, CP) required for cellular life. (Neeley 1974, Newshoime and
Leech 1983, Opie 1984).

The oxidation of glucose involves three separate physiological pathways: (i) glycolysis
from glucose: (i) pyruvate conversion to acetyl CoA: (iii) oxidation through the tricarboxylic
acid cycle coupled to the electron transfer chain resulting in the high energy bond

production (Appendix Figures 4-1, 4-2).

The two major regulators of ATP production within the mitochondria are the
cytosol-mitochondria calcium changes and the ATP/ADP concentration. (Appendix

Figure 4-3).

Therefore, in broad terms, regulation of ATP synthesis depends on the ADP production
and ionic calcium concentration in the cytosol and feedback regulation from changes

in the concentrations of adenine nucleotides.

The integration of fatty acids and carbohydrate oxidation takes place within the
mitochondrial pool of acetyl-CoA dependent on aerobic glycolysis to pyruvate and

the oxidation of the fatty acids within the mitochondrial matrix.

The fundamental biochemical mitochondrial function is the oxidation of acetyl

groups (i) through the tricarboxylic acid to CO, and concomitant reduction of the
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electron carriers (NAD*FAD coupled with the oxidative phosphcerylaticn and ATP
production (Sterling 1977, Sestat 1980, Azzi 1984).

Therefore, from the previously presented studies, it appears that T4 has a major

role in the ionic calcium modulaticn within the cytosol and mitochondria.
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LEGENDS

FIGURES

Figure 4-1

A: The conventional metabolic pathway of glycolysis.

B: The pathway of tricarboxylic acid cycle. (Newsholme, Leech, 1983, Biochemistry

for the Medical Sciences, Chapter 4, The oxidation of acetyl-coenzyme A. John Wiley &

sons, Amersham, England, (page 93).

Figure 4-2

Schematic representation of carbohydrates and fatty acid catabolism and the key
role played by acetyl-CoOA in the pathway of the tricarboxylic acid cycle and oxidative
phosphorylation through the electron transfer chain. A: After Opie LH, (1984),
Chapter 9, Fuels. In the Heart, Physiology, Metabolism, Pharmacology and Therapy.
Fuels. Gruen & Stratton, London, Engiand, page 111. B: Newsholme & Leech,
(1983), Chapter 7. Regulation of glucose and fatty acid oxidation in relation to energy
demand in muscle. In, Biochemistry for the Medical Sciences, Chapter 4, page . The

oxidation of acetyl coenzyme A. John Wiley & sons, Norwich, England, page 93.
Figure 4-3
Regulation of the major metabolic pathways. A: The reguiation of non-equilibrium

enzymes in glycolysis by external regulators. B: The regulation of non-equilibrium

reactions in the tricarboxylic acid cycle; the role of calcium is clearly shown. C: The
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regulation of the pyruvate dehydrogenase system; the role of calcium is shown. D: A
summary of ATP control synthesis in muscle by calcium ions and adenine nucleotides. The
major action in the breakdown of glycogen to glucose, and the pyruvate dehydrogenase
system and the tricarboxylic acid cycle, is shown. The role of calcium on the myofibrillar

ATPase system, converting ADP into ATP, is clearly seen. {(Same as for Figure 4-1).
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