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ABSTRACT

Background: Deep hypothermic circulatory arrest (DHCA) can be useful during the 

repair o f some heart defects in children, however it is associated with an increased 

incidence o f neurological sequelae in the post-operative period. Following a period of 

DHCA the recovery of cerebral blood flow (CBF) and metabolism (CMRO2) are 

impaired. These changes may be a marker for cerebral injury since both CBF and 

CMRO2 recover normally when DHCA is not used. The aim o f this series of experiments 

was to attempt to elucidate mechanisms of cerebral injury following DHCA and to 

determine possible strategies for neurological protection.

Methods: All the experiments were undertaken in a neonatal piglet model (1-2 weeks 

old). The anaesthetic and circulatory arrest protocols used closely mimicked those 

employed clinically. In the first studies a variety of perfusion management strategies were 

followed by perfusion fixation of the brain for electron microscopic examination of the 

cerebral micro vascular bed. The second series of experiments used the carbon black 

perfusion technique to enable visualisation of areas o f no-reflow in the brain following 

DHCA. In the subsequent studies CBF and CMRO2 were determined with the 

radiolabelled micro sphere technique. Five different strategies were used in an attempt to 

elucidate the mechanism of cerebral injury: leucocyte depletion, platelet activating factor 

(PAF) receptor antagonism, inhibition o f lipid peroxidation, calcium channel blockade and 

finally free radical scavenging.

Results: The ultrastructure o f the cerebral microvascular bed following DHCA was 

characterised by perivascular, intracellular and organelle oedema, and vascular collapse. 

Intermittent perfusion during the arrest period resulted in a normal ultrastructural 

appearance. The second study demonstrated that DHCA does not prevent the no-reflow 

phenomenon from developing following ischaemia. In the remaining studies all the 

strategies studied, except leucocyte depletion, were associated with a significant 

improvement in cerebral recovery following DHCA compared to the control groups.



Conclusions: The inter-related mechanisms causing cerebral impairment following 

DHCA are complicated. Cerebral recovery following DHCA is improved by free radical 

scavenging, PAF receptor antagonism, inhibition of lipid peroxidation and blockade of 

calcium entry into cells. Whether this will result in a reduction in neurological injury 

requires further investigation but the prospects would appear to be promising.
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COMMON ABBREVIATIONS

ANOVA analysis of variance LG6 LeukoGuard 6 Filter

BG basal ganglia MAP mean arterial pressure

BS brain stem MPRED methylprednisolone

C&O2 arterial oxygen content NICAR nicardipine

CBF cerebral blood flow NIMOD nimodipine

CBLM cerebellum Pa02 arterial oxygen tension

CDO2 cerebral oxygen delivery PaC02 arterial carbon dioxide tension

CEO2 cerebral oxygen extraction PBN phenyl-butyl nitrone

CMRO2 rate of cerebral oxygen metabolism pH log concentration of fC ions

CO cardiac output PMT photomultiplier tube

CPB cardiopulmonary bypass PSSO2 sagittal sinus oxygen saturation

GPP cerebral perfusion pressure PSSCO2 sagittal sinus carbon dioxide tension

CVR cerebrovascular resistance RAP right arterial pressure

DHCA deep hypothermic circulatory arrest Sa02 arterial oxygen saturation

EM electron microscopy s s sagittal sinus

Fi02 fractional inspired oxygen SSS02 sagittal sinus oxygen saturation

Ginkgo ginkgolide B SSVP sagittal sinus venous pressure

HEMI cerebral hemispheres SVR systemic vascular resistance

Hb haemoglobin Temp nasopharyngeal temperature
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CHAPTER 1

BACKGROUND

The beginning is the most important part of the work 

Plato's Republic, Book II, 377-B
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INTRODUCTION

The evolution of open heart surgery has taken place at a remarkable pace. Since it was 

first introduced in 1953, cardiac surgery has developed from high risk procedures carried 

out in only a few specialist centres, to being safe and routine and carried out in many 

hospitals around the world. To date over half a million cardiac operations using 

cardiopulmonary bypass (CPB) had been undertaken in North America alone.

As cardiac surgical techniques have improved, mortality rates have dropped and attention 

has been increasingly focused on residual morbidity in these patients in the post-operative 

period. Perhaps the most disabling morbidity suffered by cardiac surgical patients is that 

associated with the brain. It is undoubtedly a great tragedy for a patient to undergo what 

appears to be a technically successful operation only to find that profound brain injury has 

resulted.

Brain injury following cardiac surgery has been recognised for many years (Ehrenhaft et 

al., 1961; Fox et al., 1954). The causative mechanisms and pathophysiology o f cerebral 

dysfunction remain incompletely understood despite intensive investigation. There is 

little doubt, however, that the circulatory changes that occur during CPB are central to 

many of the problems observed (Taylor, 1992). Patients undergoing cardiac surgery with 

the use of CPB have a higher incidence o f cerebral injury than patients undergoing major 

surgery o f a non-cardiac nature. The brain is exposed to the most extreme o f physical 

conditions when deep hypothermic circulatory arrest (DHCA) is used in conjunction with 

CPB. Here, the core temperature o f the patient is reduced to 18°C or below and a variable 

period of zero perfusion permitted. Circulatory arrest results in complete cerebral 

ischaemia. It is therefore not surprising that an even higher incidence of postoperative 

neurological sequelae is observed in this group of patients (Newburger et al., 1993).
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HISTORICAL OVERVIEW 

Cardiopulmonary Bypass

The first system for extrapulmonary blood oxygenation was constructed in 1885 by von 

Frey and Gruber (von Frey, 1885). In their device gas exchange occurred as blood was 

spread as a thin film over the surface of a slowly rotating cylinder in an oxygen 

atmosphere. Further progress of CPB depended on a number of new discoveries and 

developments. These included the discovery o f the A, B, and O blood groups, the 

feasibility o f  temporary interruption of venous return to the heart, advances in biomaterials 

such as plastics and, most importantly, the identification of the non toxic anticoagulant 

heparin (Mclean, 1916) and its antagonist protamine (Chargraff and Olson, 1937). 

Furthermore in 1934 DeBakey first described the technique of displacing large volumes of 

blood along a flexible piece o f tubing using a roller pump (DeBakey, 1934).

The idea o f combining extracorporeal circulation and oxygenation in a clinical setting has 

generally been credited to John Gibbon Jr. In February 1931 he was inspired following the 

death of a pregnant woman who had undergone an emergency pulmonary embolectomy. 

He postulated that a means o f providing extracorporeal oxygenation o f  venous blood with 

its subsequent return to the arterial system could have saved her life. Gibbon began his 

experimental work in Boston at the Massachusetts General Hospital in the late 1930s and 

continued this work at Jefferson Medical School in Philadelphia after the Second World 

War. Over a 20-year period Gibbon refined the technique o f CPB and was the first to 

succeed in the clinical application of extracorporeal circulation. On 20th May 1953 he 

successfully closed an atrial septal defect in an 18 year old girl (Gibbon, 1954; Gibbon,

1978).
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A number o f other pioneers in cardiac surgery were also involved with the development of 

the pump-oxygenator for CPB during the late 1940s and early 1950s. They include 

Dennis at the University o f Minnesota (Dennis et al., 1951), and Bjork and Senning in 

Stockholm (Bjork, 1948; Senning, 1952). The work in Sweden is related to Crafoord’s 

use of CPB in 1954 for removal o f an atrial myxoma (Crafoord et al., 1957). The first 

clinical series using CPB for intra-cardiac operations was reported in 1955 by John 

Kirklin from the Mayo Clinic in Rochester (Kirklin et al., 1955). Since then CPB has 

undergone many further developments and refinements. It is now widely adopted for 

cardiac surgical procedures throughout the world.

Hypothermia And Circulatory Arrest

The application o f cold for medicinal use dates back over three and a half thousand years 

to one of the earliest written records in medicine, the Edwin Smith papyrus (circa 1650 

BC) (Breasted, 1930). The idea that whole body hypothermia might be useful in cardiac 

surgery was proposed in 1950 by Bigelow (Bigelow et al., 1950b). He was able to cool 

dogs to 20°C with recovery after 15 minutes o f total circulatory arrest (Bigelow et al., 

1950a). The following year Boerema reported similar results in animals cooled by a 

femoral-femoral shunt flowing through a cooling coil (Boerema et al., 1951).

In 1953, the same year that Gibbon had his clinical success with CPB, Lewis and Taufic 

from the University o f Minnesota reported successful repair o f an atrial septal defect in a 

five year old girl using surface cooling and inflow stasis (Lewis and Taufic, 1953). In the 

same year. Swan reported successful results in a series o f 15 patients using a similar 

technique (Swan et al., 1953). Five years later Sealy, Brown and Young at Duke 

University reported a series o f open heart operations combining the techniques of 

hypothermia and CPB (Sealy et al., 1958). This was the first time that these two
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techniques were used together and they complemented each other by allowing a greater 

margin o f safety. Thereafter, various combinations of surface cooling, core cooling with 

CPB and rewarming were employed.

Deep hypothermic circulatory arrest (DHCA) similar to current practice was introduced 

clinically in 1960 by Weiss in Paris (Weiss et al., 1960). The use of this technique became 

more widespread in the early 1970s as it provided a safer method o f performing early 

corrective surgery in neonates and children. In 1973 Hamilton eliminated surface cooling, 

relying entirely upon core cooling and rewarming using CPB (Hamilton et al., 1973).

RATIONALE FOR THE USE OF HYPOTHERMIA

The whole ethos behind the use of DHCA is that there is a safe duration of hypothermic 

ischaemia without short or long term sequelae. All tissues rely on a continuous blood 

supply providing substrates for energy production in order to sustain metabolic activities 

and cellular viability. Ideal protection from an ischaemic insult should reduce metabolic 

activity in all cells and subcellular organelles in both a temporary and a reversible way. 

Following the return o f oxygen to the tissues through undamaged vascular endothelium 

the normal transmembrane transport, synthetic processes and mechanical work of the cell 

should resume.

The body can only tolerate a limited duration o f ischaemia at 37°C. Tolerance to 

ischaemia varies between organs -  the kidney can withstand 60 minutes ischaemia at 37°C 

and the liver about 30 minutes. The brain is the organ most sensitive to ischaemia and can 

tolerate no more than two to four minutes o f normothermic ischaemia without irreversible 

injury. It is the brain therefore that limits the maximal duration o f circulatory arrest.
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The rationale behind the use of hypothermia is that there is a temperature dependent 

reduction o f metabolic rate in all body tissues. As metabolic activity is reduced, the 

available energy stores can maintain cellular viability for a longer period of ischaemia 

allowing recovery of normal function following reperfiision. Tissue oxygen consumption 

can serve as an indicator of cellular metabolic activity because for practical purposes 

oxygen is not stored in human tissues. Therefore, the reduction in oxygen consumption 

associated with hypothermia probably reflects a true reduction in metabolic activity.

In vitro studies using tissue slices confirmed that oxygen consumption was reduced by 

hypothermia. The factor by which the metabolic rate is altered with every 10°C change in 

temperature is known as the temperature coefficient or Qio. This varies between different 

tissues and also between different species. The Qio o f the brain in rats, for example, was 

found to be 2.0 (Fuhrman et al., 1961), in dogs it was 2.2 (Michenfelder and Theye, 1968) 

and in monkeys it was calculated to be 3.5 (Bering, 1961). The temperature coefficient o f 

the human neonatal brain is 3.7 (Greeley et al., 1991b). More recent studies have 

challenged this linear relationship suggesting that whilst cooling from 37°C to 27°C 

reduces cerebral oxygen consumption by over half, the cerebral oxygen consumption at 

14°C would only be about a fifth of that at 25°C (Michenfelder and Milde, 1991).

Norwood emphasises that if the Qio was 2.2, and related in a linear fashion to temperature, 

the safe duration of cerebral ischaemia at 20°C should be five times lower than at 37°C. In 

fact, experience with DHCA indicates that 20 to 30 times the protection is afforded at 

20°C compared to that at 37°C (Norwood and Norwood, 1982). Despite the metabolic 

suppression associated with hypothermia, experimental evidence from both whole body 

and tissue studies clearly demonstrates that oxygen consumption never becomes zero even 

at very low temperatures. This indicates that metabolic activity continues during 

hypothermia and would explain the finite nature o f the safe duration o f DHCA.
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DEEP HYPOTHERMIC CIRCULATORY ARREST 

Safe Duration

For a period of circulatory arrest to be termed safe it should be characterised by absence of 

any detectable structural or functional abnormality in both the short and long term. An 

equation that numerically expresses a hypothermic metabolic index has been derived by 

Greeley. This allows quantitation of brain protection provided by reduction of cerebral 

metabolism owing to hypothermic bypass over any temperature range (Greeley et al., 

1991b). Unfortunately it is not possible to develop a formula relating “safe” duration of 

DHCA with temperature, and it is more realistic to express safety in terms o f probability 

of safety rather than absolute safety.

The absence o f histological damage has been used to help define the “safe” period of 

DHCA. Considerable variation exists between studies however. The duration of DHCA 

without histological injury ranges from 30 minutes (Almond et al., 1964) to 120 minutes 

(Johnston et al., 1966). A number of other studies have shown no detectable neurological 

changes or histological evidence of cerebral hypoxia following 60 minutes of DHCA 

(Mujsce et al., 1993; 0 . Connor et al, 1986). Ultrastructural evidence suggests that the 

maximum time o f DHCA without histopathological or neurophysiological sequelae should 

not exceed 70 minutes (Fessatidis et a l, 1993). The assumption that DHCA is essentially 

safe for 30 minutes at 18°C would seem to be correct.

Survival studies showed that 45 minutes of circulatory arrest at 18°C did not result in 

gross neurological defects (Treasure et al, 1983). However, histological evidence of 

anoxic brain damage has been shown to accompany this duration of circulatory arrest even 

though functional abnormality did not develop (Fisk et a l, 1976). This is concerning 

because when structural abnormalities develop without apparent functional abnormality,
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loss o f neuronal reserve is implied and this may have implications for the individual in 

later life.

Indications For DHCA

Since its inception, CPB has undergone numerous improvements in both technique and 

equipment making it far less injurious to the body than it once was. Consequently, 

reducing the duration of CPB is no longer such a compelling reason for using DHCA. 

The technique of DHCA, however, remains invaluable and is used in both adult and 

paediatric cardiac surgical procedures.

In adults it is commonly used during aortic arch surgery where reattachment of the head 

and neck vessels to the aorta require removal o f the aortic cross clamp (Kouchoukos et al., 

1991; Lytle et al., 1990). In patients with Type A aortic dissection DHCA is employed to 

avoid cross clamping the diseased aorta during the distal aortic anastomosis. This strategy 

prevents further damage to the already dissected aortic wall as pressurised blood from a 

femoral arterial cannula fills both the true and false lumen of the aorta. (Svensson et al.,

1992). Circulatory arrest is also used during resection o f tumours, typically of renal origin, 

which have extended into the inferior vena cava. It is also used to facilitate delicate 

intracranial neurosurgical procedures.

In paediatric patients DHCA provides unparalleled surgical exposure during the repair of 

congenital cardiac defects. The technique is of particular value in the current era of early 

corrective surgery in neonates. The arterial and venous cannulae can be removed from the 

surgical field during the arrest period enhancing access to these small hearts. Following 

the repair the cannulae are replaced, CPB is recommenced and the patient is rewarmed. In 

certain anomalies of the great vessels DHCA may be the only technique that allows a 

successful repair.
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Effects O f DHCA On The Cerebral Circulation

When metabolically active tissues become ischaemic lactic acid accumulates as a result of 

anaerobic metabolism. Following reperfusion a period o f hyperaemia is the usual 

response. In the recovery period following DHCA, however, cerebral flow is reduced. 

This finding has been demonstrated consistently, both in the clinical setting and in 

different animal species. Greeley, using the xenon (^^^Xe) clearance method in neonates 

and infants, found that cerebral blood flow (CBF) was significantly lower following 

DHCA compared to that before. In a series of 25 children, of whom 14 underwent 

DHCA, the CBF following DHCA was reduced to 53% o f that prior to CPB (Greeley et 

al., 1989b). In a further series which included 21 children undergoing DHCA Greeley 

demonstrated a reduction of CBF to 58% of that before CPB (Greeley et al., 1989a). 

Hypothermic CPB without DHCA did not result in a significant reduction of the CBF in 

either o f these series. It has been shown, in a canine model, that CBF remained 

significantly depressed four hours following DHCA (Mezrow et al., 1992) only returning 

to normal at eight hours (Mezrow et al., 1994). The reduction in CBF following DHCA 

may render the brain vulnerable to further ischaemic injury because o f apparent imbalance 

in oxygen supply and demand (Mezrow et al., 1994; Mezrow et al., 1992).

During total circulatory arrest regional cerebral vascular occlusion develops. This 

phenomenon, first described by Ames in 1968, is known as the no reflow phenomenon. 

Using albino rabbits Ames demonstrated that when carbon black was infused following an 

ischaemic insult at normothermia the brain failed to perfuse evenly. The regions o f the 

brain that the carbon failed to reach stood out as white areas and the extent of these lesions 

increased with longer ischaemic times (Ames et al., 1968). This obstruction to the 

microcirculation, occurring in all areas of the brain, prevents local reperfusion and can 

lead to additional damage after the circulation of blood is recommenced.
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There has only been one study on this subject in the context o f cardiopulmonary bypass 

(Norwood et al., 1979). This study has often been quoted as evidence that deep 

hypothermia prevents the no-reflow lesion from appearing. However, none o f the animals 

in this study actually underwent DHCA. The study consisted o f six groups of animals 

with five of the groups subjected to anoxia at different temperatures and pH. One group 

did undergo circulatory arrest but this was at normothermia. Whether the no-reflow 

phenomenon really occurs following DHCA remains to be investigated.

The mechanism of injury resulting in the no-reflow phenomenon is not well defined. It 

may represent hypoxic endothelial damage with alteration in the balance o f endothelial 

derived relaxing factors (EDRF) and endothelial derived constricting factors (EDCF). It is 

now well established that vascular endothelial factors exert an important control on 

vascular tone throughout the body (Furchgott, 1983; Marshall and Kontos, 1990; 

Vanhoutte et al., 1991). A diverse group of relaxing and constricting factors act on 

underlying smooth muscle (Furchgott and Vanhoutte, 1989; Vane et al., 1990) and many 

of these endothelial derived factors have important effects in the cerebral circulation 

(Wahl and Schilling, 1993). These effects under normal conditions have been described in 

detail (Faraci, 1992). An increasing number o f pathological conditions that result in 

cerebral vasospasm and ischaemia are associated with either an excess o f constricting 

factors or a deficiency o f relaxing factors or both.

Results suggesting microvascular obstruction, primarily due to neutrophils ‘sticking’ to 

endothelial cells have been reported in both baboons (del Zoppo et al., 1991) and rats 

(Garcia et al., 1994a). The functional importance o f such ‘obstruction’ is suggested by 

results showing reduction o f cerebral infarct size following ischaemia in animals treated 

with antibodies to adhesion molecules for either neutrophils or vascular endothelial 

cells,(Chen et al., 1994; Matsuo et al., 1994b; Mori et al., 1992). However it remains 

uncertain whether adhesion o f neutrophils represents a true hindrance to microvascular
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flow following cerebral ischaemia and reperfusion (Theilen et al., 1994), or at least it has 

been questioned that microvascular patency is the sole explanation for the secondary brain 

damage observed after long periods of transient ischaemia.

Effects O f DHCA On Cerebral Metabolism

During the recovery period following DHCA when CBF is abnormally low, the rate of 

cerebral oxygen metabolism (CMRO2) is also below the baseline level. This does not 

occur when continuous hypothermic CPB is used (Greeley et a l, 1991a; Greeley et a l, 

1991b). The reduction in CBF and CMRO2  are associated with impairment of intracellular 

brain oxygenation (Greeley et a l, 1991a). The impairment in CMRO2 has been shown to 

occur after 30 minutes o f DHCA at a nasopharyngeal temperature o f 18°C, a temperature 

previously thought to be “safe” . In addition it has been shown in animal studies that the 

reduction in CMRO2 is directly proportional to the duration o f DHCA (Mault et al., 1993).

BRAIN INJURY AND PAEDIATRIC CARDIAC SURGERY 

Extent O f The Problem

In children who undergo cardiac surgery, the neurological abnormalities that result from 

brain injury are a serious operative complication. Not only do these complications 

represent a high financial cost for society but they also result in an enormous emotional 

strain on the families o f the patients. The extent of the problem is determined by both the 

number o f children bom with congenital heart disease who require surgery and the 

percentage o f those who develop brain injury as a result. Congenital heart disease 

requiring intervention in infancy has a reported incidence of 3.5 cases per 1000 live births
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(Benson, 1989). Every year in the United States approximately 10,000 children require 

corrective surgery for congenital cardiac defects. Depending on the outcome measures 

used, between 2% and 25% of these children will develop some form of neurological 

injury postoperatively (Ferry, 1990; Mendoza et al., 1991).

Effects Of Brain Damage

Gross brain injury after a successful cardiac operation prevents a patient from returning to 

a normal active life. More subtle injuries to the brain, especially in the paediatric 

population, may prevent the child from achieving full intellectual potentials in later life 

(Bellinger et al., 1995). The neurological features associated with brain injury include 

epilepsy, choreoathetosis, motor deficits and cognitive disorders, (Jonas et al., 1996). In 

the post-operative period, epileptic fits are often the earliest manifestation o f neurological 

insults. One series o f 165 children undergoing DHCA reported a 9% incidence o f early 

postoperative seizures. All patients had their seizures controlled after the third day and 

none required long term anticonvulsant treatment (Ehyai et al., 1984). Choreoathetosis 

tends to be somewhat less common although an incidence as high as 12% has been 

reported (Miller et al., 1994). In this prospective study, of 50 children undergoing DHCA, 

the development o f choreoathetosis was transient and not present at discharge in any 

patient.

Motor deficits can be unilateral (usually spastic hemiparesis) or bilateral. Bilateral motor 

deficits are usually chronic and include spastic paraplegia when the legs are affected more 

than the arms and spastic quadriparesis when all extremities are equally affected. A 

variety of cognitive disorders are commonly present at late follow up even in those who 

do not show signs o f neurological injury in the early post-operative period.
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Pathogenesis

Brain injury results from either a focal or a generalised ischaemic insult. Focal ischaemic 

necrosis is less common; it usually results from an embolic phenomenon during CPB and 

causes stroke like pathology. Generalised cerebral ischaemia is more common and can 

result in periventricular leukomalacia, parasagittal cerebral injury or selective neuronal 

necrosis. Boundary zones between the major cerebral arteries form a vascular ‘watershed 

area’ in the periventricular region and ischaemia in these areas can result in focal necrosis 

in the periventricular white matter. Motor fibres coursing from the cerebral cortex to the 

lower limbs are preferentially affected in this process and spastic paraplegia results. 

Parasagittal cerebral injury is the result o f ischaemic damage to the ‘watershed area’ in the 

parasagittal region bilaterally. This injury presents as spastic quadriparesis.

Selective neuronal necrosis can also result from generalised ischaemia; it is relatively 

common and is associated with cognitive disorders and seizures. Choreoathetosis may 

also result from such injury to the basal ganglia. The regional distribution of excitatory 

amino acids such as glutamate (Rothman and Olney, 1986), aspartic acid (Benveniste et 

al., 1984) and glycine (Dalkara et al., 1992; Johnson and Ascher, 1987) and the 

subsequent stimulation o f the N-methyl-D-aspartate (NMDA) and kainate receptors are 

key factors in selective neuronal necrosis. The postsynaptic influx o f calcium into the 

neurones results in cellular necrosis. In addition the damage probably develops in 

combination with regional circulatory and metabolic factors.

IMPROVING THE SAFETY OF DHCA

A marked improvement in the mortality and morbidity o f congenital cardiac surgery 

followed the introduction o f DHCA in the 1960s (Hikasa et al., 1967). However, within a
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decade, reports were emerging which suggested that the use of DHCA was associated with 

impaired psychological and intellectual development (Wells et al., 1983; Wright et al.,

1979). On the other hand some studies conclude that DHCA is a safe technique without 

harmful effects on the child’s developmental quotient score (Blackwood et al., 1986). 

Others conclude that there is no association between the duration o f DHCA and a whole 

variety o f postoperative neurological findings (Miller et al., 1994). Unfortunately there 

was no longer-term follow up for either of these studies.

As a result o f concerns regarding the safety of DHCA a prospective randomised clinical 

study was undertaken at the Boston’s Children’s Hospital. The study compared the effects 

o f a perfusion strategy using predominantly DHCA with one using predominantly low 

flow CPB in children under the age of three months undergoing an arterial switch 

operation for D-transposition o f the great arteries. The children in the DHCA group 

developed a higher incidence o f clinical and EEC documented seizures and had higher 

levels o f the BB isoenzyme o f creatine kinase in the early post-operative period. The risk 

was higher with an increased duration of DHCA (Newburger et a l, 1993). These children 

were reviewed at one year following their surgery and were found to have delayed motor 

development and a higher risk o f neurological abnormality compared to the other group. 

Furthermore their motor developmental score was inversely related to the duration o f 

DHCA. The support technique did not, however, affect scores o f mental development or 

visual recognition memory (Bellinger et a l, 1995).

Strategies For Protection

The technique o f DHCA can be divided into four different phases; cooling, circulatory 

arrest, rewarming and recovery. The greatest risk o f cerebral injury occurs during the 

circulatory arrest period when the essential steps of the surgery are actually being 

performed and consequently most surgeons try to limit this to as short a time as possible.
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Topical cooling of the brain by packing the head with ice during the circulatory arrest 

period has been shown to ameliorate some o f the metabolic impairment (Mault et al., 

1993), and result in an improved post operative neurological score (Crittenden et al., 

1991). Acute recovery of cerebral metabolism after DHCA has been shown to be 

significantly better when two sequential 30-minute periods of arrest are used as opposed 

to 60 minutes o f continuous arrest (Mault et al., 1994).

Cerebral protection strategies employed during both the cooling and rewarming phases are 

equally important in allowing maximal recovery following DHCA (Greeley et al., 1993a). 

Research focused on the cooling phase has identified a number of factors which may 

influence outcome. These include blood gas management (alpha-stat versus pH-stat), the 

rate and duration of cooling and the target temperature for hypothermic circulatory arrest 

(Greeley et al., 1993b). The pH management issue remains controversial. From the 1960s 

to the late 1970s the pH-stat strategy was the more popular strategy. Carbon dioxide is 

added to the gas mixture in the oxygenator to compensate for the alkaline shift that occurs 

at lower temperatures (temperature corrected). The resulting respiratory acidosis causes 

the pH to remain constant at 7.4 as determined at the patient’s hypothermic temperature.

An advantage o f the pH-stat strategy is thought to be improved cooling of the brain as a 

result of increased CBF secondary to vasodilatation caused by the added carbon dioxide. 

Furthermore the respiratory acidosis results in a rightward shift o f the oxygen dissociation 

curve that may help to counteract the leftward shift caused by hypothermia and thus 

increase oxygen availability. In addition the extracellular acidosis may provide increased 

hydrogen ions which can compete with calcium ions resulting in less calcium entry into 

cells and therefore less reperfusion injury. A possible disadvantage o f pH stat 

management is that the excessive blood flow may increase embolic material to the brain 

and the luxuriant flow to the brain may result in increased cerebral oedema. If  a period of 

circulatory arrest is used in addition to the pH-stat strategy during cooling, cerebral levels
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o f pH, P 0 2  and PaC02 are significantly worse than alpha-stat regulation (Watanabe et al., 

1989). In addition to impairing enzyme function the acidosis may cause iron release from 

transferrin. Free iron can catalyse formation of free radicals and result in lipid 

peroxidation and permanent membrane damage (Siesjo et al., 1989).

Following comparative studies of cold-blooded vertebrates in the mid 1980s the alpha-stat 

strategy was widely adopted (Swan, 1984). This strategy does not compensate for the 

natural shift in pH at lower temperatures (temperature uncorrected) and the pH remains at 

7.4 as measured at 37°C. Advantages of the alpha-stat strategy are that CBF is appropriate 

for the cerebral metabolism i.e. there is preservation of flow-metabolism coupling 

(Murkin et al., 1987). Furthermore the lower blood flow relative to the pH-stat strategy 

reduces the potential for emboli and the alpha-stat strategy is also thought to optimise 

function of important intracellular enzyme systems including lactate dehydrogenase, 

phosphofiuctokinase and sodium-potassium ATPase (Reeves, 1972). Some more recent 

studies favour the pH-stat strategy during cooling prior to circulatory arrest (Aoki et al., 

1993; Hiramatsu et al., 1995). The use of the pH stat strategy during the cooling phase 

may provide greater suppression of cerebral metabolism (Skaryak et al., 1993; Skaryak et 

al., 1995a) due to more uniform cooling of the brain especially in patients with large 

aortopulmonary collaterals (Kirshbom et al., 1996).

The duration o f cooling may have a bearing on subsequent developmental outcome. 

When cooling times of less than twenty minutes were used the subsequent developmental 

score o f the child improved with each additional minute o f cooling time (Bellinger et al., 

1991). The alpha-stat strategy was used during cooling in this study and it is possible that 

the duration o f cooling was particularly critical because of the lower CBF associated with 

this strategy compared with pH stat strategy. A crossover strategy has been described 

using the pH-stat strategy during the initial cooling with a change to alpha-stat just prior to 

circulatory arrest. The cerebral metabolic recovery following DHCA was better with the
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crossover strategy than either the pH-stat or alpha-stat strategy alone (Skaryak et al,

1993). The inference is that a period of alpha-stat strategy used prior to circulatory arrest 

reverses the metabolic debt accrued during pH-stat cooling.

With regard to the rewarming phase there is conflicting evidence regarding the benefit of 

pulsatile perfusion following DHCA. Improvement in the recovery o f CBF following a 60 

minute period o f DHCA has been demonstrated in mongrel dogs (Onoe et a l, 1994). A 

more recent study however, in a neonatal piglet model demonstrated an improvement in 

myocardial blood flow compared to non pulsatile flow but no improvement in CBF after 

DHCA (Lodge et a l, 1997). Unfortunately no cerebral metabolic data was obtained in 

either o f these studies.

The cerebral hypoperfusion that follows DHCA may be improved by altering the balance 

between various endothelial vasodilating and vasoconstricting factors. Nitric oxide (NO) 

production is impaired after DHCA and stimulation o f NO production by L-arginine has 

been shown to improve the recovery of both CBF and CMRO2 after DHCA (Hiramatsu et 

a l, 1996; Tsui et a l, 1996). In addition further studies have shown that thromboxane A% 

mediates impairment o f CBF and CMRO2 after DHCA. These changes can be blocked by 

vapiprost, a specific thromboxane A2 receptor antagonist. Endothelins, however, were not 

shown to be involved (Tsui et a l, 1997).

The impairment in CMRO2 after DHCA has been shown to be reversible with a period of 

ultrafiltration after CPB and therefore this strategy may reduce brain injury associated 

with DHCA (Skaryak et a l, 1995b). A number o f other studies have demonstrated 

improved cerebral recovery following DHCA. These include using a blood prime in the 

CPB pump (Shin'oka et a l, 1996) and treatment with the excitatory neurotransmitter 

antagonist MK-801 (Aoki et a l, 1994c) or use o f a monoclonal antibody to the leukocyte 

adhesion integrin, CD18 (Aoki et a l, 1995).
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Other work suggests that crystalloid cerebroplegia provides improved cerebral protection 

during DHCA (Crittenden et al., 1991). This protection may be enhanced when prolonged 

hypothermic circulatory arrest is necessary by using University o f Wisconsin (UW) 

solution in multiple doses during the arrest period which has been shown to further 

improve recovery o f CBF and metabolism (Aoki et al., 1994a). Survival studies following 

single dose UW solution and DHCA, however, have demonstrated higher neurological 

deficit scores, increased incidence of postoperative seizures and increased histological 

brain damage (Forbess et al., 1995).

It is only by understanding the mechanism of the cerebral injury that results from DHCA 

that effective strategies can be aimed at prevention. The above summary o f recent work, 

aimed at reducing the insult to the brain caused by DHCA, demonstrates that a number of 

different mechanisms may be involved. Primarily, however, DHCA results in an 

ischaemic injury that excites an inflammatory response. Modification of, or specific 

treatment during, the cooling, arrest, rewarming and recovery phases o f DHCA may 

attenuate this response.

CONCLUSIONS

Despite the clinical use o f DHCA since 1960 effective strategies for protection of the 

brain have yet to be developed. This is partly because our knowledge of the mechanisms 

of cerebral injury remains limited. Unlike other organs in the body where injury can be 

assessed by impairment or loss o f function, immediate outcome measures for the brain are 

much more difficult to define.

The aim of the studies that comprise this dissertation was to contribute to the current 

knowledge regarding the cerebral response to DHCA and to try to answer a number of
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unresolved issues. There are no previous studies on the response o f the cerebral 

microcirculatory bed at the ultrastructural level to a period o f DHCA. The electron 

microscopy (EM) studies were initially undertaken to simply determine whether or not 

DHCA resulted in ultrastructural microvascular changes. The subsequent EM studies 

were designed to determine the effects o f various different perfusion strategies on these 

changes. Following these experiments the issue of the no-reflow phenomenon following 

DHCA was addressed in Chapter 5.

The remaining five studies used a well established model o f DHCA and the radiolabelled 

micro sphere technique to determine the CBF and CMRO2 before and following DHCA. 

The aim was to attempt to elucidate additional mechanisms that may contribute to the 

cerebral impairment that follows DHCA. Both leucocyte depletion in Chapter 6 and the 

subsequent pharmacological strategies investigated in Chapters 7-10 were carefully 

chosen based on previous experimental evidence suggesting neuroprotection with their use 

in models of cerebral ischaemia-reperfusion at normothermia. In addition a prerequisite of 

each study was that a relatively easy transition to the clinical situation should be possible 

if a significant improvement was detected with any particular strategy. It will only be 

through an improved understanding of the injury mechanisms associated with DHCA that 

more effective cerebral protection can be developed. In turn these will allow safer 

application of this invaluable technique.
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CHAPTER 2

DETERMINATION OF CEREBRAL BLOOD FLOW AND 

CEREBRAL OXYGEN METABOLISM

47



CHAPTER 2

INTRODUCTION

Accurate determination of cerebral blood flow (CBF) is more difficult than blood flow 

measurement to other organs. This is because the blood supply to the brain is complex 

and comes from multiple sources including both the internal carotid arteries and the 

vertebral basilar systems. Methods utilising either Doppler or electromagnetic flow 

probes to directly measure flow in large vascular trunks are impractical because they 

require simultaneous measurement of all those vessels. In addition access to the brain is 

limited because o f its enclosure within the skull. Attempts to access the skull surgically 

may result in a disturbance of the cerebrovascular bed and therefore alter the results 

obtained. Furthermore, flowmeters do not permit blood flow measurement to specific 

areas of the brain.

The use o f a tracer injection is the most commonly used technique for quantitative 

determination o f CBF. Many different techniques have been described utilising both 

diffusible and non-diffusible tracers (Lacombe et al., 1980). Each technique has its own 

advantages and disadvantages. The presence o f so many different methods in itself 

suggests that there is no ideal technique.

For the determination of CBF in human subjects, for example, one is limited to the use of 

least invasive methods such as the xenon (^^^Xe) clearance technique. A known quantity 

of ^^^Xe is injected into the left atrium or ascending aorta and radioactive decay is 

recorded over the cerebral hemispheres via gamma emission detectors placed on the skull. 

Semi-global CBF is then derived from the initial slope o f the logarithmically displayed 

clearance curve (Olesen et al., 1971). The xenon clearance technique has been used 

extensively at Duke University Medical Center for CBF estimations in human neonates 

and infants undergoing cardiac surgery (Greeley et al., 1991b; Greeley et al., 1989a;). 

This technique has also been used in the laboratory setting (Skaryak et al., 1995b).
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For the investigation o f CBF in laboratory animals, however, there are alternative methods 

that are more versatile. The current research project requires a method that allows both 

regional and global CBF measurements. In addition it must allow repeated measurements 

at different times during each study with minimal interference to the experimental animal. 

The radionuclide-labelled microsphere method meets all these requirements. This 

technique, which was first described in 1967 by Rudolph and Heymann (Rudolph and 

Heymann, 1967), has been widely adopted for laboratory animal investigation at Duke 

University and has been chosen for use throughout this project.

THE USE OF RADIONUCLIDE LABELLED MICROSPHERES 

Background

The first studies of the circulation using microscopic particles were those of Pohlman in 

the 1900s. He injected starch granules in order to trace the flow patterns within foetal pig 

hearts (Pohlman, 1909). The first use of microspheres in the study of the circulation was 

the use o f glass beads by Prinzmetal to detect vascular anastomoses in human hearts 

(Prinzmetal et al., 1947) as well as in various organs in rabbits (Prinzmetal et al., 1948). 

Neutron bombardment was subsequently used to produce radioactive glass microspheres 

by converting the sodium within the glass to '̂’Na (Grim and Lindseth, 1958). Ceramic 

microspheres labelled with various radionuclides were also applied to studies o f the 

circulation. Both glass and ceramic microspheres were considerably heavier than red cells 

and tended to settle rapidly from a suspension (Wagner et al., 1969). Macroaggregates of 

albumin, labelled with radioactive iodine, were also used but had the disadvantage of wide 

variation o f particle size.

A major advance came with the introduction o f inert plastic microspheres o f uniform
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sizes. These have a specific gravity of 1.3 therefore more closely resembling that o f red 

blood cells (approximately 1.1). Incorporation o f a radioisotope into the plastic enables 

easy detection within a tissue or blood sample. In addition, the number of microspheres 

can be accurately determined.

Principles Involved In The Use Of Microspheres

Modification of standard indicator dilution techniques allows determination of the 

fractional distribution of blood flow to various organs. This is achieved by measuring the 

distribution of the indicator within various organs during its initial transit (Sapirstein, 

1957). The principle behind the microsphere method is a modification of the indicator 

dilution technique using microspheres as the indicator. A known quantity is injected into 

the arterial circulation and the microspheres are carried to small peripheral vessels where 

they become trapped. This entrapment of the microspheres within tissues essentially 

accomplishes the integration of indicator dilution curves by physical impaction in the 

microcirculation (Heymann et al., 1977). The organ o f interest can be removed at the end 

o f the study and the number of microspheres entrapped can be calculated from the amount 

o f radioactivity present.

The fraction of microspheres found in a particular organ is similar to the fraction o f the 

cardiac output reaching that organ during the transit o f the microspheres (Hoffbrand and 

Forsyth, 1969; Neutze et al., 1968). Repeated measurements can be made using 

microspheres with different radioisotopes that can be distinguished from each other by 

their distinctive emission spectra.
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In order to use microspheres to accurately measure the flow distribution to an organ 

several important factors have to be considered:

1. The Microspheres Must Be Evenly Mixed At The Site Of The Injection.

In order to measure organ blood flow the concentration of microspheres in all arteries 

downstream from the injection site should be similar. This depends on thorough mixing 

of the injected microspheres in the blood before the first major arterial branch. 

Distribution o f the micro spheres will then be similar to the distribution of blood to the 

organs. The two main factors that affect this are the site of injection and the number of 

microspheres injected (Buckberg et al., 1971).

The site o f injection should be as proximal as possible. Although injection of 

microspheres into the left ventricle usually allows adequate mixing a more reliable site of 

injection is the left atrium because of the mixing actions of the intra-ventricular 

turbulence. Each study can assess the accuracy o f mixing by simply comparing the 

number of microspheres in the left and right hemisphere for each blood flow 

determination.

The number o f microspheres injected determines the percentage variability of microsphere 

distribution in the blood. The percentage variability decreases as the number of 

microspheres in each sample or organ is increased. To have a distribution variability 

within 10% o f the mean distribution at the 95% confidence level, 384 microspheres must 

be present in the organ or portion o f organ. In order to be accurate within 5% of the mean, 

1536 micro spheres need to be present. These calculated numbers o f microspheres 

required for accurate measurement have been confirmed experimentally in a number of 

different animal models (Buckberg et al., 1971).
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2. The Distribution Of Microspheres Must Reflect Red Blood Cell Distribution

The size o f the microspheres used may determine their distribution within the vascular 

tree. Measurement of blood flow to whole organs is not greatly affected by the 

microsphere size, however, when measuring blood flow to specific regions within an 

organ the microsphere size can greatly affect the results obtained. A number of studies 

have demonstrated that micro spheres with a diameter o f 8-14 microns more accurately 

reflect regional blood flow in the kidney and the myocardium than those with a diameter 

o f 50 microns (Domenech et al., 1969; Katz et al., 1971).

With regard to the cerebral distribution, the calculated blood flow to different regions is 

similar with microspheres o f 7, 10 and 15 micron diameter but markedly altered when 50 

micron microspheres are used (Marcus et al., 1976). The difference in distribution 

between the microspheres is explained by the fact that the smaller microspheres more 

closely approximate the distribution of red blood cells whereas larger microspheres o f 50- 

80 micron diameter tend to concentrate in a centripetal manner (Phibbs and Dong, 1970). 

This favors the use of smaller microspheres with diameters that approximate red blood 

cells.

3. All The Microspheres Must Be Trapped In The Peripheral Microcirculation

The calculated blood flow to a particular organ will be underestimated if a significant 

number o f microspheres pass through the organ into the venous system. It is therefore 

essential that all the microspheres in the arterial blood are trapped in the microcirculation 

o f the organ under investigation. In addition, re-circulation o f the microspheres back to 

the arterial system would add to the error o f results obtained. Microspheres similar in size 

to red blood cells are most likely to be shunted through the microcirculation. The 

probability o f shunting reduces, however, with increasing microsphere size. In a canine
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model Marcus showed that less than 2% of 15 micron microspheres were shunted to the 

cerebral venous blood to compared to 8% when 7-10 micron microspheres were used 

(Marcus et al., 1976). Cerebral vascular dilatation induced by hypoxia and hypercapnia 

did not affect the degree o f shunting. Total CBF as measured with 7-10 micron 

microspheres was 10-15% lower than simultaneous measurement with larger 

microspheres. Microspheres 7-10 microns in diameter should therefore be avoided for 

studies o f the cerebral circulation.

4. Microspheres Must Not Disturb The Circulation

The process of systemic embolisation of microspheres inherent in the technique inevitably 

results in obstruction o f a portion of the circulation in the animal. Acute haemodynamic 

changes would occur and invalidate any subsequent measurements if a significant 

percentage of the circulation became obstructed. Serious and irreversible affects 

developed in a canine model when 8x10^  micro spheres o f 50 micron diameter were used 

(Roth et al., 1970). Even 2.3 x 10  ̂ microspheres resulted in dilatation of the pupils and 

forepaw rigidity. When 7-10 micron microspheres are used, however, up to 21.6 x 10  ̂

microspheres can be injected into similar animals without apparent adverse effects 

(Falsetti et al., 1975). Up to 5 x 10  ̂ microspheres o f 15 micron diameter have been 

injected into foetal lambs without significant side effect (Heymann et al., 1977).

In summary the incidence o f circulatory disturbance will depend on the total number and 

the size o f the microspheres injected (larger microspheres lodge in larger vessels and 

obstruct a greater proportion o f the circulation). Furthermore the total cross sectional area 

of the microcirculation, which is determined by the size o f the animal, is also important. 

Therefore, the total number o f microspheres injected must be reduced if larger 

microspheres are used. In smaller animals fewer microspheres should be used regardless 

of diameter.
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MICROSPHERE SELECTION

W hen selecting microspheres for experimental studies three factors require careful 

consideration:

1. The size o f the microspheres

2. The number of microspheres to be injected

3. The isotope labels for the microspheres.

Microsphere Size

The preceding discussions have outlined the many factors to be considered in selecting the 

optimal size o f microsphere to be used. For studies in this project the distribution of the 

microspheres must be similar to that o f red blood cells in different regions o f the brain in 

order to calculate regional CBF accurately. The microsphere size is therefore restricted to 

those with diameters between 7 and 15 microns. Of these the 15 micron microspheres 

have a higher entrapment rate. Repeated injections o f 15 micron microspheres under 

stable conditions have demonstrated regional CBF measurements that were highly 

reproducible, varying within only 6% of the mean (Marcus et al., 1976). The most 

suitable size for the study of the cerebral circulation appears to be 15 micron microspheres 

and they will be used for all the studies in this project.

Microsphere Number

A sufficient number of microspheres must be used for each injection to ensure that at least 

1536 microspheres are present in even the smallest tissue sample. This allows for random 

variation in the distribution of microspheres in the blood stream and will be accurate 

within 5% of the mean at the 95% confidence level (Buckberg et al., 1971). Assuming
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that the microspheres are evenly distributed in the blood stream, the fraction of 

microspheres reaching an organ is equivalent to the fraction o f cardiac output to that 

organ.

n _ Organ Blood Flow 
N  Cardiac Output

where « = the number o f microspheres reaching the organ 

7/ = the number o f microspheres injected

Essentially this is the principle of the Fractional Distribution of Indicator method 

described by Sapirstein (Sapirstein, 1957). The equation can be rearranged to give

Cardiac OutputN  = n x
Organ Blood Flow

The smallest organ to be sampled in the proposed studies with neonatal piglets is likely to 

be the basal ganglion with a bilateral combined weight o f 3gm and a predicted minimum 

blood flow of 25m l.l00gm "\m in '\ The cardiac output of a 3kg one-week piglet is 

approximately 300-450 m l.m in '\ So if n needs to be greater than or equal to 1536,

450
N >  1536 X ----------  N >  9.216 xlO^

3x0.25

Therefore at least 920,000 microspheres should be used for each injection.
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Microsphere Isotope Labels

There are currently over 10 different gamma-emitting isotopes that are commonly used to 

label carbonised plastic microspheres. Each of the isotopes emits a gamma spectrum with 

one or more energy-discrete peaks that are distinct from other isotopes. A multi-channel 

spectrum analyser can therefore be used to identify and quantify the gamma emissions. 

When selecting isotopes for use in the same study animal at different timepoints, it is 

important that the energy peaks are as far apart on the energy spectrum as possible (Figure 

2.1). This is to  minimise the amount of spectra overlap between the different isotopes and 

to allow their distinction with commonly employed gamma counters using sodium 

iodide/thallium crystal detectors. Cobalt-57 and cerium-141, for example, have energy 

peaks at 122-136keV and 145keV respectively which are so close together that a special 

high resolution Ge(Li) detector would be necessary for their separation. They are 

therefore unsuitable for the same study.

DETERMINATION OF GAMMA RADIOACTIVITY IN STUDY SAMPLES 

Preparation o f Samples

The gamma count o f a number of different samples from each study must be determined. 

These samples include whole tissue specimens, blood reference samples and vials o f pure 

suspension o f  microspheres for reference. In addition the background count must be 

determined from analysis o f an empty vial. The vials in which the samples are placed for 

analysis should all be o f the same type because different materials attenuate radiation to 

varying degrees. The efficiency of gamma counting is further determined by the geometry 

o f the radiation emission. In turn this is determined by the density and composition o f the 

sample and by the distribution o f the nuclide within the sample.
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Energy spectra of different radioisotopes.
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The dispersion o f microspheres within each vial varies with its content. Generally the 

counting efficiency is highest when the nuclides are concentrated at the bottom of the 

counting vial (Katz and Blantz, 1972). Dispersion of isotopes to different heights within 

the vial results in efficiency alterations. Complex equations and various correction factors 

are necessary to correlate counts from vials with different emission geometry. The need 

for count correction can be eliminated, however, by preparing samples so that they have 

similar emission geometry.

As microspheres have a density of 1.3 they tend to settle to the bottom of a vial from 

suspension in a liquid medium. Pure suspensions o f microspheres for reference counting 

can simply be injected onto a small piece of absorbent paper in the bottom of the vial. 

Blood reference samples can be haemolysed to avoid microspheres from randomly 

dispersing throughout a layer o f packed blood cells. Tissue samples can be dissolved in 

strong alkaline solutions and the plastic microspheres, which are insoluble under these 

conditions, settle to the bottom of the vial. In this way the geometry o f radiation emitted 

from all the vials should be similar and the counts obtained can be compared directly 

without further adjustments.

Principles O f Gamma Counting

A scintillation crystal and a photomultiplier tube (PMT) comprise the two principal 

components o f a gamma ray counter. The scintillation crystal is usually a crystal o f 

sodium iodide. Gamma rays traversing the crystal interact with electrons in the crystal to 

produce scintillations of light. A controlled amount of thallium added to the crystal 

enhances the light production and produces a material highly suited for the detection of 

gamma rays. Shielding the detector by lead reduces the effects of external radiation.
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The scintillation or light flash produced by each gamma ray contains a total number of 

photons proportional to the amount o f energy lost by the gamma ray in the crystal. The 

photons produced in the crystal travel to a PMT optically coupled to the crystal. Inside 

the crystal the photons encounter the photocathode. The photocathode has a thin layer of 

alkaline metal that can emit an electron when a photon is absorbed. These electrons are 

accelerated by an electric field to the first of a series of positively charged electrodes 

called dynodes. When an electron strikes the surface o f a dynode two or more electrons 

are ejected from its surface. The electrons ejected by the first dynode are accelerated to 

the more positive second dynode. The multiplication process is repeated at each dynode 

until the electrons are collected at the anode as an electrical pulse.

The size o f the pulse in volts, at the output of the PMT, is proportional to the burst of 

photons that initially entered the PMT. This, in turn, is proportional to the gamma ray 

energy detected by the scintillation crystal. A scintillation detector can therefore be used 

as part o f a system that not only detects gamma rays but also sorts and counts them 

according to their energies.

The pulse from the PMT is amplified and shaped and then sent to a sample and hold 

amplifier. This accepts or rejects the amplified pulses depending on the amplitude of the 

pulse. Discriminatory circuitry is set to recognise pulses from the PMT within certain 

limits. Pulses caused by the radionuclides under investigation are accepted; those due to 

background radiation are rejected. This is possible because emissions from the 

radionuclides are energy-discrete whereas the energy from background radiation is 

random. The selected pulses are stored and an entire energy spectrum can be generated 

for each sample counted.
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Analysing the Gamma Counts

When a sample is analysed the resulting energy spectrum generated consists of  number of 

counts per minute at each energy level. The use of a number o f different radioisotopes 

results in an overlap o f their energy spectra. Consequently the complete spectrum 

recorded for each sample contains a mixture of radioisotopes which must be decomposed 

to obtain the net count for each o f the different radionuclides present. The technique used 

to do this is known as the matrix inversion method and is explained in the following 

paragraphs.

Each radioisotope has an energy region or energy window assigned to it. A lower energy 

level setting and an upper energy level setting define this region. The settings are chosen 

so that they lie on either side of the energy peak of a particular radioisotope. Activity 

recorded above the upper energy level setting is known as spillup: any activity below the 

lower level setting is known as spilldown. The total count in a particular region therefore 

represents the count from the radionuclide o f interest plus spillup and spilldown from 

other radionuclides.

A standard sample, which contains a pure radionuclide, is counted to obtain the percentage 

of activity in each of the pre-determined regions. A spillover matrix is calculated by 

repeating this process with all o f the different radioisotopes used. This overlapping matrix 

is then used to decompose the spectra of unknown samples to obtain the net activity of 

each radionuclide present. The actual calculations are laborious and involve solving 

complex linear equations. Computer programs designed specifically for this purpose 

therefore commonly perform them.
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CALCULATION OF ORGAN BLOOD FLOW

From the Fractional Distribution of Indicator method (Sapirstein, 1957),

Cardiac Output _ Qx

where TV = total number of microspheres injected 

O x =  blood flow rate for organ x 

r ix =  the number o f microspheres in organ x

It is assumed that the ratio of blood flow and number of microspheres is the same for all 

organs in the body, i.e.

where Q y  =  blood flow rate for organ y

r iy =  the number o f microspheres in organ y

In order to utilise the above equation to determine blood flow to a particular organ 0 ,̂ the 

blood flow to another organ O y  must be known. To avoid problems o f accurately 

measuring blood flow in any particular organ this value can be substituted by the rate at 

which an arterial sample is withdrawn into a syringe. This sample is known as the 

reference blood sample {Qjib) and it acts as an artificial organ with a known flow rate 

(Makowski et al., 1968).

As the radioisotope is evenly incorporated into uniform-sized microspheres, the rate of 

gamma emission from each microsphere can be assumed to be the same. The counts per 

minute of a sample are thus directly proportional to the number o f microspheres present. 

When the counts per minute of organ x (Cx) and of the reference blood sample (G?*) have
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been determined, the blood flow rate to organ x can be derived from the following 

equation:

The blood flow to an organ is conventionally indexed to 100 gm o f tissue and is expressed 

in units of ml.lOOgm'\min'\ The blood flow index (OIx) for organ x is therefore:

'̂ Rb

Where is the weight o f the organ in gm

Q u b  i s  the rate of the reference sample withdrawal in ml.min '.

The global cerebral blood flow index can also be calculated from the same equation by 

using the sun total of counts from different brain regions ( C t )  and the sum weight of the 

different regions (ffr) of the brain.

CBF = Q , , x ^ x ^ ^
^Rb
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REFERENCE BLOOD SAMPLE

The use of a reference blood sample, as described above, is the simplest method for 

calculating organ blood flow. This is because it does not depend on accurate 

measurements of cardiac output, blood flow to any organ or determination o f the actual 

number o f microspheres injected, all o f which are subject to error.

It is important that the rate at which the reference blood sample is withdrawn is constant 

and does not have a significant physiological effect on the animal. Buckberg 

demonstrated that 1% or less o f the cardiac output is normally well tolerated (Buckberg et 

a l, 1971). For piglets weighing 2.0 to 3.0 kg with cardiac outputs ranging from 300 to 

500 m im in g a reference sample withdrawn at a rate of 3ml.min"^ would be appropriate. 

If one million micro spheres were injected at each time point, the minimum number of 

microspheres collected in the reference blood sample (n) would approximately be;

n = — xlO" =6000 
500

This is satisfactory because it exceeds the minimum number of 1536 microspheres needed 

for accuracy within 5% of the mean. Therefore, for all studies in this project.

-1

It is important that withdrawal of the reference blood sample continues until all the 

microspheres are cleared from the arterial circulation. Otherwise, the calculated blood
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flow rates for all organs will be an overestimation of their true values. Buckberg stated 

that the reference sample should be collected for more than 1 minute (Buckberg et al, 

1971). For the actual studies, withdrawal o f reference blood samples will commence 10 

seconds before the start o f the microsphere injection and continue for 2 minutes. The 

microspheres will be injected over a period o f 30 seconds and the collection of the 

reference blood samples will therefore continue for more than 1 minute after the end of 

microsphere injection.

CEREBRAL OXYGEN HANDLING

The phrase “cerebral oxygen handling” will be used throughout this dissertation to refer 

collectively to the following three parameters;

1. Cerebral Oxygen Delivery (CDO2 )

2. Cerebral Metabolic Rate o f Oxygen (CMRO2)

3. Cerebral Oxygen Extraction (CEO2 )

Cerebral Oxygen Delivery (CDO2 )

The rate oxygen is delivered to the brain is expressed in units o f ml.min'^ 100gm'\ CDO2  

is the product of global cerebral blood flow index (CBF) and arterial oxygen content 

(Ca02):

CDO2 = CBF X Ca02

The oxygen content o f a blood sample (Content O2 ) is the sum of the amount o f oxygen
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bound to haemoglobin and the amount of oxygen dissolved in the plasma. The units are 

millilitres o f oxygen per millilitre o f blood (ml.mf^).

where 1.36 is the effective oxygen capacity of Igm of haemoglobin in units o f ml.gm’’. 

Hb is the haemoglobin concentration in units of gm.L'^

SO2 is the oxygen saturation as a percentage of total oxygen carrying capacity 

0.03 is the solubility of oxygen in blood at 37°C in units o f ml.L \mmHg^

PO2 is partial pressure of oxygen in mmHg

Thus,

CDO, = C gF  1
 ̂ 1000 100 " \

Cerebral Metabolic Rate Of Oxygen (CMRO2)

The rate at which brain tissue consumes oxygen per unit weight is expressed in units of 

m l.lOOgm '\m in'\ CMRO2 is calculated from CBF and the difference between arterial 

oxygen content (CaO:) and venous oxygen content (CvO:):

CMRO, = CBF X (CaO, -  CvO, )
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In previous studies a number o f authors have used venous blood samples obtained from 

the internal jugular vein to represent cerebral venous blood (Aoki et al., 1994a; Kawata et 

al., 1993). Clearly this is the only possible site for obtaining a suitable cerebral venous 

sample in human studies, however, it may not accurately reflect the cerebral venous blood. 

It has been shown in piglets that blood samples from the internal jugular vein do not in 

fact reliably reflect cerebral venous blood (Rudinsky and Meadow, 1991). This is because 

the internal jugular vein receives a substantial amount of venous blood from non-cerebral 

tissue. The internal jugular venous samples cannot therefore be substituted for sagittal 

sinus venous samples. In this project sagittal sinus venous blood samples will be used 

instead of internal jugular venous blood for all studies. Substituting sagittal sinus oxygen 

content (CSSO2) into the equation gives:

CMR02 = CBF X {CaO, -  CssO  ̂)

Thus,

CMRO  ̂ = X j  1 3 6 x m x ( & 0 ;  SssO^) ^ (q  ^ 3 ^ (fa O , - PssO^))]
1 0 0 0  1  1 0 0  V V 2 2 /y j

where S s s 0 2  is the sagittal sinus oxygen saturation 

P S S O 2 is the sagittal sinus oxygen tension

Cerebral Oxygen Extraction (C E02)

The proportion of oxygen extracted by the brain from the arterial blood is a measure of the 

ability of the brain to extract oxygen. This can be expressed as a percentage of the total 

amount of oxygen in the arterial blood:
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CE02 = - c ^̂ o A . ioqoa
CaO.

This equation can be simplified to;

CEO ^ CMRO  ̂ xJOO% 
" CZ)0,

HAEMODYNAMIC DETERMINATIONS

Cardiac Output/Pump Flow

The micro sphere technique allows estimation o f cardiac output and cardiopulmonary 

bypass pump flow rate from the Sapirstein equation:

CR b 0R b

Cj CardiacOutput

where C r i  = counts per minute o f the reference blood sample 

C l  = counts per minute o f the microspheres injected 

Q R b =  rate o f reference blood withdrawal in m l.m in'.

In order to estimate the value of C/, an extra 0.1ml of microsphere suspension can be 

drawn up into the same pre-weighed syringe together with the volume o f the microsphere 

to be injected. The extra 0.1ml suspension is then placed in a pre-weighed sample vial 

and used as a microsphere reference vial (Wrs)- As one o f the assumptions o f the
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microsphere technique is that the microspheres are evenly distributed in the suspension, 

the number of counts per unit weight o f micro sphere suspension should be constant. 

Thus,

The counts per minute of the standard vial {Cr^ can be analysed together with organ and 

blood samples in a gamma counter.

PFr C,
Cardiac Output = Or,, x x

Cerebral Perfusion Pressure (CPP)

The cerebral perfusion pressure {CPF) will be taken as the difference between mean 

arterial pressure {MAP) and mean sagittal sinus venous pressure {SSVP),

CPP=M A P-SSV P

Cerebral Vascular Resistance (CVR)

According to Ohm’s Law,

n . , Pressure DropResistance = ----------------- —
Flow
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Cerebral perfusion pressure represents the pressure drop across the cerebral vascular bed. 

Thus,

CBF

Since CBF is indexed to 100 gm of brain tissue, the derived CVR is in fact also an 

indexed value in units o f mmHg. 1 OOgm. min. ml'^.
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CHAPTER 3

INTRODUCTION

This section will describe the experimental techniques that are common to most of the 

studies in this project. Other methods, specific to individual studies are described in the 

respective chapters. The techniques used in the studies are based as much as possible on 

those used in the clinical setting. The anaesthetic management, protocol for 

cardiopulmonary bypass (CPB), cooling and rewarming are all very similar those used in 

human infants and children as much as possible. Initially a number of preliminary studies 

were undertaken to determine suitable drug doses and appropriate ventilator settings, and 

to establish the most reliable surgical techniques.

ANIMALS

De Kelb neonatal piglets, 1 to 2 weeks old and weighing between 2.0 and 3.0 kg were 

used for all studies. Maturation of the newborn piglet is comparable to a human o f 36-38 

weeks gestation (Dobbing and Sands, 1979; Pon and Haupt, 1978). Fresh blood to prime 

the CPB circuit was obtained by sacrificing mature De Kelb pigs 6 months old which 

weigh up to 40kg.

All animals received humane care in compliance with the “Principles o f Laboratory 

Animal Care” formulated for the National Society for Medical Research and the Guide for 

the Care and Use o f Laboratory Animals” prepared by the National Academy o f Sciences 

and published by the National Institutes o f Health (NIH Publication No.85-23, revised in 

1985). The experimental protocols for the individual studies were approved by Duke 

University’s Institutional Animal Care and Use Committee. A l the animals were housed 

in the NIH-approved animal facility at Duke University prior to the experiments.

71



CHAPTER 3

ANAESTHESIA

Anaesthesia was induced with an intramuscular injection o f ketamine (50 mg.kg*^) and 

acepromazine (15 |ig.kg'^). This was given in the gluteal region and the animal became 

drowsy within 5 minutes. A 24 French gauge Teflon intravascular cannula (Quik-Cath®, 

Baxter Healthcare Corporation, IL, USA) was placed in a superficial vein in the pinna and 

an intravenous bolus of methylprednisolone sodium succinate (30mg.kg‘ )̂ was 

administered.

A 3.0mm oro-tracheal tube with a Murphy tip (Intermediate Hi-Lo Cuffed Tracheal 

Tube®, Mallinckrodt Medical Inc., MO, USA) was introduced using a laryngoscope with 

the piglet lying prone. The cuff was inflated with room air to a pressure o f 25cm H 2 O. 

The piglet was then placed supine and the snout secured in a clamp on a retort stand to 

allow access to the sagittal sinus. An intravenous bolus o f pancuronium (300|ig.kg'^) was 

given for muscle relaxation followed by a bolus of intravenous fentanyl (100p,g.kg'^) for 

anaesthesia. The endotracheal tube was connected to a positive pressure Sechrist Infant 

Ventilator (Model IV-IOOB, Sechrist Industries, Anaheim, CA, USA). The ventilator was 

used to mechanically ventilate the piglet and was placed on the following settings.

Inspired oxygen fraction (FiO:) 0.4

Ventilation rate 10 breaths per minute

Inspiratory time 1 second

Peak inspiratory pressure 26 cm H2 O

Positive end-expiratory pressure 3 cm H 2 O

Arterial blood samples were taken periodically to assess the adequacy o f  ventilation and 

the ventilator was adjusted accordingly when necessary. An infusion of intravenous 

fentanyl (25fig.kg'\hr'^) was commenced for maintenance o f anaesthesia. Intravascular
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volume was supplemented when required with Ringer’s Lactate solution to maintain right 

atrial pressure and cardiac output.

MONITORING

Three electrocardiograph (ECG) electrodes were placed on shaved skin to monitor the 

ECG and heart rate (Model 450, Mennen Medical Inc., NY, USA). The arterial catheter 

(see below) was connected to a pressure transducer (Gould Disposable Transducer Model 

TDN, Gould Inc., CA, USA) and signal amplifier (Model 450, Mennen Medical) for mean 

arterial blood pressure monitoring. A temperature probe was inserted into the nasopharynx 

and used to monitor the temperature throughout the studies (Probe YS1402, Model 43 ID 

Yellow Springs Inc., Ohio, USA). The animal was kept warm by a heating lamp and a K- 

20 recirculating water mattress (American Pharmaseal Company, CA, USA) to maintain 

the nasopharyngeal temperature at 36-37°C.

SURGICAL PREPARATION

A diathermy plate was placed underneath the animal and the Surgi Stat diathermy machine 

was set to 18 Watt coagulation and 60 Watt cutting (Valleylab Inc., CO, USA). The right 

femoral artery was surgically exposed and an 18 gauge Teflon arterial catheter (Quik- 

Cath®, Baxter Healthcare Corporation, IL, USA) was introduced into the distal aorta via 

the right femoral artery. This arterial line was used for continuous blood pressure 

monitoring, arterial blood gas sampling and for withdrawal o f the reference blood sample 

during radioisotope microsphere injections.

The animal was then systemically anticoagulated with intravenous heparin sulphate (500 

lU.kg'^). A 1cm strip of scalp was raised in the midline over the vertex of the skull
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(Figure 3.1). The sagittal suture was identified and a burr hole was carefully drilled over 

the superior sagittal sinus with a 2 mm drill bit. The tip of a 5 French Millar 

micromanometer (Millar Instruments Inc., TX, USA) was inserted into the burr hole for 

sagittal sinus venous pressure monitoring. A second burr hole was made over the superior 

sagittal sinus 1 cm anterior to the first. A hollow 16 gauge metal sleeve 2 mm long, made 

from a Precision Glide needle (Becton Dickinson & Co., NJ, USA), was inserted into the 

second burr hole to allow repeated sagittal sinus venous blood sampling (Figure 3.2).

The chest was opened in the midline through a median sternotomy. Any excessive 

bleeding from the sternal edges was controlled with bone wax. The thymus gland was 

removed and the pericardium opened. The pulmonary trunk was dissected free from the 

ascending aorta and an 8mm perivascular flow probe (Transonic Systems, NY, USA) 

placed around the pulmonary artery for continuous monitoring o f the cardiac output prior 

to institution of CPB (Figure 3.3). A 4/0 silk ligature was tied around the very tip o f the 

right atrial appendage and used to retract the appendage to the right. This allowed 

visualisation of the ascending aorta which was otherwise obscured by the overlying right 

atrial appendage. A 3 French Millar micromanometer (Millar Instruments Inc., TX, USA) 

was introduced into the right atrium via the inominate vein for right atrial pressure 

monitoring.
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Figure 3.1

Head position of anaesthetised and intubated piglet showing scalp incision and 

sagittal sinus.
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Figure 3.2

a. Size S Millar micromanometer with metal sleeve of PrecisionGlide needle.

b. Sagittal sinus instrumentation completed.



Figure 3 J

a. 8mm ultrasonic flow probe.

mm#,

Vf# I

b. Flow probe in position around proximal pulmonary artery.
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PREPARATION OF THE BLOOD DONOR ANIMAL

A 30-40 kg mature pig was used to obtain fresh whole blood for priming the CPB circuit. 

Anaesthesia was induced as described above with ketamine and acepromazine. The donor 

pigs were allowed to breathe spontaneously without an endotracheal tube and muscle 

relaxation was therefore not required. Following systemic intravenous heparinisation (500 

lU.kg"^) a longitudinal incision was made in the right cervical region and the right 

common carotid artery dissected free. The cut end of plastic infusion line was inserted 

into the artery via a transverse arteriotomy and fed down into the aortic arch. The other 

end o f the plastic infusion line was connected to a clean empty intravenous fluid bag and 

placed on the floor. The animal was exsanguinated by gravitational drainage and 

depending on the size o f the donor animal between 1 and 2 L o f fresh whole blood was 

obtained by this method. The blood was used to prime the CPB circuit and remaining 

blood was stored in a refrigerator at 8-10°C until required. Any unused blood was 

discarded at the end o f each day.

Priming The Cardiopulmonary Bypass Circuit

A Medtronic® Mimimax PLUS™ hollow fibre membrane oxygenator (Medtronic® Inc., 

Anaheim, CA, USA) was used for CPB. The oxygenator was primed with fresh 

heparinised pig blood from a donor pig. Fentanyl, Ringer’s lactate and sodium 

bicarbonate were added to the prime to achieve a haematocrit o f 25% and a pH of 7.4 at 

37°C. The total prime volume was approximately 400 mis. The temperature o f the prime 

was controlled with the integral heat exchanger in the oxygenator reservoir and a water 

bath system (BIO-CAL 370, Biomedicus, MN, USA). The water temperature was initially 

set to 39°C and the perfusate was continually circulated with a Sams non-pulsatile roller 

pump (Sams Inc., Ann Arbor, Michigan, USA) at 150 ml. kg"\m in '\ This allowed
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stabilisation o f temperature and blood gases o f the perfusate and prevented blood cells 

from settling out. A Sechrist Gas Mixer (Sechrist Industries Inc., CA, USA) was used to 

control gas through the membrane oxygenator. The initial settings were:

Total gas flow rate: 3 L.min'^

Oxygen fraction: 40%

Carbon dioxide fraction 3%

Following 10 minutes for equilibration o f the prime a sample was taken to confirm that 

the blood gases, acid base balance and haematocrit were within desired ranges prior to 

cannulation for CPB.

Institution O f Cardiopulmonary Bypass

An 8F DLP infant arterial cannula (DLP Inc., Grand Rapids, MI, USA) (Figure 3.4a) was 

inserted into the proximal ascending aorta through a 5/0 prolene purse-string suture. An 

20F DLP venous cannula (Figure 3.4a) was inserted into the right atrial appendage and 

secured with a 2/0 silk purse string suture (Figure 3.4b). A second roller pump was used 

to return any blood, lost during the procedure, to the venous reservoir.

At the commencement o f CPB, non-pulsatile flow was established at 120m l.kg'\m in'\ 

Adequacy o f venous drainage was determined by visual inspection o f the heart and the 

observation o f a collapsed right atrium, in addition to lack o f ejection from the left 

ventricle on the arterial pressure trace and a zero reading from the pulmonary artery flow 

probe. Baseline studies were not performed until after a period o f about 20 minutes on 

normothermic CPB. During this time the animal was allowed to stabilise and any mild 

metabolic acidosis that had developed during the preparatory stages was corrected with an 

appropriate dose o f 8.4% sodium bicarbonate.
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Figure 3.4

a. Cannulae for cardiopulmonary bypass i) venous ii) arterial.

b. Heart fully cannulated for cardiopulmonary bypass.
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Acid -B ase Management

Blood gases were managed throughout cooling and rewarming according to the “alpha- 

stat” strategy (Swan, 1984). The arterial pH was maintained at 7.35 to 7.45 and carbon 

dioxide tension at 35 to 40 mmHg measured at 37°C and uncorrected for the temperature 

of the animal. As discussed in Chapter 1 the alpha-stat strategy is thought to allow 

optimal function of a number o f important enzyme systems including lactate 

dehydrogenase, phosphofmctokinase and sodium-potassium ATPase.

BLOOD SAMPLE ANALYSIS

A GEM-Stat Blood Gas/Electrolyte Monitor (Mallinckrodt Sensor Systems Inc., MI, 

USA) was used to analyse heparinised arterial and sagittal sinus venous samples (Figure 

3.5a). The machine used disposable cartridges that auto-calibrated hourly and had a 

running time o f 24 hours. Each sample took approximately 2 minutes to process and the 

machine took another 2 minutes to rinse itself. It was therefore necessary to have two 

machines running in order to process arterial and venous samples simultaneously. The 

machines were set to analyse samples at 37°C and provided the following information:

P 0 2 Partial pressure o f oxygen

PC 0 2 Partial pressure o f carbon dioxide

pH log [H+]

Hct Haematocrit

SO2 Oxygen saturation

BE Base Excess

Concentrations o fN a \  K^, and Ca^^ ions
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Figure 3.5

a. Arterial blood gas machine.
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Haemoglobin (Hb) levels were estimated with a 482 Co-Oximeter (Instrumentation 

Laboratory Corp., MA, USA) from heparinised arterial samples.

Cooling, Circulatory Arrest And Rewarming

In order to cool the temperature o f the piglet down crushed ice was added to the water 

bath of the heat exchanger. The temperature o f the water bath was kept at approximately 

10°C lower than the nasopharyngeal temperature o f the animal in order to prevent too 

rapid cooling and thereby create temperature gradients between tissues at the start of 

circulatory arrest. The animal was cooled for a total o f about 20 minutes in most cases. 

The heating lamp and warming light were switched off and the room temperature was 

lowered to 20-22°C. Slush made from normal saline was placed in the pericardial cavity 

to help prevent rewarming of the animal.

At the end o f the cooling period the perfusate was drained from the animal via both 

cannulae into the oxygenator reservoir and deep hypothermic circulatory arrest (DHCA) 

was established. In order to prevent any possibility o f air entering the vascular 

compartment of the animal both the venous and arterial cannulae were clamped. During 

the circulatory arrest period the perfusate was continually recirculated between the 

oxygenator and the venous reservoir to prevent blood cells settling out in the bypass 

circuit.

Following 60 minutes of DHCA, the aortic and venous cannulae were undamped. 

Perfusion was re-established at 120ml.kg'\min'^ with the perfusate initially at room 

temperature (20°C to 22°C). The temperature of the perfusate was increased in order to 

rewarm the animal. This was effected by an immersion heater in the water bath o f the 

heat exchanger. The water mattress and the heating lamp were switched back on and the 

room temperature was increased to 28-30°C. During the rewarming process about 20% of
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the animals required cardiac defibrillation. This was achieved by a direct current (DC) 

shock o f 8-10 Joules (American Optical, MA) once the nasopharyngeal temperature had 

reached 30°C. Metabolic acidosis that had developed in the circulatory arrest period was 

corrected by addition of 8.4% sodium bicarbonate solution to the reservoir. In general a 

total o f 10-15 mEq, in divided doses was required. After 35 minutes o f reperftision and 

rewarming, most animals reached a temperature of 36°C. However, CPB was continued at 

normothermia for a total of 60 minutes to ensure that all animals were fully rewarmed and 

that the temperature had stabilised. Following the microsphere injection at the end of the 

rewarming period the animal was euthanised by a lethal dose o f fentanyl. The roller pump 

was switched off and the circulating volume drained into the venous reservoir.

RADIOLABELED MICROSPHERE TECHNIQUE 

Safety Precautions

A special area within the laboratory was designated for handling o f the radioactive 

microspheres. All the vials o f  stock microsphere suspensions were stored behind lead 

shielding. All personnel working in the laboratory wore dosimeters that were checked 

every 6-8 weeks. At the end o f each study, the animal carcass together with all disposable 

items were placed in a special metal barrel which was disposed o f by the Radiation Safety 

Department o f Duke University. Following analysis in the gamma counter the organs and 

blood samples taken during the study were also placed in these barrels for disposal. A 

Geiger counter (Ludlum Measurements Inc., TX, USA) was used frequently to check the 

laboratory for gross contamination. Wipes were taken weekly from all workbenches and 

sinks and analysed in the gamma counter to check for low level contamination.
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Microspheres Used

The following isotopes were selected as labels for microspheres for the studies in this 

project.

Scandium-46 

Ruthenium-103 

Niobium-95

The half-lives, energies of the principal photons and unshielded radiation of these isotopes 

are listed in Appendix 1

The NEN-TRAC™ microspheres used had a mean size o f 15.5 ± 0.1 }im and were 

supplied with the above labels (Du Pont de Nemours & Co., DE, USA). The 

microspheres were supplied in glass vials as suspensions in 10% Dextran and 0.01% 

TWEEN 80. The concentration was 1 million microspheres per millilitre o f medium. The 

viscosity of Dextran helps keep the microspheres in suspension for a longer period once 

agitated and the TWEEN 80 is a wetting agent to reduce aggregation.

Preparation Of The Microsphere Suspension

In order to assure a homogenous suspension, the stock vial o f the microsphere was 

agitated vigorously using a SQP Vortex Mixer (Baxter Healthcare Corp., IL, USA) for 2 

minutes until the beads were thoroughly mixed in the medium. The stock vial was then 

sonicated in warm water (approximately 40°C) for a minimum o f 15 minutes to break up 

aggregations (Model 8850, Cole-Parmer Instrument Co., IL, USA). Immediately prior to 

use, the stock vial was taken jfrom the sonicator and vortexed for a further 1 minute.
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A 1.1 ml suspension of microspheres was withdrawn into a pre-weighed syringe. From 

this, 0.1 ml o f suspension was placed in a pre-weighed scintillation vial (Research 

Products International Corp., IL, USA) for use as the reference microsphere sample. The 

syringe and scintillation vial were weighed again on a digital micro-balance (Model 

L420S, Sartorius Corp., NY, USA). To determine the weight o f the microsphere 

suspension to be injected and the weight o f suspension in the microsphere reference vial 

respectively. The 1ml of microsphere suspension (approximately 1 million microspheres) 

in the syringe was then ready for injection. In order to avoid settling o f the microspheres 

the syringe was agitated continuously until the micro spheres were injected.

The stock vials o f microspheres were obtained from the manufacturer in small batches and 

uses within 60 days o f the reference date. This was less than two half-lives of the isotope 

with the shortest half-life (Niobium-95, T 1/2 o f 35 days). All precautions were taken to 

maintain sterility of the stock vials to minimise aggregation of microspheres.

Microsphere Injection

Microsphere injections were made into a side port o f arterial tubing 30 cm proximal to the 

aortic cannula. All injections were made with the animal at normothermia. The syringe 

and stopcock were washed through with 5 mis of warm normal saline. Great care was 

taken not to inject air bubbles into the arterial circuit.

Reference Blood Samples

A reference blood sample was withdrawn from the femoral arterial line commencing 10 

seconds before the injection o f microspheres and lasting for 2 minutes. It was withdrawn
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into a 10 ml syringe mounted on a Harvard syringe pump (Harvard Apparatus, Mass, 

USA) at a constant rate of 3 ml.min’  ̂ (Figure 3.5b). At the end of the collection period the 

reference blood sample was placed in a plastic scintillation vial. The syringe and 

collecting tubing were rinsed through three times with hot water and the washings were 

added to the vial. This ensured that all microspheres in the syringe were collected in the 

vial and that the red blood cells in the sample were completely haemolysed.

PREPARATION OF SAMPLES FOR GAMMA COUNTING

Kidney

The animal was turned into the left lateral position and a right subcostal incision made. 

The right kidney was removed extraperitoneally and organ was sliced in two halves for 

removal o f the renal pelvis and ureteric system. The procedure was repeated for the left 

kidney.

Brain

The animal was placed prone and the scalp and vault of the skull were completely excised 

(Figure 3.6a). The frontal lobes were then elevated to enable division o f the olfactory 

nerves, optic nerves and the pituitary stalk. The occipital lobes were then elevated and the 

tentorium cerebelli was incised to expose the cerebellum. A blunt instrument was then 

passed posterior and inferior to the cerebellum to transect the medulla at the foramen 

magnum. The remaining cranial nerves were divided and the whole brain specimen was 

removed intact (Figure 3.6b). After removing the choroid plexus the brain was dissected 

into right and left cerebral hemispheres, basal ganglia, brain stem and cerebellum (Figure 

3.7).

87



Figure 3.6

a. Head of piglet with brain fully exposed.

b. Whole brain specimen.
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Figure 3.7

a. Brain specimen with cerebral hemispheres parted showing cerebellum and 

mamillary bodies.

-• ,» . '..I  ». Hj-W*’- IT'!

.±\}rAvc r -r  i'x  v:
I ^  1. t ' A :

a p a a

^ I f-.» I '-
U i. \  ■ •

v K'y 
. V

V- ' 1 ^R*#
* v-xo

b. Dissected brain.
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The surface o f each specimen was wiped dry with tissue paper before being placed into 

separate pre-weighed plastic scintillation vials (Research Products International Corp., IL, 

USA). The fresh weight of individual samples was calculated from the difference 

between the weight of the vial with and without the specimen. The vials were then filled 

with 20 mis o f 2 Molar potassium hydroxide solution to dissolve the specimen (Aoki et 

al., 1994a). Each vial was then placed in the gamma counter to estimate the quantity of 

each type of radiolabeled microsphere present in the specimen.

Gam m a Counting

When the microspheres arrived from the manufacturer it was necessary to take pure 

suspensions to generate a matrix for the decomposition of spectra from tissue and blood 

sample vials. In order to do this, a 0.1ml o f homogenous suspension o f microspheres was 

taken from each stock vial and placed into the bottom of a scintillation vial. These vials 

were taken to be the standard vial. The vials were loaded into an Auto-Gamma 5530 

multi-processor based gamma counting system for analysis (Packard Instrument Co., CT, 

USA) (Figure 3.5c). The standard vials were saved and used to generate a matrix of 

decomposition o f sample spectra at the end of each study.

The system power o f the gamma counter was left on continuously to ensure system 

stability. Performance verification was carried out prior to the analysis of samples from 

each animal study. The calibration source was ^^^Cs (Half-life o f 30 years) and the 

machine automatically adjusts the detector high-voltage so as to compensate for 

temperature and detector drift because o f age.

Following calibration, the standard vials previously saved were used to generate a new 

matrix and then samples from the animal studies were processed. A computer program
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was used to decompose the complete spectrum from each sample (CompuSphere™, 

Packard Instrument Co., IL, USA) and the output of corrected counts in each region of 

interest was downloaded to an IBM computer for further analysis.
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CHAPTER 4

THE ULTRASTRUCTURE OF THE CEREBRAL MICROCmCULATION  

FOLLOWING DEEP HYPOTHERMIC CIRCULATORY ARREST
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INTRODUCTION

It has been established for almost 10 years that the use of deep hypothermic circulatory 

arrest (DHCA) for the repair of congenital heart defects is followed by a period of 

abnormal cerebral hypoperfusion and impaired cerebral oxygen metabolism (Greeley et 

al., 1989a; Greeley et al., 1989b). As discussed in the Chapter 1 an increasing body of 

literature has suggested possible mechanisms for this, as well as strategies aimed at 

prevention.

The majority o f previous studies on the cerebral consequences of DHCA have used 

metabolic changes, electrical recordings or CBF changes as markers o f cerebral damage. 

These may be unreliable end points because it is often difficult to be certain at what point 

irreversible cell damage occurs. In contrast, neuropathological changes have been shown 

to be highly predictive o f irreversible neuronal damage (Petito and Pulsinelli, 1984a; 

Petito and Pulsinelli, 1984b).

As evidenced by the variety of strategies that can be used to improve cerebral recovery, 

the cerebral insult that results from DHCA clearly affects a number o f different systems 

and pathways. In the majority of studies the marker for cerebral injury has been either the 

rate o f recovery o f cerebral metabolic rate of oxygen (CMRO2 ) or of cerebral high-energy 

phosphates. It has been known since the 1960s however, that the use o f DHCA is 

accompanied by histological evidence of anoxic brain damage (Almond et al., 1964; 

Johnston et al., 1966). Despite the widespread use o f DHCA for almost 30 years and the 

fairly intensive investigation in this area more recently, no studies have examined the 

histology o f the cerebral vasculature in detail following DHCA and reperfusion. In 

particular the cellular ultrastructure of the cerebral vascular endothelium as viewed under 

the transmission electron microscope (EM) has yet to be described under these conditions.
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The abnormal cerebral perfusion that follows a period o f DHCA is clearly a vascular 

phenomenon of some kind. The aim o f this series o f experiments was to examine, for the 

first time, the ultrastructure of the cerebral vascular endothelium in neonatal piglets 

following DHCA. A number of different perfusion strategies were designed to create a 

spectrum of conditions that might potentially influence the EM appearance. The initial 

studies were planned to determine the timing of the injury and the effect of reperfusion. 

Subsequently, the influence of the pH-stat strategy during the cooling phase, and of 

intermittent perfusion during the arrest period were assessed.

MATERIALS AND METHODS 

Experimental Preparation

Nine neonatal De Kelb piglets, one week old and weighing between 2.0 and 3.0 kg, were 

anaesthetised and prepared as described in Chapter 3. All animals were cannulated for 

CPB and normothermic perfusion was commenced at a flow o f 120 m l.kg '\m in '\ 

Following stabilisation on CPB each animal underwent one of the following different 

perfusion strategies.

Control Group

Piglet 1: Warm perfusion - 60 minutes normothermic CPB without DHCA.

Piglet 2: Warm ischaemia - 60 minutes o f circulatory arrest at normothermia followed by 

60 minutes reperfusion.
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Reperfusion Group

Piglet 3: DHCA with no reperfusion - 60 minutes circulatory arrest at 18°C without 

reperfiision and rewarming.

Piglet 4: DHCA with 60 minutes reperfusion - 60 minutes circulatory arrest at 18°C with 

60 minutes reperfiision and rewarming.

Piglet 5: DHCA 5 minutes reperfusion -  60 minutes circulatory arrest at 18°C with 5 

minutes reperfiision and rewarming.

Piglet 6: DHCA with 30 minutes reperfusion -  60 minutes circulatory arrest at 18°C with 

30 minutes reperfiision and rewarming.

pH-Stat Group

The first six EM studies were undertaken using the alpha-stat cooling strategy. The 

following two studies employed pH-stat management of blood gases during the cooling 

stage before DHCA.

Piglet 7: DHCA with no reperfusion - 60 minutes circulatory arrest at 18°C without 

reperfiision.

Piglet 8: DHCA with 60 minutes reperfusion - 60 minutes circulatory arrest at 18°C with 

60 minutes reperfiision and rewarming.

Intermittent Perfusion Group

Piglet 9: DHCA with intermittent perfusion -  60 minutes o f circulatory arrest at 18°C 

incorporating periods o f reperfiision for 2 minutes every 20 minutes followed by 60 

minutes reperfiision and rewarming.
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Experimental Conditions

Throughout the study period in all animals, PaOi was kept between 150-250 mmHg, 

arterial pH between 7.35-7.45 and haematocrit between 0.23-0.28. In the seven animals 

undergoing alpha-stat management during cooling the PaCOi was kept between 35-45 

mmHg. In the two animals that underwent pH-stat management, carbon dioxide added to 

the gas mixture resulted in a higher PaCO] during the cooling phase When necessary an 

appropriate dose of sodium bicarbonate was administered to correct for metabolic 

acidosis.

Considerations In The Tissue Preparation For Histological Analysis

The brain is not very amenable to easy histological examination. For 30 years following 

the development o f the first electron microscope in the early 1930s, good fixation of 

whole brains for EM was regarded as nearly insurmountable. The high concentration of 

autolytic enzymes and poor connective tissue framework in the brain result in a much 

more rapid tissue liquefaction following anoxia compared to other organs.

Simple immersion o f the brain in fixative results in altered brain morphology. Areas 

situated centrally undergo necrosis well before the fixative has had time to diffuse 

inwards. Any changes due to tissue necrosis seen under light microscopy will be 

heightened when viewed under EM. The only reliable technique for fixing the cerebral 

tissue for histological analysis is to perfuse the cerebral vasculature with fixative 

immediately post mortem. The use o f cardiopulmonary bypass facilitates perfusion 

fixation by allowing infusion of the fixative directly into the aortic cannula.
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A significant contribution to fixation o f the central nervous system by aldehyde perfusion 

was made by Schultz and Karlsson in California in the mid 1960s (Karlsson and Schultz, 

1965; Schultz and Karlsson, 1965). The acidity and the osmolality o f the fixative were 

found to be important in preservation o f both the intracellular volume and the extracellular 

space. Furthermore, regions of the brain vascularised by capillaries o f the blood-brain 

barrier type require different fixative from regions, which have capillaries of the endocrine 

type. This is evidently due to differences in the permeability o f the capillary walls to 

solutes in the fixative (Kalimo, 1976).

Karnovsky’s fixative, first described in 1965 by Morris Kamovsky at Harvard Medical 

School is a hyperosmolar combined formaldehyde-glutaraldehyde fixative for use in 

electron microscopy (Karnovsky, 1965). This fixative was used for all the studies in this 

series. Karnovsky surmised that the formaldehyde penetrated faster than the 

glutaraldehyde and temporarily stabilised structures that were subsequently more 

permanently stabilised by the glutaraldehyde.

Preparation O f Karnovsky’s Fixative

The Karnovsky’s fixative was prepared in batches of two litres. All stages of the 

preparation were undertaken under a chemical extraction hood. Initially TOOmls of 

deionized distilled water was warmed to between 60-70°C over a Bunsen burner and 80g 

paraformaldehyde (Ted Pella Inc, CA, USA) was added and stirred in thoroughly. 

Following this 10-20 drops o f IN sodium hydroxide (IT Baxter Chemical Co.® NJ, USA) 

was added until the solution cleared.

The solution was cooled to room temperature after which 100 mis o f 50% glutaraldehyde 

(Eastman Kodak Company. NY, USA), 1.5g calcium chloride (JT Baxter Chemical Co.®
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NJ, USA) and l.OL of 0.2M sodium cacodylate buffer (Ernest Fullam Inc. NY, USA) 

were added. The solution was topped up to the two litre mark with distilled water and 

then passed through filter paper (No.4 size Whatman® England) to remove any 

precipitation resulting from a supersaturated solution. The filtration was an additional but 

important modification designed to reduce the likelihood of particulate embolisation in the 

microvasculature of the brain at the time of perfusion fixation.

The pH was determined with a pH meter (Model 325, Fisher Accumet® NJ, USA) and 

brought up to a final pH of 7.2 by the addition of IN  sodium hydroxide, one drop at a 

time. The osmolality o f the final solution was determined with an Osmometer (5100 

Vapor Pressure Osmometer. Wescor Inc. Utah, USA) and the fixative stored in a cold 

room or refrigerator at 4°C.

The final solution was straw coloured and clear with a concentration of 2.5% 

glutaraldehyde, 4.0% paraformaldehyde, 0.075% calcium chloride and O.IM sodium 

cacodylate. The pH was 7.2 with an osmolality between 1700-2000 mosm.kg"\ The 

combination of glutaraldehyde and paraformaldehyde results in a solution that is not only 

pungent but also extremely irritating to the mucus membranes o f the respiratory tract and 

to the eyes. A surgical gown, gloves, cap and mask in addition to eye protection goggles 

were worn at all times when handling or delivering the fixative solution. A more detailed 

list o f the suppliers o f the chemicals and equipment used to prepare the Karnovsky’s 

fixative is given in Appendix 2.

Perfusion Fixation O f The Brain

At the end o f the period o f ischaemia and reperfusion described above for each animal, the 

clamp on the bridge o f  the CPB circuit was released and the blood drained out o f the
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animal into the venous reservoir. Following exsanguination, the aortic cannula was first 

clamped to prevent air entering the circuit, and then disconnected from the 

cardiopulmonary bypass circuit. The aortic cannula was then connected to the stem of a Y 

connecting tube. A one litre bag o f heparinised normal saline was attached to one arm of 

the Y connecting tube and a one litre bag o f Karnovsky’s solution attached to the other 

arm. Great care was taken to insure that no air entered the circuit during this process.

An infusion pressure bag around the heparinised saline was inflated to maintain a constant 

cerebral perfusion pressure (CPP) o f 50 mmHg during the infusion. The difference 

between the pressure in the descending aorta and the sagittal sinus venous pressure was 

used to determine the CPP. The infusate returning to the right atrium was drained out of 

the venous cannula into a plastic container for disposal.

In order to flush out any residual blood cells and plasma from the vascular space, between 

750 and 1500 mis o f heparinised normal saline (10,000 lU heparin sulphate/L) was 

infused via the aortic cannula. The infusion was continued until the colour o f the returning 

fluid had changed from red to almost colourless. At this time the infusion o f heparinised 

saline was stopped and the infusion o f Karnovsky’s solution commenced, again at an 

infusion pressure that resulted in a CPP o f 50 mmHg. Following infusion of l.OL of 

Karnovsky’s solution, the aortic and venous cannulae were removed and the specimen 

prepared for examination under electron microscopy.

Preparation O f The Brain For Electron Microscopic Examination

The brain was removed from the cranial cavity as described in Chapter 3. The entire 

specimen was then placed in Karnovsky’s solution for a minimum o f 72 hours to allow the 

fixation process to continue. After this time the brain was removed from the Karnovsky’s
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fixative for further processing. In order to reduce irritation, caused by the vapours of the 

fixative during handling, the specimen was rinsed with O.IM sodium cacodylate buffer 

containing 7.5% sucrose. This solution was prepared by addition o f 7.5g sucrose 

(Mailinckrodt AR®, KY, USA) to enough O.IM sodium cacodylate buffer (Ernest Fullam 

Inc. NY, USA) to make lOOmls o f solution. The solution was stored in a refrigerator at 

4°C prior to use.

Previous cerebral blood flow and metabolic studies have demonstrated that the greatest 

regional reduction in flow following DHCA is in the cerebral hemispheres (Tsui et al., 

1997; Tsui et al., 1996). It was therefore felt that if abnormalities were detectable by EM 

the greatest area of damage was likely to be in the cerebral hemispheres. In addition, the 

different cerebral sulci and gyri can be easily identified on surface inspection o f the brain 

therefore allowing sampling of the same area in each animal. The central sulcus marks 

the boundary between the frontal and parietal lobes. The precentral gyrus is situated 

immediately anteriorly to the central sulcus and was the area chosen for examination 

under EM as it proved to be both easy to identify and remarkably consistent between 

specimens.

A 5mm by 5mm block of tissue was carefully dissected from the medial end of the 

precentral gyrus o f the right cerebral hemisphere in each animal. The block was washed 

for 20 minutes, initially in 1 molar cacodylate buffer containing 3.4% sucrose and then in 

a solution of 0.1 molar veronyl acetate buffer which was changed twice. This entire 

washing process was repeated a further two times. The specimen was then fixed on ice in 

reduced osmium (1% osmium tetroxide in 1 molar cacodylate buffer containing 

K4 Fe(CN)4 ) for one hour. Subsequently the specimen was fixed for one hour in 1% uranyl 

acetate in veronyl acetate buffer. After a brief wash in water, the specimen was 

dehydrated in a graded series o f ethanols, embedded in Spurr resin (Electron Microscopy 

Sciences, PA) and baked at 70°C for several hours. Ultrathin sections were cut on a
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Reichert Ultracut E ultramicrotome (Leica, IL) and picked up on 200 mesh copper grids 

(Electron Microscopy Sciences, PA). A minimum o f six grids were prepared with one to 

two sections per grid. The specimen was then viewed in either a Philips EM300 or a 

JOEL lOOB electron microscope. With blinding to the perfusion protocol, each grid was 

viewed in its entirety. Regions thought to be most representative o f the entire grid were 

photographed. The electron micrographs which best displayed the relevant features 

present in the individual study groups were selected for inclusion in this dissertation.
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RESULTS 

Figure 4.1

Cerebral capillary or small arteriole following 60 minutes of CPB at normothermia 

with no ischaemia.

This transversely sectioned blood vessel is a capillary or small arteriole. A thin endothelial 

layer (E) surrounds the ovoid lumen of the vessel. The cytoplasm o f the endothelial cells 

shows few organelles except mitochondria (M) and short cistemae o f granular 

endoplasmic reticulum. In contrast to capillaries in other organs the ones in the central 

nervous system show few pinocytotic vesicles. Surrounding the capillary is the basal 

lamina (B). Where the endothelial cells meet, junctional complexes (J) are seen. The 

endothelial cell plasma membranes come together at these points to form zonulae 

occludentes which are the morphological basis o f the blood brain barrier. At the one 

o ’clock and seven o ’clock positions two small cellular projections (CP) are seen lying 

within the basal lamina which separates the vascular elements from the glia limitans. 

They are probably smooth muscle projections, which would suggest the vessel was a small 

arteriole rather than a capillary.

The surrounding neuropil demonstrates apposition of adjacent neurones characteristic of 

well-fixed cerebral tissue. A glial cell with normal ultrastructure is situated at the left 

edge o f the micrograph. The three areas of lucency (L) seen superiorly may represent 

swelling o f astrocyte foot processes but are more likely to arise from incomplete perfusion 

fixation. In summary the vessel and surrounding neuropil are within normal limits.

Figure 4.2

Section of cerebral vascular endothelial cell following 60 minutes normothermic 

CPB.

An area o f Figure 4.1 at higher magnification. The matrix of the endothelial cell 

cytoplasm is rather dense and appears granular. Mitochondria (M) and short cistemae o f  

rough endoplasmic reticulum (RER) are seen within the cytoplasm of a vascular 

endothelial cell. A junctional complex (J) can be seen separating contiguous endothelial 

cells. The basement membrane (B) surrounds the vessel and beyond this is a complete 

covering of astrocytic foot processes (AsP).
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Figure 4.3

Perivascular space of arteriole following 60 minutes normothermic circulatory arrest 

and 60 minutes of reperfusion.

A portion o f an arteriolar endothelial cell (E) and a surrounding pericyte (?) separate the 

vascular lumen from the perivascular space. Pericytes are elongated, contractile cells, 

which wrap around pre-capillary arterioles. The presence o f a surrounding membrane and 

mitochondria (M) in the perivascular space suggests that this large pale area is 

intracellular. The process must therefore represent massive oedema o f the astrocyte foot 

processes (AsP) that completely surround the vessels. The mitochondria themselves are 

also swollen and the osmium appears to have adhered to something within the cytoplasm 

to give the appearance of dense clumps o f iron filings. Further into the neuropil the 

damage is more graphically seen with mitochondria that appear to have almost exploded 

(ExM) due to oedema. The large tissue spaces (TS) within the neuropil are grossly 

abnormal.

The vascular ultrastructure seems relatively well preserved compared to the surrounding 

neuropil, however, the appearance is far from normal. The basement membrane is 

somewhat irregular and perhaps slightly thickened. The endothelial cell itself is darkly 

osmiophilic with light patches, and finger like endothelial processes (EP) project from it 

into the vessel lumen. In summary the appearances are grossly abnormal.

Figure 4.4

Cerebral vessel wall following normothermic circulatory arrest for 60 minutes 

followed by 60 minutes reperfusion.

The electron micrograph shows an area o f Figure 4.3 at higher magnification. An 

endothelial cell (E), smooth muscle cell (SM) and a pericyte (P) separate the vascular 

lumen from the perivascular space. The mitochondrion (M) visible in the perivascular 

space is clearly oedematously swollen. The nuclear chromatin o f the pericyte is clumped 

and peripherally positioned. The basal lamina (B) has irregular projections. Endothelial 

processes (EP) project into the vascular lumen. These may represent disintegration o f the 

endothelial cell as a result o f necrosis.
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Figure 4.5

Transverse section through a small cerebral arteriole following 60 minutes of DHCA 

without reperfusion (alpha-stat cooling).

The vessel is surrounded by oedema fluid within astrocyte foot processes (AsP). 

Mitochondria (M) are seen within the cytoplasm. The lumen appears completely occluded 

apart from a slit-like opening on the left side. The endothelial cell nucleus (N) is 

conspicuous and lobulated. The cytoplasm is dark, with few organelles. A junctional 

complex (J) is visible between two contiguous endothelial cells. A smooth muscle or 

pericyte cellular projection can be seen lying within the basal lamina (B) suggesting that 

the vessel is probably a pre-capillary arteriole. There is considerable vacuolation (Va) of 

the cytoplasm in the cells of the surrounding neuropil.

Figure 4.6

Transverse section through a cerebral arteriole following 60 minutes of DHCA with 

60 minutes reperfusion (alpha-stat cooling).

The vessel is collapsed. Marked perivascular oedema o f the astrocyte foot plates (AsP) 

surrounds the vessel. Large vacuoles (Va) are present in the neuropil. Numerous 

synapses (Sy) can be identified. On the outside of the endothelial cell the nucleus o f a 

smooth muscle cell (SM) is prominently situated. The cytoplasm o f the smooth muscle 

cell can be seen extending a short way around the vessel. The smooth muscle cell lies 

within a basal lamina (B) that separates the vascular elements from the glia limitans 

bounding the surrounding components o f the cerebral cortex. The endothelial cell thickens 

only thickens where the nucleus (N) occupies the cytoplasm. The endothelial cell 

cytoplasm is dark and shows few organelles apart from mitochondria (M). A junctional 

complex (J) is clearly visible. The overall impression was that the oedema was less after a 

period o f reperfusion than immediately following the arrest period.
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Figure 4.7

Transverse section through a capillary or small arteriole following 60 minutes of 

DHCA without reperfusion (pH-stat cooling).

Gross swelling of the astrocyte foot processes (AsP) result in the large pale area that 

surrounds the vessel. Dense mitochondria (M) with a highly osmiophilic mitochondrial 

matrix can be seen in the cytoplasm of these glial cells. The thin vascular endothelial cell 

(E) is only thickened where the lobulated nucleus (N) occupies the cytoplasm - a cellular 

process (CP) of either a pericyte or a smooth muscle cell appears to cap this nucleus. The 

basement membrane (B) demarcates the vascular and extravascular elements. Within the 

vessel lumen a red blood cell (RBC) is clearly visible. In the neuropil a large glial cell is 

prominent (G) and a considerable amount o f vacuolation (Va) is visible. Synaptic 

connections (Sy) are frequently seen. The features in this micrograph are very similar to 

those in Figure 4.5 when the alpha-stat strategy o f blood gas management was used during 

the cooling stage prior to DHCA.

Figure 4.8

Lumen, endothelial cell and perivascular space of a cerebral capillary following 60 

minutes of DHCA without reperfusion (alpha-stat cooling).

The vessel lumen is occupied by a red blood cell (RBC). Within the cytoplasm of the 

endothelial cell is a myelin figure (MF). This is a normal finding in an electron 

micrograph of the brain. Myelin figures are artifacts thought to develop during 

processing of the tissue. Rough endoplasmic reticulum (RER) is seen within the 

cytoplasm and the basement lamina (B) appears thickened. The perivascular space is 

abnormal with oedema o f the astrocyte foot processes (AsP) abutting the basement 

membrane. A swollen mitochondrion (M) and a lysosome (Ly) can be seen within the 

oedematous cytoplasm o f the astrocyte.
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Figure 4.9

Transverse section through a small arteriole or capillary following 60 minutes 

DHCA and intermittent perfusion for 2 minutes every 20 minutes.

The vessel wall is formed by thin endothelial cells (E) whose only site of thickening is 

where the nucleus is located (N). Mitochondria (M) are visible in the cytoplasm and 

typical junctional complexes (J) can be seen between contiguous endothelial cells. The 

darker part o f the junctional complexes situated towards the luminal end are the zonulae 

occludentes or tight junctions. The basement lamina is neither irregular nor thickened. 

The cellular process (CP) of either a pericyte or a smooth muscle cell can be seen outside 

the endothelial layer in three separate positions. The surrounding neuropil is extremely 

well fixed. There is no evidence o f swelling of the astrocyte foot processes or vacuoles 

within the cytoplasm of the glial or neural tissue. Two synapses are particularly well 

visualised (Sy). The overall impression is o f well fixed, normal looking cerebral vascular 

endothelium and surrounding neuropil.

Figure 4.10

Transverse section through a capillary or small arteriole following 60 minutes 

DHCA and intermittent perfusion for 2 minutes every 20 minutes.

This is a further example o f the remarkable difference intermittent perfusion made to a 

period of DHCA. The circular lumen of the vessel is surrounded by a thin endothelial 

layer, which thickens at the nucleus (N). Two junctional complexes (J) can be seen and a 

cell process (CP) o f a pericyte or smooth muscle cell lies interiorly. The basement lamina 

looks normal and beyond are non-oedematous astrocyte foot processes (AsP). The 

surrounding neuropil is within normal limits.
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Figure 4.11

Transverse section through a part of a capillary following 60 minutes DHCA and 

intermittent perfusion for 2 minutes every 20 minutes.

This higher magnification allows a portion o f a capillary endothelial cell and perivascular 

area to be seen in greater detail. The upper part o f the endothelial cell is not much wider 

than the adjacent basal lamina. The astrocyte foot processes (AsP), forming a continuous 

layer between the basement membrane (B) and the neural tissue, are normal. In the 

surrounding neuropil a neuronal process (NP) with cytoplasmic vesicles (Ve) can be seen 

centrally. There is no swelling o f the mitochondria (M) either in the endothelial cell or in 

the perivascular tissue. There is no morphological evidence o f an ischaemic injury.

Figure 4.12

Transverse section through a capillary or small arteriole containing a leukocyte 

following 60 minutes DHCA with intermittent perfusion.

This remarkable electron micrograph shows a small arteriole in transverse section. The 

thin endothelial cell surrounds the lumen and enlarges at the nucleus (N). A cellular 

process (CP) of a surrounding pericyte or smooth muscle cell can be seen in two 

positions. The basement lamina and surrounding neuropil are within normal limits. A 

myelin figure is seen interiorly (MF). A white cell is clearly visible within the lumen. 

As the vascular space was flushed through with at least 1.5L o f saline and fixative prior to 

analysis it is possible that adhesion may have taken place between the white cell and the 

endothelial cell. However, it is not possible to say this for certain at this magnification.
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DISCUSSION

A number of previous histological studies of the brain have been undertaken in the context 

of CPB, hypothermia and DHCA, predominantly with the use o f light microscopy. 

Hypothermia during CPB for example has been shown to  protect against some of the 

histological changes that develop during normothermic CPB (Laursen et a l, 1989). 

Following two hours o f normothermic CPB changes of cerebral oedema with dilatation of 

the pericapillary space and perivascular swelling o f the astrocytic endfeet were observed. 

These changes were not encountered in the hypothermic (27°C) CPB group. The absence 

of histological damage has also been used to help define the “safe” period of DHCA. The 

duration of DHCA without histological injury varies between studies from 30 to 120 

minutes (Almond et a l, 1964; Johnston et al., 1966). Ultrastructural evidence suggests 

that the maximum time o f DHCA without histopathological or neurophysiological 

sequelae should not exceed 70 minutes (Fessatidis et a l, 1993).

Some o f the previous histological studies have included a fairly detailed study of the 

neurological damage in different brain regions following DHCA (Mujsce et a l, 1993). 

Less attention, however, has been given to the possibility that ischaemia may injure the 

blood vessels with impairment o f flow and parenchymal damage occurring as secondary 

changes. Disturbances o f the cerebral circulation are a frequent precursor of neurological 

disorders as well as a cause of death. The capillary endothelium of the brain is a 

specialised tissue - much more than a semipermeable membrane between the blood and 

the neural tissue. It is a coherent coat assuring metabolic exchange between the blood and 

the nervous system (Cervos-Navarro et a l, 1983). Furthermore it is a highly active 

metabolic system which is regarded as an endocrine organ by some authors (Gryglewski 

et a l, 1988).
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This study has focused on the changes in morphological structure of the cerebral 

microcirculation after DHCA. The two initial experiments were undertaken to determine 

the appearance o f the cerebral vasculature following both a minimal and a maximal 

cerebral insult. The EM appearance following minimal insult provided a baseline for 

comparison in other experimental animals undergoing different perfusion strategies. A 

strategy aimed at producing maximal damage was also undertaken to provide comparative 

ultrastructural information for subsequent experiments. If no differences had been detected 

between these two initial experimental extremes, further EM studies would probably not 

have been worthwhile.

Although there are no electron microscopic studies of the cerebral microcirculatory bed 

after DHCA, the cerebral vascular response to normothermic ischaemia has been 

previously characterised (Pomfy and Huska, 1992). In this study 7 minutes o f total brain 

ischaemia at 37°C in dogs was followed by 24 hours o f reperfusion. Ischaemic damage o f 

the endothelial cells was characterised by a darkly osmiophilic cytoplasm and a 

conspicuous lobular nucleus with luminal obstruction. The basement membrane was 

thickened and there was marked oedema in the perivascular space. Similar features were 

seen in the normothermic ischaemic experiment in the current study, however the changes 

were more severe due to the increased duration o f ischaemia compared to the study by 

Pomfy et al.

The first two strategies in the reperfusion group were undertaken in an attempt to 

determine the timing o f the injury caused by DHCA. Two additional studies were 

subsequently undertaken in order to help differentiate between injury caused by ischaemia 

and that related to an increased duration of reperfusion. The damage was maximal 

immediately following the arrest period and seemed to improve with reperfusion. The 

improvement in EM appearance of the microvascular bed with reperfusion is consistent 

with the improvement in CBF seen with time following DHCA (Mezrow et al., 1994;
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Mezrow et al., 1992). In contrast to the vascular response, neuronal changes following an 

ischaemic insult may only become evident after a period o f reperfusion (Petito and 

Pulsinelli, 1984b). Ischaemic cerebral injury at normothermia for example, results in 

mitochondrial swelling within neurones that is reversible, and is no longer present after 2 

hours of reperfusion. Alterations in the Golgi apparatus, however, appear after 30 minutes 

o f reperfusion in those neurones irreversibly damaged. A period o f reperfusion is therefore 

essential for the identification of irreversibly damaged neurones. This property of the 

Golgi apparatus has been used to quantitate neuronal damage following DHCA (Scheller 

et al., 1992).

Oedema in the perivascular glial cells results from a failure of energy dependent 

membrane transport mechanisms. As metabolites o f anaerobic cellular respiration build 

up, the tissue osmolarity increases (Cantu et al., 1969) and water is drawn into the 

ischaemic cells by osmosis. Although it has been suggested that thickening o f the 

basement membrane acts as an obstacle to slow down the transfer o f certain substances 

from the blood to the brain tissue it is probably just a concomitant manifestation of 

cerebral oedema. The development o f perivascular oedema may explain the beneficial 

effects of modified ultrafiltration in improving cerebral metabolism following DHCA 

(Skaryak et al., 1995b).

The management of blood gases during the cooling stage prior to circulatory arrest has 

become a particularly controversial issue in recent years. The relative advantages and 

disadvantages o f the alpha-stat and pH-stat strategies are given in Chapter 1. The alpha- 

stat strategy is used almost exclusively in clinical practice. There is some evidence 

however that the pH-stat strategy (Aoki et al., 1993; Hiramatsu et al., 1995) or even a 

“cross-over” technique (Skaryak et al., 1993; Skaryak et al., 1995a) would be o f greater 

benefit. In the crossover technique the pH-stat strategy is used initially, changing to 

alpha-stat just before the arrest period. Two animals in this study underwent cooling
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using the pH-stat strategy. Figure 4.7 demonstrates that the use o f the pH-stat strategy 

results in significant ultrastructural damage. Qualitatively the changes are equally severe 

with either strategy. Further ultrastructural studies o f the cerebral microcirculation are 

therefore unlikely to be o f benefit in future studies comparing the two strategies.

The final experiment incorporated two periods of intermittent perfusion during 60 minutes 

o f DHCA. Figures 4.9 to 4.12 demonstrate that intermittent perfusion resulted in a 

remarkable improvement in ultrastructural appearance compared to all the other animals 

that underwent DHCA. Furthermore the findings were not noticeably different from the 

control animal that did not have an ischaemic insult. The finding that intermittent 

perfusion reduces the injury caused by DHCA is supported by two other studies (Mault et 

al., 1992; Miura et al., 1996). Both studies used an immature piglet model of DHCA. The 

earlier study demonstrated that when intermittent perfusion, for one minute every 15 

minutes, was used during a 60 minute period of DHCA at 18°C the CMRO2 was 

significantly improved, compared to the controls undergoing uninterrupted DHCA. 

Furthermore the sagittal sinus blood samples had a higher oxygen saturation and pH and a 

lower lactate level (Mault et al., 1992).

In the more recent study, neurobehavioral and histological outcomes were improved in 

piglets receiving intermittent blood perfusion during prolonged hypothermic circulatory 

arrest (Miura et al., 1996). The piglets underwent a 100 minute period o f DHCA at 15°C, 

and intermittent perfusion for 5minutes every 25 minutes at a flow of 50 ml.kg'\min'^ 

with either blood from the pump or a cold asanguineous blood substitute. Cerebral 

oxygenation was assessed with near infrared spectroscopy. It remained above baseline 

during the arrest period in the group perfused with pump blood and was significantly 

higher compared to both the group perfused with blood substitute or a control group with 

uninterrupted DHCA. In addition, a postoperative daily neurological evaluation and a
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neurohistological score were all better in the group perfused intermittently with pump 

blood compared to the other groups.

The current study is therefore the third study to demonstrate an improvement in cerebral 

recovery with the use of intermittent perfusion during DHCA. Interestingly all three 

studies have used different markers of cerebral injury. Intermittent perfusion during 

DHCA appears to preserve cerebral histology, the recovery o f cerebral metabolism and 

postoperative neurological deficit. It is a practical technique that offers substantial clinical 

application. Furthermore although the brain is the most susceptible organ to an ischaemic 

injury the use of intermittent perfusion during DHCA may be advantageous to other 

organs such as the lungs, kidneys and the gut.

The finding in the current study of improved cerebral microcirculatory ultrastructure when 

intermittent perfusion is used during DHCA, in conjunction with previous findings of 

improved cerebral metabolism (Mault et a l, 1992) suggest a correlation between brain 

structure and CMRO2 . As the CMRO2 can be monitored peroperatively using the xenon 

clearance technique (Greeley et al., 1989b) it may be an outstanding way to manage brain 

protection and predict structural damage in children undergoing correction of congenital 

cardiac defects.

Making conclusions and recommendations based solely on the current study is not without 

difficulty. Firstly only a small number o f vessels can realistically be visualised in an 

electron microscopic study and the changes observed have only been qualitatively 

assessed. Furthermore it is not possible to be certain that morphological signs of damage 

will continue to improve with reperfusion or whether they will deteriorate. More 

importantly, however, it is unknown what effects the damage would have if the animals 

were allowed to survive. With these points in mind, however, a number of conclusions 

can be drawn from this study, which has demonstrated for the first time the cerebral
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microcirculatory bed following DHCA. Firstly the microvascular injury that results from 

DHCA develops during ischaemia and improves with reperfusion. Secondly the strategy 

of blood gas management does not noticeably alter the ultrastructural response to 

ischaemia. Finally the use of intermittent perfusion during the arrest period results in a 

remarkable ultrastructural recovery.

119



CHAPTER 5

CHAPTER 5

DEEP HYPOTHERMIC CIRCULATORY ARREST AND THE 

NO-REFLOW PHENOMENON
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INTRODUCTION

The no-reflow phenomenon was first described in 1968 by Adelbert Ames at Harvard 

Medical School (Ames et al., 1968). Albino rabbits underwent periods of total cerebral 

ischaemia at normothermia followed by perfusion with colloidal carbon. Following 

coronal section of the brain, perfusion defects were visible as pale areas. As the duration 

of ischaemia was increased, the amount o f tissue affected by vascular obstruction 

increased. The presence of cerebral vascular occlusion following an ischaemic insult was 

termed the no-reflow phenomenon. A similar study in primates in which the brain was 

reperfused with colloidal carbon also revealed no-reflow areas that increased with the 

duration of ischaemia. This study also demonstrated that paracentral and anterior 

temporal cortices, putamen, thalamus and brainstem were mainly affected (Ginsberg and 

Myers, 1972).

Since the term no-reflow phenomenon was introduced it has often been misapplied; being 

used to describe a state o f reduced cerebral blood flow that follows ischaemia. In this 

situation however, the term post-ischaemic cerebral hypoperfusion syndrome should be 

used. Although the no-reflow phenomenon may account, at least in part, for cerebral 

hypoperfusion following ischaemia, cerebral hypoperfusion may have causes other than 

the no-reflow phenomenon. The two terms are not the same -  one is a pathological 

description, the other a pathophysiological event.

The concept of the no-reflow phenomenon has been a somewhat controversial issue. One 

study in rats concluded that the no-reflow phenomenon was purely a post mortem artifact 

observed in the presence of cardiopulmonary failure (de la Torre et al., 1992). There has 

only been one study on this subject in the context of cardiopulmonary bypass (CPB) 

(Norwood et al., 1979). This study has often been quoted as evidence that deep
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hypothermia prevents the no-reflow lesion from appearing. However, none o f the animals 

in this study actually underwent deep hypothermic circulatory arrest (DHCA).

There are still a number of unresolved issues in this area and the aim o f this study was to 

try to answer these. The first is whether DHCA really prevents no-reflow lesions from 

developing in the brain as claimed by Norwood et al (Norwood et al., 1979). Having 

determined this, it would be interesting to determine the effects of reperfusion. Clearly 

the question as to whether the no-reflow phenomenon is purely a post mortem artifact will 

be answered if suitable controls are included when addressing the above issues.

MATERIALS AND METHODS 

Determination And Visualisation Of Areas Of No-Reflow Following DHCA.

Since the early studies on the no-reflow phenomenon there has been a considerable 

advance in both techniques and imaging in the field o f cerebral blood flow determination. 

In view o f this it was initially hoped that some of these might be applicable to 

determination and visualisation o f no-reflow lesions in this study. In the process of 

designing a suitable model for this study, firstly autoradiography with carbon-14 labeled 

iodoantipyrine and subsequently fluorescent-labeled microspheres were both considered 

and attempted.

[14C] Iodoantipyrine

The use o f [14C] iodoantipyrine (LAP) for the determination of regional cerebral blood 

flow was first described in 1978 (Sakurada et al., 1978). The lAP molecule is able to 

diffuse relatively easily through the blood brain barrier. Following injection o f lAP the 

brain is removed, flash frozen in liquid nitrogen and sliced into 20pm thick sections using
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a cryostat. The cut sections are placed on an X-ray plate and the film subsequently 

developed (autoradiography). The picture can then be digitised, thereby enabling 

quantitation o f global and regional blood flow to the brain.

Unfortunately postmortem difiusion o f lAP can distort the image of cerebral blood flow. 

This can occur in at least three steps; from decapitation until the brain is frozen, while 

fi-ozen sections are thawed, and when dried sections are applied to x-ray film. As the size 

o f the animal gets smaller the importance o f the errors increase (Jay et al., 1988). 

Immediate freezing of the brain after decapitation prevents diffusion o f TAP from regions 

o f high blood flow to regions of lower blood flow and underestimations of blood flow in 

regions with high blood flow (Williams et al., 1991). The drying time of the thawed 

sections can be markedly reduced by blowing hot air across the sections on a hot plate, 

resulting in clearer images on autoradiography. (Hatakeyama et al., 1992). The TAP 

method has been used successfully in the monkey, dog, cat, and rat and the mouse.

Having established a potentially suitable technique for quantitation of the no-reflow 

lesion, attention was turned to the practical experimental details. A large number of 

experiments, not involving the brain, were in progress in the cardiac research laboratories 

at Duke University during the early stages of this study. Once the original study was over 

and the animal had been sacrificed it was possible to undertake a number o f feasibility 

studies on these animals.

Initially removal o f  the brain was timed, and after a number of practice attempts it was 

possible to remove the brain without damage in less than two minutes. Unfortunately it 

was not possible to immerse the brain in liquid nitrogen without considerable deformation 

to its shape. It was therefore decided to attempt to simply decapitate the animal with a 

guillotine and immerse the entire head in liquid nitrogen. Although this technique was 

successful it was not without risk and it subsequently proved impossible to remove the
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frozen brain without damage. A final technique was developed which involved rapidly 

removing the brain, coating the floor of the skull with silicone gel, then placing the brain 

back in the skull to maintain its shape during flash freezing in liquid nitrogen. It was then 

fairly simple to remove the frozen brain, which had kept its anatomical shape, from the 

skull.

The frozen brain required slicing into sections using a cryostat, however, the specimen 

was too large to be sectioned in any o f the cryostats at Duke. The average width of a one 

week old neonatal piglet brain is about 4cms and the largest cryostat available at Duke 

could only take specimens 2cm wide. After extensive investigation a veterinary college in 

Colorado agreed to help and plans were made to send the specimens on dry ice. Just prior 

to commencing the studies, however, it materialised that considerable delays in the 

processing would mean that the specimens would not be ready for autoradiographical 

analysis until after my year at Duke had finished. The decision was therefore taken to 

abandon the idea of using lAP and autoradiography in this study.

Fluorescent Microspheres

In the late 1980s and early 1990s the first reports appeared in which coloured, non

radioactive microspheres were used to determine organ blood flow (Hale et al., 1988; 

Kowallik et al., 1991). The principles for the use of coloured microspheres for the 

determination o f organ blood flow are exactly the same as those described in Chapter 2 for 

the radiolabeled microspheres. The coloured labels have different excitation frequencies 

and this property allows detection in either a spectrophotometer or a fluorometer. By 

using microspheres labeled with different dyes, organ blood flow can be determined at 

two or more time points during a study.
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By selecting micro spheres labeled with a fluorescent dye it was hoped that following 

coronal section o f the brain, areas o f flow would fluoresce under ultraviolet light and that 

areas o f no-reflow would not fluoresce. A very dramatic visual representation of the no

reflow phenomenon could therefore be created. A pilot study was undertaken in a 

neonatal piglet. Shortly following institution of cardiopulmonary bypass (CPB) 2 million 

fluorescent microspheres were injected into the CPB circuit 30 cms proximal to the tip of 

the aortic cannula. The microspheres chosen were labeled with a yellow-green fluorescent 

dye with an excitation frequency o f 505-515 nm. They were 15|Lim in diameter and in a 

concentration of 1 million microspheres per ml (FluoSpheres®, Molecular Probes Inc., 

Oregon, USA).

The brain was removed, coronally sliced and visualised under a W ood’s ultraviolet lamp. 

Although a small amount of fluorescence was detected on the surface of the coronal 

sections, the overall effect was very disappointing and unfortunately would not have been 

suitable as an effective model in this study. The reasons for this are not understood, 

however it is possible that the number of microspheres used was too small or that the high 

content of myelin within the brain interfered with the absorption and excitation process. 

The number o f microspheres used in the pilot study was already twice that needed for 

quantitation of CBF as described in Chapter 2. A further large increase in the number of 

microspheres used could not be financially justified.

Carbon Black Perfusion

Ames original study describing the no-reflow phenomenon used a suspension of colloidal 

carbon to delineate areas of perfusion in the brain. The regions o f the brain the carbon 

failed to perfuse stood out as white areas. (Ames et al., 1968). The carbon suspension was
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prepared especially for biological use and unlike India ink, was free from shellac which 

had been found to promote clotting (Halpern et al., 1953).

Since Ames’ paper, the carbon perfusion technique has been applied to a variety o f organs 

in a number o f different experimental models. These include the elucidation o f the 

pathogenetic role of the no-flow phenomenon in subarachnoid haemorrhage (Asano and 

Sano, 1977) and the mechanism of capillary occlusion ischaemic myocardium (Engler et 

al., 1983). In addition the only study to date on the no-reflow phenomenon in the context 

o f CPB used this technique (Norwood et al., 1979).

Since the advent of autoradiography for the determination of cerebral blood flow the use 

o f carbon black perfusion has decreased. Although the carbon technique is relatively 

unsophisticated is has a number of advantages pertinent to this study. Primarily it is 

relatively simple with less chance for experimental error than with autoradiography; it is 

also inexpensive. In addition it was the technique used by Norwood et al in their study 

claiming that DHCA prevented the no-reflow lesion appearing (Norwood et al., 1979).

The carbon black used for the studies in this chapter was black India-pigmented ink used 

for writing on acetates for overhead projection (Koh-I-Noor® Inc., Bloomsbury, NJ, USA). 

The constituents o f the ink were roughly 10% carbon black, 75-80% water, 2% acrylic 

resin, less than 2% ethylene glycol and morpholine and 1% isopropyl alcohol 

(manufacturers specifications). The carbon black solution was supplied in small bottles 

containing 22 mis. The contents of one bottle were added to one litre of normal saline 

before the start o f each individual study. Prior to undertaking the first study a sample o f 

the prepared solution was viewed under electron microscopy. There was no evidence of 

particulate clumping and the average diameter o f the carbon particles was measured at 70 

nm.
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Experimental Preparation

Eleven neonatal De Kelb piglets, one week o f age and each weighing between 2.0 kg and 

3.0 kg were anaesthetised and prepared as described in Chapter 3. All animals were 

cannulated for CPB and normothermic perfusion was commenced at a flow o f 120 ml.kg' 

\m in '\  Following stabilisation on CPB each animal underwent one o f the following 

different perfusion strategies.

Control Group

Piglets 1 and 3: Warm perfusion - 60 minutes normothermic CPB without DHCA.

Piglet 2: Warm ischaemia - 60 minutes of circulatory arrest at normothermia followed by 

60 minutes reperfusion.

Experimental Group

Piglets 4 and 5: DHCA without reperfusion - 60 minutes circulatoiy arrest at 18°C without 

reperfusion and rewarming.

Piglets 6 and 7: DHCA with 60 minutes reperfusion - 60 minutes circulatory arrest at 

18°C with 60 minutes reperfusion and rewarming.

Piglets 8 and 9: DHCA with 5 minutes reperfusion -  60 minutes circulatory arrest at 18°C 

with 5 minutes reperfusion and rewarming.

Piglets 10 and 11: DHCA with 30 minutes reperfusion -  60 minutes circulatory arrest at 

18°C with 30 minutes reperfusion and rewarming.
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Experimental Conditions

Throughout the study period in all animals, Pa02  was kept between 150-250 mmHg, 

PaCOi between 35-45 mmHg, arterial pH between 7.35-7.45 and haematocrit between 23- 

28%. The blood gases were not corrected for temperature during the cooling phase before 

DHCA (alpha-stat management). When necessary an appropriate dose o f sodium 

bicarbonate was administered to correct for metabolic acidosis.

Infusion O f The Brain With Carbon Black Solution.

At the end o f the period of ischaemia and reperfusion described above for each animal the 

clamp on the bridge o f the CPB circuit was released and the blood drained out of the 

animal into the venous reservoir. Following exsanguination, the aortic cannula was first 

clamped to prevent air entering the circuit, and then disconnected from the 

cardiopulmonary bypass circuit. The aortic cannula was then connected to the stem of a Y 

connecting tube. A one litre bag of heparinised normal saline was attached to one arm of 

the Y connecting tube and a one litre bag of normal saline containing 22 mis carbon black 

(Koh-I-Noor®, Bloomsbury NJ) solution attached to  the other arm. Great care was taken 

to insure that no air entered the circuit during this process.

An infusion pressure bag around the heparinised saline was inflated to maintain a constant 

cerebral perfusion pressure (CPP) of 50 mmHg during the infusion. The difference 

between the pressure in the descending aorta and the sagittal sinus venous pressure was 

used to determine the CPP. The infusate returning to the right atrium was drained out of 

the venous cannula into a plastic container for disposal.
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In order to flush out any residual blood cells and plasma from the vascular space, one litre 

of heparinised normal saline (10,000 lU  heparin sulphate/L) was infused via the aortic 

cannula. The infusion was continued until the colour of the returning fluid had changed 

from red to almost colourless At this time the infusion o f heparinised saline was stopped 

and the infusion of India ink commenced, again at an infusion pressure that resulted in a 

CPP of 50 mmHg. Following infusion o f 1.0 L o f India ink, the aortic and venous 

cannulae were removed and the brain removed from the skull as described in Chapter 3.

Visualisation And Quantitation Of The Areas O f No-Reflow In The Brain

Immediately following removal from the cranial cavity the brain was placed in a freezer at 

-30°C for 20 minutes. The lack of a connective tissue framework in the brain makes 

cerebral tissue, when fresh, much more difficult to handle when compared to other organs 

such as the liver or spleen. Earlier attempts to slice the brain removed from another piglet, 

which had been used for a pulmonary study in our laboratory, were extremely 

unsuccessful due to the tendency of the brain to squash and collapse when cut. Cooling 

down of the brain was found to firm up the tissue, thereby making it easier to cut. Using a 

razor blade the brain was sliced into six coronal slices, each about 10 mm thick.

Reference points on the ventral surface o f the brain for the slices were;

1. midpoint o f the cerebellum

2. anterior border of the pons

3. anterior aspect of the mamillary bodies

4. one third of the way between the anterior aspect o f the mamillary bodies and the tip of 

the frontal lobe

5. two thirds o f the way between the anterior aspect o f the mamillary bodies and the tip 

of the frontal lobe
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The frontal surface of each brain slice was photographed. The perfused areas appeared 

dark grey, the portions of tissue not reached by the carbon stood out as pale areas. The size 

of the pale area on each slice was measured by digitally sampling the individual 

photographs with a video camera controlled by an image analyser (M2 Turnkey System, 

Imaging Research Inc., St. Catharines, Ontario, Canada). The image of each section was 

stored as a 1024 x 1024 matrix o f calibrated pixel units. The digitised image was then 

displayed on a video screen. The areas o f no-reflow were outlined individually using an 

operator-controlled cursor. The areas o f no-reflow were determined automatically by 

counting pixels contained within the outlined regions of interest. The sum of the areas 

occupied by white nonperfused brain was determined and expressed as a percentage of 

each slice. The average percentage of the six slices o f brain was recorded for each animal.

RESULTS 

Carbon Perfusion Following Warm CPB

Carbon perfused brain was present in 100% of the slice area in all slices from these 

control animals with no evidence of the no-reflow phenomenon (Figure 5.1). A section of 

one of the specimens was cleared in glycerol for histological examination. A vibratome 

was used to take sections 100 microns thick and an Olympus Vamox® AHZ 

photomicroscope was used to obtain photomicrographs. Photomicrographs were taken 

using a lOx Olympus Plan Apo objective, initially with a 2.Ox photo lens to give an 

overall magnification of x20 (Figure 5.7a), and then with a 4x photo lens giving a total 

overall magnification o f x40 (Figure 5.7b). Carbon reached practically all the vessels, 

even the finest (Figure 5.7). Since the carbon had been injected after exsanguination and 

then a 1.0 L infusion of normal saline, it filled the capillaries without mixing with blood.
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The capillaries contained a thin black thread, uninterrupted by blood cells. This provided 

further evidence that the technique was appropriate for the current study.

Carbon Perfusion Following Normothermic Or Hypothermic Ischaemia

The perfusion defects were obvious in all brains that had undergone a period o f ischaemia. 

The lesions were most dramatic in the animal that had 1 hour o f ischaemia at 37°C 

followed by 1 hour of reperfusion (Figure 5.2).

Following DHCA the no-reflow phenomenon was still evident. In the animals that 

underwent DHCA without reperfusion the cut surface o f all the sections was very pale 

(Figure 5.3). Digital planimetry determined the mean area o f no-reflow in the six slices 

to be 83.6% in one animal and 77.5% in the other. After 5 minutes reperfusion the areas 

o f no-reflow were 64.8% and 53.9% (Figure 5.4). With increasing periods o f reperfusion 

the areas of no-reflow became more distinct and also smaller in size. In the two animals 

that were reperfused for 30 minutes the areas of no-reflow were 21.6% and 12.3%. 

Distinct areas o f no-reflow were still clearly visible after 60 minutes of reperfusion 

(Figure 5.5). The percentage area affected by no-reflow was 10.5% and 2.9% in these two 

animals. In addition to a reduction in the area of no-reflow, the carbon-perfused areas 

became darker with increasing reperfusion. A comparison of a brain slice from a normal 

control and three animals that underwent DHCA with zero, five and sixty minutes 

reperfusion is shown in Figure 5.6.

Linear regression analysis revealed a significant improvement in carbon perfused area 

with increasing reperfusion time (p<0.01). The carbon perfused area increased by 1.2% 

per minute of reperfusion (Figure 5.8). Extrapolation o f the regression curve
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demonstrated that after 20 minutes o f reperftision almost 50% o f the brain was not 

perfused, and after 40 minutes over 20% was still not reperfused.

DISCUSSION

Despite the widespread use o f DHCA since the early 1970s, very little is known about the 

cerebral response to hypothermic ischaemia and reperfusion in terms of the no-reflow 

phenomenon. This is perhaps due to the conclusions drawn from a study by Norwood et 

al (Norwood et al., 1979). They suggested that hypothermic arrest prevented the no-reflow 

phenomenon from developing, even though no animals in their series actually underwent 

DHCA. The study consisted o f six groups of animals with five o f the groups subjected to 

anoxia at different temperatures and pH. One group did undergo circulatory arrest but this 

was at normothermia. Somewhat surprisingly this is the only study in the literature on the 

subject of the no-reflow phenomenon in the context o f CPB.

It has been known since the late 1980s that in the recovery period following DHCA 

cerebral blood flow is reduced (Greeley et al., 1989b). This has been demonstrated in 

children and also in a variety of animal species (Greeley et al., 1989a; Tsui et al., 1996). 

In one study in dogs the CBF did not return to normal until eight hours following DHCA 

(Mezrow et al., 1994). The reduction in CBF following DHCA may result in further 

ischaemic injury because o f the imbalance between the demand and supply of oxygen 

(Mezrow et al., 1994; Mezrow et al., 1992).

In the current study the initial control experiments were undertaken to determine whether 

perfusion with acetate ink would be an appropriate experimental model. The appearance 

o f the brain following one hour of normothermic CPB provided a baseline for comparison
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in other experimental animals undergoing different perfusion strategies. The carbon 

perfused uniformly with no perfusion defects observed in any of the sections. This was 

certainly expected as the carbon particles, at 70 nm in size, would be expected to perfuse 

all but the smallest of cerebral capillaries (Fischer et al., 1977). The findings following 

normothermic perfusion concur with Norwood et al who found complete and even 

distribution of colloidal carbon after two hours of CPB at 37°C (Norwood et al., 1979). In 

contrast normothermic ischaemia resulted in evidence of the no-reflow phenomenon in all 

sections. These first studies established that the technique was capable of demonstrating 

both normal perfusion and the no-reflow phenomenon.

The subsequent studies all incorporated one hour o f DHCA with various periods of 

reperfusion. The no-reflow phenomenon was maximal immediately following DHCA but 

decreased with increasing reperfusion. Despite significant improvement with time, no

reflow lesions were still evident following 60 minutes o f reperfusion. In addition to a 

reduction in the areas o f no-reflow, the areas o f perfused brain became darker as 

reperfusion time increased. This suggests global hypoperfusion following DHCA in 

addition to a complete obstruction in the areas o f no-reflow.

The findings in this study appear to contradict the conclusions drawn by Norwood et al 

that DHCA prevents the no-reflow phenomenon (Norwood et al., 1979). In addition, the 

suggestion by de la Torre et al that the no-reflow phenomenon is purely a post mortem 

artifact is not corroborated by this study (de la Torre et al., 1992). In their study the no

reflow phenomenon was only demonstrated in animals that underwent thoracotomy and 

arterial (aortic or carotid) injection of carbon black. It was not demonstrated in any 

animals undergoing intravenous injection of carbon, whether they had been subject to a 

period o f ischaemia or not. The route of injection, however, may account for the 

differences observed. Following intravenous injection the larger carbon particles may 

have been trapped in the lungs with the smaller particles passing through thereby resulting
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in uniform perfusion in the brain. No mention was given to the type and size of the 

carbon particles used in this study.

Other studies in rats, have also described a homogeneous perfusion following periods of 

cerebral ischaemia (Pulsinelli et al., 1982; Theilen et al., 1993). The ischaemic models 

used, however, include carotid arterial ligation in combination with haemorrhagic 

hypotension. The apparently different response o f the brain to ischaemia and the 

development o f the no-reflow phenomenon may relate to the experimental model used. 

Relatively few studies have investigated the no-reflow phenomenon after cardiac arrest, 

despite this being the most frequent reason for global cerebral ischaemia under clinical 

conditions. Stroke models incorporate selective vascular occlusion resulting in either 

complete or incomplete cerebral ischaemia. Experimental models of cardiac arrest, 

however, result in global or “whole body” ischaemia.

Following cardiac arrest in dogs extensive areas of no-reflow were seen after resuscitation 

from 12 minutes of cerebral ischaemia (Lin, 1975; Lin and Kormano, 1977). Cerebral 

blood flow was restored in arterioles within one hour of reperfusion, but capillary filling 

remained disturbed even after four hours o f resuscitation. Interestingly in a canine model 

of DHCA the cerebral blood flow remained depressed four hours following the arrest 

period (Mezrow et al., 1992). A more recent study has also demonstrated that 

normothermic cardiac arrest is consistently complicated by the no-reflow phenomenon 

(Fischer and Hossmann, 1995).

An explanation as to why there was is a difference in the development of the no-reflow 

phenomenon between animals undergoing cardiac arrest and those undergoing incomplete 

cerebral ischaemia has been given by Fischer et al (Fischer and Hossmann, 1995). They 

suggested that the complete cerebral ischaemia resulting from cardiac arrest causes an 

increase in blood viscosity as water shifts along the osmotic gradient created by the build
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U p  o f intracellular osmotically active particles during ischaemia (Hossmann and Takagi, 

1976). Reperfusion in the presence o f increased blood viscosity can only be achieved by a 

high reperfusion pressure, which is difficult to achieve by conventional cardiovascular 

resuscitation procedures. After complete selective brain ischaemia, the viscosity changes 

of blood are the same but the reperfusion pressure of the brain is higher because the heart 

is not damaged. In addition, in models of incomplete ischaemia which did not 

demonstrate the no-reflow phenomenon (Pulsinelli et al., 1982; Theilen et al., 1993), there 

is a lesser increase in the blood viscosity because moving blood particles do not aggregate 

and because the continuous influx of fluid prevents dehydration o f the blood.

The mechanism o f increased blood viscosity given by Fischer et al, however, cannot be 

used to explain the presence of the no-reflow phenomenon in this study. During the 

ischaemic period the blood is drained away from the animal into the venous reservoir of 

the CPB circuit. Water cannot therefore be drawn osmotically out of the vascular 

compartment in the same way. Furthermore it is the CPB pump, not the heart, that is 

responsible for the cerebral perfusion following ischaemia. The cerebral perfusion 

pressure -  calculated from the difference between the mean aortic and sagittal sinus 

venous pressures, determined the pump flow rate. The carbon perfusion was undertaken 

at a CPP o f 50 mmHg. The higher infusion pressures quoted in other studies where older 

or adult animals are used would be inappropriate in the neonatal piglet (Ginsberg and 

Myers, 1972; Norwood et al., 1979). The enormous pressure drop that develops from a 

pressurised infusion bag across the infusion tubing and cannula to the animal should also 

be considered when comparing infusion pressures between studies.

Despite considerable research, the mechanisms o f brain injury following ischaemia remain 

largely unknown. Early studies implicated swelling of the perivascular glial cells due to 

failure o f active sodium transport. The cellular swelling was thought to cause the 

complete luminal collapse observed (Chiang et al., 1968). Subsequently a reduction in
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capillary luminal size, rather than collapse, was observed under electron microscopy 

following 15 minutes of normothermic ischaemia in rabbits. This caused a shift in favour 

of either precapillary shunting or vascular constriction (Fischer et al., 1977). More 

recently, ultrastructural studies have demonstrated cerebral vascular spasm following 

cardiac arrest related global cerebral ischaemia (Wisniewski et al., 1995). Vascular 

endothelial factors have important effects in the cerebral circulation (Wahl and Schilling, 

1993). There is increasing evidence that suggests that increased vascular spasm is 

responsible, at least in part, for the reduction in CBF that follows DHCA. Antagonism of 

the vasoconstrictor thromboxane A: (Tsui et al., 1997) and stimulation of nitric oxide 

production with L-arginine (Hiramatsu et al., 1996; Tsui et al., 1996) both improve CBF 

following DHCA.

Perivascular oedema would also appear to be an important factor in the pathogenesis of 

the perfusion defect. This is consistent with studies o f the cerebral vasculature following 

ischaemia (Chiang et al., 1968; Pomfy and Huska, 1992) and also of the findings in 

Chapter 4. The mechanisms underlying the brain oedema that develops during ischaemia 

have been elucidated by Ito et al (Ito et al., 1979). They found that pure cytotoxic oedema 

developed during ischaemia and for some time after restoration o f cerebral blood flow, 

while the onset of vasogenic oedema occurred only after restoration of cerebral blood 

flow. Cerisoli et al consider postischaemic oedema to be one o f the most important 

mechanisms in cerebral no-reflow. Dexamethasone and frusemide were both found to 

improve postischaemic reperfusion (Cerisoli et a l, 1981). The development of cerebral 

oedema following DHCA would explain the improvement in CBF and cerebral 

metabolism seen when modified ultrafiltration is used during rewarming following the 

arrest period (Skaryak et a l, 1995b).

It has been suggested more recently that the microvascular occlusion that follows cerebral 

ischaemia and reperfusion is caused by activated leucocytes. Leucocyte capillary
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plugging was first shown to be associated with areas of no-reflow following reperflision of 

ischaemic myocardium (Engler et al., 1983). Subsequently, relatively extensive plugging 

o f capillaries and postcapillary venules by polymorphonuclear leucocytes has been 

demonstrated in the brain o f both rats and primates following an ischaemia and 

reperfusion injury, (del Zoppo et al., 1991; Garcia et al., 1994b).

If  parallels are drawn from experimental ischaemia at normothermia the mechanism for 

no-reflow is not necessarily straightforward and may involve a combination of 

perivascular oedema, vasoconstriction and leucocyte plugging. Complete occlusion of 

either a large number of small capillaries or a smaller number of larger vessels more 

proximally in the arterial tree would both result in the same macroscopic appearance of 

the no-reflow phenomenon. Similar pathological processes could account for both the no

reflow phenomenon and the changes observed in “perfused” tissue where pale grey areas 

became darker with increasing reperfusion. The difference in appearance is explained by 

the distribution of affected vessels within the brain. A much more diffuse pattern of 

vascular damage would account for the appearance in “perfused” areas. In contrast, 

damaged vessels in close topographical proximity would result in lesions characteristic of 

the no-reflow phenomenon. In both areas the changes improve with reperfusion.

Important differences must exist between the changes observed in normothermic 

ischaemia and those observed following DHCA because most patients do relatively well 

following DHCA whereas mortality is high following normothermic ischaemia. It is 

therefore perhaps invalid to draw conclusions about the no-reflow phenomenon after 

DHCA directly from findings on normothermic ischaemia. The next step in elucidation of 

the mechanism of the no-reflow phenomenon is a detailed histological study o f the 

cerebral vasculature following DHCA. One hopes this would demonstrate both the 

mechanism o f  vessel occlusion and the site of the occlusion within the arterial tree. Based 

on these findings a more directed approach could subsequently be adopted in the
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development of strategies to alleviate or modify the cerebrovascular and cerebral 

metabolic responses to DHCA.

In conclusion this study has demonstrated that DHCA does not prevent the no-reflow 

phenomenon. In fact there appear to be large areas of the brain that are not immediately 

reperfused following DHCA. The duration of circulatory arrest therefore extends beyond 

the planned time period in those areas of the brain that take longest to perfuse. How this 

correlates with potential for neurological injury needs further investigation.
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Legends for Figures 5.1 to 5.6

Figures 5.1 to 5.6 are all frontal views of coronal slices from carbon perfused brains. The 

difference relates to the strategy o f perfusion and arrest and the level in the brain that the 

slice was cut.

Figure 5.1

Normothermic CPB for 60 minutes with no ischaemia.

Figure 5.2

Normothermic arrest for 60 minutes followed by 60 minutes of reperfusion.

Figure 5.3

DHCA for 60 minutes with no reperfusion.

Figure 5.4

DHCA for 60 minutes with 5 minutes reperfusion.

Figure 5.5

DHCA for 60 minutes with 60 minutes reperfusion.

Figure 5.6

Slices at the same brain level in four different animals that underwent four different 

perfusion management strategies:

a) Normothermic CPB for 60 minutes with no ischaemia.

b) DHCA for 60 minutes with no reperfusion.

c) DHCA for 60 minutes with 5 minutes reperfusion.

d) DHCA for 60 minutes with 60 minutes reperfusion.
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Figure 5.7

Complete filling of cerebral vasculature with carbon black following 60 

minutes of normothermic CPB.

a. Original magnification x 20

b. Original magnification x 40
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Figure 5.8

Linear regression analysis of carbon perfused brains in the eight animals that 

underwent DHCA.
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The equation o f the line (y = wx + gives a slope {m) o f 1.2 and an intercept on the y- 

axis o f  31.1%. This means there is a 1.2 % improvement in carbon perfusion per minute 

of reperfusion. The area o f reperfusion significantly improves with time (p<0.01).
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CHAPTER 6

THE EFFECTS OF LEUCOCYTE DEPLETION ON 

CEREBRAL RECOVERY FOLLOWING DHCA
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INTRODUCTION

Although neutrophils were first seen in human cerebral infarcts over ten years ago 

(Hallenbeck et al., 1986; Pozzilli et al., 1985) it is only fairly recently that their 

contribution to reperflision brain injury has been appreciated. Neutrophils are usually the 

first exogenous cells to infiltrate the ischaemic brain. They contribute to the development 

o f ischaemia by increasing capillary plugging, reducing cerebromicrovascular blood flow 

and increasing vascular permeability (del Zoppo, 1997; Feuerstein et al., 1994). In 

addition neutrophils infiltrate the brain parenchyma and damage neurones and glial cells. 

Neutrophil secretion of oxygen free radicals, cytokines, proteases and lipid derived 

mediators such as arachidonic acid and leukotrienes contribute to the cerebral injury 

which results from a period of cerebral ischaemia and reperflision.

The importance of neutrophils in cerebral ischaemic damage began to emerge following a 

number o f studies in the early 1990s, which showed a reduction in neuronal injury 

following ischaemia in neutropenic animals. Immunodepletion o f neutrophils can reduce 

the cerebral infarct size following middle cerebral artery occlusion (Connolly et al., 1996; 

Matsuo et al., 1994a). In addition neutropenia, caused by monoclonal antineutrophil 

serum, results in significantly reduced cerebral oedema after cerebral ischaemia (Matsuo 

et al., 1994a; Shiga et al., 1991). Other studies have shown improved cerebral blood flow 

(CBF) and reduced neurological deficit with neutropenia (Connolly et al., 1996).

The LeukoGuard 6 (LG6) filter consists of a 40-micron screen filter for removal of 

microaggregates and an autoventing gross and micro air-separating chamber. In addition 

it contains a depth filter of non-woven polyester fibre to remove leucocytes (Allen, 1996). 

Initial in vitro studies with the LG6 filter using bovine blood showed a 50% total 

leucocyte reduction and a 70% neutrophil depletion rate over a 90 minute perfusion period 

with both pulsatile (Gourlay et al., 1992b) and non-pulsatile (Gourlay et al., 1992a) 

perfusion. In another in vitro study during one hour of simulated CPB the mean reduction
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in white cell count across the filter was 45% and the reduction of neutrophils was 70%. 

Furthermore the filter diminished the average expression o f cellular markers for neutrophil 

activation (i.e. CD 11b, CD45Ro, CD67 and L selectin) by approximately 20% after one 

hour CPB compared to the control (Thurlow et al., 1995).

Clinical evaluation of this filter has produced mixed results and similar levels of leucocyte 

depletion have not been achieved in vivo. During CPB most studies have shown little 

difference in leucocyte or neutrophil counts using leucocyte depletion filters compared 

with a standard 40-micron filter. Some studies, however, have shown attenuation of the 

usual postoperative leucocytosis due to a reduction in neutrophils alone ̂ Johnson et al., 

1995a; Palanzo et al., 1993). The clinical outcome has also varied considerably between 

studies from those concluding that leucocyte depletion should be used routinely in all 

children undergoing operations for cyanotic heart disease or extracorporeal membrane 

oxygenation (Bolling et al., 1997), to those which showed no benefit (Englander and 

Cardarelli, 1995; Lust et al., 1996).

There appear to be no previous studies in which markers o f acute cerebral impairment 

have been used to investigate the effects of leucocyte depletion during CPB. It is now 

well established that neutrophils contribute to injury resulting from cerebral ischaemia. 

The aim o f the current study was to determine the effects o f an LG6 filter on cerebral 

recovery following deep hypothermic circulatory arrest (DHCA). The null hypothesis for 

this study is that incorporation o f an in-line LG6 filter in the arterial side of the CPB 

circuit does not effect cerebral blood flow and metabolism following 60 minutes of 

DHCA in the neonatal piglet.
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MATERIALS AND METHODS 

Experimental Preparation and Conditions

Sixteen neonatal De Kelb piglets were anaesthetised and prepared as described in Chapter

3. The only additional procedure was insertion of a 22 gauge plastic catheter into the left 

atrium via the left atrial appendage. The animals were randomised into two groups with 

eight animals in each group. In the study group a LeukoGuard-6 (LG6) leucocyte 

depletion arterial blood filter (Pall Biomedical Products Corporation, East Hills, NY. 

USA) was placed in the arterial side of the cardiopulmonary bypass (CPB) circuit prior to 

priming. The filter was sited distal to the membrane oxygenator and about 5 feet proximal 

to the aortic cannula. The control group underwent CPB without a leucocyte-depleting 

filter in the bypass circuit.

All animals were cannulated for CPB and at twenty minutes following the end of 

instrumentation microspheres were injected via the left atrial catheter for the pre-CPB 

cerebral blood flow (CBF) measurement. Following collection o f the reference blood 

sample normothermic perfusion was commenced at 120 m l.kg'\m in"\ Once the animals 

were stabilised, the pump flow rate was adjusted to provide and maintain a constant 

cerebral perfusion pressure (CPP) o f 50 mmHg for 15 minutes. The pre-DHCA 

measurement was performed, the pump flow rate was returned to 120 mg.kg"\min"^ and 

the mean arterial pressure (MAP) was allowed to drift.

All the animals were cooled to a nasopharyngeal temperature o f 16-18®C over 20 minutes 

using the alpha-stat strategy. The circulation was arrested and the animal drained. 

Following 60 minutes o f DHCA, circulation was recommenced at 120 mg.kg'\min'^ and 

the animal rewarmed. After 45 minutes of rewarming, the pump flow rate was again
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adjusted to maintain a CPP o f 50 mmHg. When the animal had been rewarmed for a total 

of 60 minutes the third CBF measurement was performed.

Throughout the study period in all animals, PaCO: was kept between 35-45 mmHg, PaO: 

between 150-250 mmHg, pH between 7.35-7.45 and haematocrit between 23 and 28%. 

When necessary, an appropriate dose o f sodium bicarbonate was administered to correct 

for metabolic acidosis.

Data Collection

CBF measurements were made with radioactive microspheres using the reference blood 

sample technique for calculations o f global and regional CBF (Chapter 3). Arterial and 

sagittal sinus venous blood samples were taken just prior to each microsphere injection for 

estimation of PO 2 , PCO2 , pH, base excess and oxygen saturation. Haemoglobin and 

haematocrit levels were measured from arterial blood samples. Mean arterial pressure 

(MAP), right atrial pressure (RAP), sagittal sinus venous pressure (SSVP), 

nasopharyngeal temperature and pump flow rate were also recorded at these times.

Upon completion o f the experiments, the animals were euthanised. The brain and kidneys 

were removed and processed for analysis o f regional radioactivity in a gamma counter 

together with the reference blood samples.

DATA ANALYSIS

All the results were entered into an ‘IBM compatible’ Microsoft Excel 97 spreadsheet 

(Microsoft® Corporation, Redmond, Washington) for further analysis. Repeating formulae 

were set up to calculate the mean and standard error of the mean for all data collected in
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each animal. Further repeating formulae were programmed for calculation o f the CBF, 

CDO2 , CEO 2 , CMRO2 and the percentage change between these, prior to CPB and before 

and after DHCA in each animal.

A repeated measures multivariate analysis of variance (MANOVA) (SAS Institute Inc. 

Cary, NC, USA) was used to compare variable means within each group. When the 

W ilks’ Lambda statistic resulted in a p-value < 0.05 multiple paired comparisons were 

made with a paired samples t-test to better identify the source of the difference. Repeating 

formulae were programmed into the Excel spreadsheet for this. The Wilks’ Lambda is a 

multivariate test statistic that is used to test general multivariate analysis o f variance.

A factorial model analysis o f variance (ANOVA) was used to compare percentage 

reductions o f blood flow to different brain regions following DHCA. Individual 

comparisons between regional means were performed with an unpaired (independent 

samples t-test). An unpaired t-test was also used to compare variable means between the 

groups and to compare relative (percent) change in CBF, CDO2 , and CMR02. Again a p 

value less than 0.05 was considered significant.

The spreadsheet had a total o f 156 columns and was therefore too large to print in full. 

The full results for each individual animal, however, are included in an Excel spreadsheet 

file, which is saved on the 3.5-inch diskette located in the pocket on the inside cover at the 

back o f this dissertation. The file is called Pall.xls is saved in a format that should be 

accessible for all versions o f Microsoft Excel from version 5.0 onwards. Individual results 

for the control animals are in green type, those for the Pall group are in brown. The 

MANOVA p-value is typed in red. For all t tests, if the p value is significant it appears in 

light blue type, when it is not significant the p value is in dark blue. This convention is 

adopted for the t-test results in all the subsequent chapters.
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A number of the column header cells in the spreadsheet have “comments” attached to the 

cell which are denoted by a small red triangle in the top right comer o f the cell. These are 

included to help with the understanding o f the derivation of the CBF, CVR, CDO2  and 

CMRO2 whilst reviewing the data in the spreadsheet. If the cursor is placed over one of 

these cells, the comment will be displayed.

By clicking on a ‘cell’ in the spreadsheet the formula on which the cell result is based 

appears in the “formula bar” at the top of the spreadsheet. For example by placing the 

cursor over the cell FB5 and clicking the left mouse button, the formula will be displayed 

in the formula bar for the calculation of the CMRO2 before DHCA in study animal 3. (If 

the formula bar is not displayed click the View option on the menu bar and make sure 

there is a tick beside the ‘Formula Bar’ option.)

A summary o f the full results from the spreadsheet is given in Tables 6.1 to 6.4. All the 

results in the tables are reported as the mean ± one standard error o f the mean.

RESULTS

The mean weight of the piglets was 2.3 ± 0.0 kg in the control group and 2.4 ±0.1 kg in 

the LG6 filter group. The difference was not statistically significant (p=0.2).

Haemodynamic data

All the haemodynamic data are summarised in Table 6.1. No difference was detected in 

mean arterial pressure, sagittal sinus venous pressure, cerebral perfusion pressure or 

nasopharyngeal temperature either within or between the two groups.
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At the commencement o f CPB in the control group the RAP fell from 2.3 ± 0.2 mmHg to 

0.2 ± 0.0 mmHg (p=0.0001). The SVR did not change significantly and the pump flow 

was not significantly different from the pre-CPB cardiac output. Following 60 minutes of 

DHCA and 60 minutes rewarming the RAP was not significantly changed from the pre- 

DHCA level on CPB. The SVR dropped significantly from 0.46 ± 0.03 

mmHg.lOOgm.min.ml'^ pre DHCA to 0.35 ± 0.02 mmHg.lOOgm.min.ml'^ post DHCA 

(p=0.01). As a result o f this the pump flow increased from 131 ± 8 ml.kg'\min'^ pre- 

DHCA to 168 ± 8 ml.kg'\min'^ post-DHCA (p=0.01).

In the LG6 filter group the pattern was similar. The RAP fell at the commencement of 

CPB (p=0.00004) and the SVR and pump flow were unchanged. Following DHCA the 

RAP was still significantly lower than the pre-CPB level (p=0.00003), but the SVR had 

dropped (p=0.02) and consequently the pump flow was increased (p=0.02) to maintain the 

preset CPP of 50 mmHg.

Blood Sample Analysis

The results o f all blood sample analysis are listed in Table 6.2. Arterial blood gases were 

within preset limits at all times. In both the control and the LG6 filter group the 

haemoglobin and haematocrit dropped significantly at the commencement of CPB 

(p<0.001). They remained significantly lower than the pre-CPB level after the 60-minute 

period o f DHCA (p<0.0001) but were not significant difference from the levels on CPB 

before DHCA (p>0.4).

In the control group there was no significant change in Pss02, SssO:, PssC02 or SSpH at 

the commencement of CPB. Following DHCA however, the Pss02 fell from 27.1 ± 0.9
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mmHg to 23.3 ± 0.6 mmHg and the SssOz fell from 42.7 ± 2.3% to 26.0 ±  1.9%. These 

values were significantly lower than both the pre-CPB and the pre-DHCA levels (p<0.02). 

The ?ssC02 increased following DHCA from 63.6 ± 3 . 4  mmHg to 76.8 ± 5 . 2  mmHg 

(p=0.02) and SSpH fell from 7.29 ± 0.01 to 7.26 ± 0.01 (p=0.05). A similar trend was 

seen in the LG6 filter group with no significant change in PssOz, Sss02, PssC02 or SSpH 

at the commencement of CPB. In addition following DHCA the PssC02 was significantly 

raised (p=0.01) and the Sss02 was significantly lowered (p=0.04). In the LG6 filter group, 

however, there was no significant difference in either Pss02 or SSpH compared to the 

levels before.

Cerebral Blood Flow

CBF results are summarised in Table 6.3 and Figures 6.2 to 6.4. No significant difference 

was found in global or regional CBF between the control and the LG6 filter group before 

CPB. Furthermore there was no significant difference between the values pre-CPB and 

following the commencement of CPB.

In the control group, there was a significant reduction in blood flow to all regions of the 

brain following DHCA (p< 0.004). Different brain regions were affected to different 

degrees. Recovery o f blood flow was lowest in the cerebral hemispheres (39.4 ± 6.2% of 

pre-DHCA level) and greatest in the brainstem (65.5 ± 2.8%) (p<0.05) (Figure 6.1). In the 

LG6 filter group there was also a significant reduction in CBF to all brain regions 

following DHCA compared to the pre-DHCA value (p<0.01). The percentage recovery o f 

CBF was higher following DHCA in all regions but the difference did not reach 

significance (Figure 6.4). In the LG6 filter group no significant difference was detected in 

the brainstem CBF before CPB and following DHCA.
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Cerebral Vascular Resistance

No significant difference in CVR was detected between groups before DHCA. 

Furthermore there was no significant difference in the CVR after the commencement of 

CPB. In the control group the CVR rose from 1.17 ± 0.17 mmHg. 1 OOgm.min.mf^ before 

DHCA to 2.5 ± 0.27 mmHg. 1 OOgm.min.ml"^ following DHCA (p=0.00003). In the LG6 

filter group the CVR was also significantly higher following DHCA (p=0.001) (Figure 

6.3b).

Cerebral Oxygen Delivery

The results are summarised in Table 6.4 and Figure 6.5. There was no significant 

difference in CDO2 between the two groups before DHCA. Furthermore there was no 

significant change in the CDO2 after the commencement of CPB.

In the control group the mean CDO 2 dropped from 6.24 ± 0.82 ml.lOOgm'\min'^ before 

DHCA to 2.87 ± 0.43 ml. 1 OOgm'\min'^ following DHCA (p=0.001). This represents a 

mean reduction of 47.7 ± 4.5% o f  the CDO2 before DHCA. In the LG6 filter group the 

CDO2 was also significantly lowered after DHCA (p=0.0002). The fell to 55.2 ± 4.6% of 

the pre DHCA level. Although the fall in absolute CDO2 was less, and the percentage 

recovery in CDO2 was greater in the LG6 filter group compared to the control group, 

neither difference reached significance.

Cerebral Metabolic Rate of Oxygen

There was no significant difference in CMRO2  between the two groups before DHCA. 

Following the commencement o f CPB the CMRO2 did not significantly change in either
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group. In the control group the mean CMRO2 dropped from 3.64 ± 0.47 ml. lOOgm'Vmin'^ 

before DHCA to 2.15 ± 0.34 ml.lOOgm'\min'^ following DHCA (p=0.001). This 

represents a mean reduction to 60.1 ± 4.0% of the pre DHCA level. In the LG6 filter 

group the CMRO2 was also significantly lower after DHCA (p=0.01). The CMRO2 fell to

66.0 ± 7.9% of the pre DHCA level. As with the CDO2 although the fall in absolute 

CMR02was less, and the percentage recovery in CMRO2 was greater in the LG6 filter 

group compared to the control group, neither difference reached significance (Figure 6.5).

Cerebral Oxygen Extraction

There was no significant difference in CEO2 between the two groups before DHCA and no 

change was detected at the commencement of CPB. The CEO2 was significantly higher in 

both the control and the LG6 filter following DHCA (p<0.04). No difference in CEO 2 was 

detected between the groups at either time point (Figure 6.5).

Renal Blood Flow

No significant difference was found in RBF between the two groups before DHCA. 

Following the commencement of CPB no change in RBF was detected. In the control 

group, after DHCA, the renal blood flow was significantly lower, falling to 70.2 ±  9.3% of 

the flow before DHCA (p=0.02). In the LG6 filter group the RBF also fell after DHCA; 

to 81.0 ± 10.4% of the pre DHCA level. There was no significant difference in RBF at any 

time point in the LG6 group (Figure 6.6).
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DISCUSSION

Cerebral ischaemia is accompanied by an acute inflammatory response characterised by 

leucocyte infiltration and development o f brain oedema (Barone et al., 1991; Feuerstein et 

al., 1994). It is now well established that neutrophils accumulate in the brain following 

both focal (Connolly et al., 1996; Matsuo et al., 1994a) and global (Caceres et al., 1995; 

Gidday et al., 1997) ischaemia and that the increase in neutrophils is associated with 

neurological damage. Neutrophils have been identified in microvessels as early as 30 

minutes after the onset of ischaemia and the number o f intravascular neutrophils seems to 

peak at about 12 hours (Garcia et al., 1994b). Parenchymal infiltration occurs slightly 

later but has been shown to begin as early as 6 hours following reperfusion, peaking at 24 

to 48 hours (Zhang et al., 1994). The early appearance of luminal leucocytes in ischaemia 

suggests that these cells contribute to the genesis of ischaemia reperfusion injury.

Adhesion between the neutrophil and the vascular endothelium is a prerequisite for both 

neutrophil degranulation and for the subsequent migration o f the neutrophils out of the 

vascular compartment. A brief summary o f the mechanisms involved follows because it 

is central to the understanding o f the strategies aimed at reducing neutrophil associated 

cerebral injury. Neutrophils interact with endothelial cells via specific adhesion molecules 

expressed by both cells. Inflammatory mediators such as C5a, thrombin, histamine, and 

oxygen free radicals released from the damaged brain cause activation of the blood vessel 

endothelium, which rapidly expresses the adhesion molecule P-selectin. P-selectin 

mediates tethering o f flowing leucocytes by binding to L-selectin ligands on the leucocyte. 

These interactions encourage the leucocytes to ‘roll’ along the endothelium, thereby 

increasing their exposure and allowing adhesion to take place.

Additional inflammatory stimuli, including superoxide free radicals and the cytokines 

interleukin-1 and tumour necrosis factor-a, stimulate the formation of intercellular
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adhesion molecule-1 (ICAM-1) and E-selectin on the endothelial cell. These adhesion 

molecules usually take 3-6 hours to be expressed, as mRNA transcription and protein 

synthesis are required. Activation o f the leucocyte p2 integrin molecules CD11/CD18 by 

chemoattractants such as platelet activating factor and interleukin 8 induce a 

conformational change in the integrins that allow them to bind to ICAM-1.

The importance of leucocyte and endothelial interactions in regulating the infiltration of 

neutrophils into ischaemic brain has been substantiated by a number o f experimental 

findings. Firstly neutropenia has been shown to reduce infarct volume and oedema in 

various models of cerebral ischaemia (Clark et al., 1991; Shiga et al., 1991). Secondly 

the increased infiltration of neutrophils is accompanied by increased expression of P- 

selectin and ICAM-1 in cerebral microvessels (Matsuo et al., 1994a; Okada et al., 1994; 

Wang et al., 1994) and both the transcription and surface expression o f ICAM-1 and E- 

selectin are stimulated by ischaemia in vitro (Stanimirovic et al., 1997a; Stanimirovic et 

al., 1997b). Thirdly antibody to ICAM-1 significantly reduces permanent neurological 

damage in an embolic model o f stroke (Bowes et al., 1993).

The fourth important finding is that administration o f antibodies to the leucocyte adhesion 

glycoprotein complex CD 11/18 attenuates both leucocyte adherence and increased 

vascular permeability (Gidday et al., 1997) and results in increased neurological recovery 

following ischaemia (Lindsberg et al., 1995). When given one hour after the onset of 

reperfusion, antibody to CDl lb/18 has resulted in significant reduction of 

intraparenchymal neutrophils and histological damage (Chopp et al., 1994). Finally 

ICAM-1 deficient mice are less susceptible to cerebral ischemia-reperfusion injury. 

Infarct volume and neurological deficit are reduced compared with normal controls and 

cerebral blood flow is increased (Connolly et al., 1996; Soriano et al., 1996).
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It is important to bear in mind that almost all the studies investigating the effects of 

neutrophils in cerebral ischaemia have been undertaken in models at normothermia. Care 

should be taken in the interpretation of findings during hypothermic cerebral ischaemia, as 

the two situations are not necessarily analogous. Hypothermia has been shown to reduce 

neutrophil accumulation following transient focal ischaemia at 30® C (Toyoda et al., 

1996). A reduction in the inflammatory response after ischemia and reperfusion may 

contribute to the neuroprotective effects o f hypothermia. In addition hypothermia 

reversibly inhibits the transcription and expression of E-selectin as well as neutrophil 

adherence to endothelial cells in vitro (Haddix et al., 1996; Johnson et al., 1995b).

The current study shows that the establishment of normothermic CPB in the neonatal 

piglet is well tolerated and does not result in significant changes in cerebral 

haemodynamics. The significant drop in RAP at the onset o f CPB indicates good venous 

drainage from the heart to the venous reservoir of the CPB circuit. The fall in 

haemoglobin and haematocrit are due to haemodilution caused by crystalloid in the CPB 

priming fluid. Both the control and the LG6 filter group showed a very similar response 

to the commencement of CPB. There were no significant changes between the two groups 

before DHCA.

Following 60 minutes o f DHCA at 18°C and 60 minutes rewarming in the control group 

the SVR fell and the pump flow was increased to maintain a constant CPP. The drop in 

the Pss02, SssO: and sagittal sinus pH and the rise in PssCO: following DHCA reflect the 

increased oxygen extraction and the build up o f metabolites o f anaerobic metabolism 

during ischaemia. A drop in blood flow to all regions o f the brain and to the kidneys 

followed DHCA. There was regional variation in CBF however, with percentage recovery 

from the pre-DHCA level being greatest in the brainstem and lowest in the cerebral 

hemispheres. As the arterial oxygen content was maintained at a constant level, the
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reduction in CBF was primarily responsible for the drop in CDO2 . The combination of 

reduced CBF and increased CEO2 account for the fall in the CMRO2 .

In the LG6 group the pattern was similar to the control. The period of ischaemia caused 

the drop in Sss02 and the rise in PssC02 following DHCA. In contrast to the control 

group there was no significant difference in either Pss02 or sagittal sinus pH following 

DHCA, however, the cerebral oxygen extraction was still significantly higher than before 

DHCA. Interpretation of these results is not easy, however, a trend towards improved 

recovery o f sagittal sinus blood gases is present in the LG6 group compared to the 

controls. In the LG6 filter group all the sagittal sinus blood gas variables are less impaired 

than the control, however only the Pss02 and the sagittal sinus pH are not significantly 

impaired compared to the control.

The CBF following DHCA in the LG6 group was significantly lower than the pre-DHCA 

value in all regions. It was also lower than the pre-CPB value except in the brainstem 

where the difference was not significant (p=0.07). Again there appears to be a trend in the 

LG6 filter group towards greater recovery of regional and global CBF; the absolute values 

were higher than the control in all regions and approached significance in the brainstem 

(p=0.08) and the basal ganglia (p=0.07). The percentage recovery from the pre-DHCA 

level was also higher in all brain regions but again did not reach statistical significance. 

As in the control group, the CDO2  and CMRO2 were significantly lower and the CVR 

significantly higher than the value before DHCA. Again both the absolute and the relative 

difference were less in the LG6 group but did not reach statistical significance.

An improvement in CBF following cerebral ischaemia has been demonstrated in studies in 

which neutrophil-endothelial adhesion processes are disturbed. Immunodepletion of 

neutrophils, or the use of ICAM-1 deficient mice in cerebral ischaemia-reperfusion results 

in improved cortical CBF (Connolly et al., 1996). Following the use o f monoclonal
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antibody to the leucocyte integrin CD 18 in an immature piglet model o f DHCA, improved 

regional blood flow to the brainstem, basal ganglia and midbrain was shown early during 

reperfusion but not after this (Aoki et a l, 1995). Whether adhesion o f neutrophils 

represents a true hindrance to microvascular flow and thereby a reduction o f CBF during 

cerebral ischaemia-reperfusion injury remains uncertain (Theilen et a l , 1994).

The use of a leucocyte depleting filter during CPB for cardiac surgical procedures remains 

controversial. The main reason for this is that although a number o f studies have shown 

beneficial effects, others have failed to show an improved outcome. There is some 

evidence that the impressive reduction in leucocytes seen in vitro does not occur in vivo. 

In a study using the LG6 filter in patients undergoing coronary artery bypass grafting there 

was no significant difference in either total white cells, neutrophil or monocyte count 

compared to the control filter group. The expression o f neutrophil activation antigens 

identified with a panel o f monoclonal antibodies, however, demonstrated that for the LG6 

filter the leucocyte tyrosine phosphate CD45Ro fell during the procedure, whilst there 

were no significant changes in any o f the other neutrophil antigens (Thurlow et a l, 1996); 

The study concluded that he LG6 was not capable of significantly depleting the neutrophil 

load generated during extracorporeal circulation but may be capable of selectively 

removing the more activated forms.

The potential benefits of leucocyte depletion do not only apply to the brain. The heart, 

lungs and gut are all susceptible to ischaemia-reperfusion injury mediated by activated 

neutrophils. Experimental suggests that mechanical leucocyte filtration may be 

advantageous in all these organs. With regards to post-CPB pulmonary function a number 

of beneficial effects o f leucocyte depletion have been reported. These include a reduction 

in ventilation time (and time in ICU) (Palanzo et a l, 1993), improved oxygenation 

(Johnson et a l, 1995a), improved pulmonary index (Hachida et a l, 1995), reduced 

pulmonary oedema and pulmonary vascular resistance (Bando et a l, 1990) and a
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reduction in the need for home supplemental oxygen (Coleman and Demastrice, 1994). 

Reduction in free radical generation may account for the improved pulmonary function 

associated with leucocyte depletion (Bando et al., 1990). Other studies on lung function, 

however, have shown no clinical benefit with the use of leucocyte depleting filters (al- 

Ebrahim and Shafei, 1993; Mihaljevic et al., 1995).

In a porcine model o f neonatal cardiac surgery mechanical leucocyte depletion 

significantly reduced the granulocyte count. This was associated with a reduction in 

leucocyte sequestration in the coronary vascular bed, a decrease in myocardial creatine 

kinase release and with improved post ischemic recovery o f left ventricular systolic 

function. (Wilson et al., 1993). Reduction in free radical generation following leucocyte 

depletion is associated with improved myocardial systolic and diastolic function and 

preload recruitable stroke work compared to controls (Bolling et al., 1997). The filter is 

most effective when placed in the CPB circuit before cardioplegic arrest (Lazar et al., 

1995). Leucocyte depletion has also been shown to reduce the severity of reperfusion 

injury in the human small intestine (Sisley et al., 1994).

Perhaps the most important finding in this study is the protection afforded by the LG6 

filter against impaired renal blood flow that follows DHCA. In the control group there 

was a significant fall in RBF following DHCA, however in the LG6 group the difference 

in RBF at the three time points was not statistically significant. Assuming that a normal 

renal blood flow helps to protect against acute renal ischaemia the use of a leucocyte 

depleting filter during CPB may reduce the incidence of renal impairment in paediatric 

patients undergoing cardiac surgery with the use o f DHCA.

In conclusion the use o f the LeukoGuard 6 leucocyte depleting filter in the arterial line of 

the CPB circuit did not result in a significant improvement in cerebral blood flow or 

metabolism following 60 minutes o f DHCA at 18°C in the neonatal piglet. The null
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hypothesis stated earlier must therefore be accepted. This does not necessarily mean, of 

course, that a difference does not exist. The possibility o f a Type II error (i.e. a failure to 

show a difference that in fact exists) may result from the relatively small number of 

animals in this study.

As discussed earlier the results were consistently better in the LG6 filter group with 

respect to all the blood flow and metabolism variables measured, however the difference 

failed to reach statistical significance at the predetermined level o f p < 0.05. Failure to 

show a difference in early cerebral recovery between the two groups, however, does not 

necessarily mean that leucocyte depletion cannot give protection against cerebral injury. 

It should be remembered that the accumulation o f neutrophils in ischaemic cerebral tissue 

and the subsequent damaging effects o f neutrophil activation continue for many hours 

following reperfusion. Neurobehavioral and histological studies in survival models of 

DHCA will be necessary to determine these longer term effects.
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Haemodynamic data in the control and LG6 filter groups.

CHAPTER 6

Group Pre-CPB Pre-DHCA Post-DHCA

MLAP (mmHg) CONTROL 
LG6 FILTER

57.8 ± 1.9 
57.3 ± 1.8

58.1 ± 0 .4  .
58.1 ± 0 .8

58.3 ± 0 .4  
58.0 ± 0 .8

RAP (mmHg) CONTROL 
LG6 FILTER

2.3 ± 0 .2  
2 .0  ± 0 . 2

0 .2  ± 0 .0 *  

0 .2  ± 0 .1 *

0.3 ±0.1*  
0.3 ±0.1*

SSVP (mmHg) CONTROL 
LG6 FILTER

8.0 ± 0 .3  
7.8 ± 0 .2

7.6 ± 0 .4  
7.9 ± 0.4

8.5 ± 0 .5  
8.3 ± 0 .2

CPP (mmHg) CONTROL 
LG6 FILTER

49.8 ± 2 .0  
49.4 ± 1.9

50.5 ± 0.4 
50.3 ± 0 .8

49.8 ±0 .5  
49.7 ±0 .8

CO/Pump Flow (ml.kg '.mm ') CONTROL 
LG6 FILTER

129 ± 5  
I 1 6 ± 6

I 3 I ± 8
I I 2 ± 6

168 ± 8*t 
147 ± I2*t

SVR (mmHg.lOOgm.mm.ini'') CONTROL 
LG6 FILTER

0.44 ± 0.03 
0.49 ±0.03

0.46 ± 0.03 
0.53 ±0.03

0.35 ± 0.02*t 
0.41 ± 0 .03*t

Temperature (°C) CONTROL 
LG6 FILTER

35.9 ±0 .1  
36.0 ±0.1

35.7 ±0 .2  
36.1 ±0.1

36.2 ±0 .2
36.3 ±0.1

* significant difference from pre-CPB value within group (MANOVA) 

t  significant difference from pre-DHCA value within group (MANOVA)
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Table 6.2

Arterial and sagittal sinus venous blood gases in control and LG6 illter groups.

Group Pre-CPB Pre-DHCA Post-DHCA

PaOz (mmHg) CONTROL 201 ± 4 211 ± 6 2 I 0 ± 6
LG6 FILTER 204 ± 5 207 ± 5 198 ± 4

PaCO^ (mmHg) CONTROL 4 0 .6 ± I.O 41.3 ± 1.3 40.0 ±0.3
LG6 FILTER 4 I .4 ±  1.3 39.6 ± 1.2 40.3 ±0 .7

BE (mmol/L) CONTROL - 0 . 2  ± 0 .4 -  0.4 ± 0.5 -O.I  ±0 .9
LG6 FILTER - 0 . 6  ± 0 .3 -  1.0 ±0 .4 0.0 ±0 .5

ART pH CONTROL 7.40 ±0.01 7.38 ±0.01 7.39 ±0.01
LG6 FILTER 7.38 ±0.01 7.38 ±0.01 7.40 ±0.01

SaOz (%) CONTROL 99.7 ± 0 .0 99.8 ± 0 .0 99.7 ± 0 .0
LG6 FILTER 99.8 ± 0 .0 99.7 ± 0.0 99.7 ± 0 .0

Hct(%) CONTROL 33.1 ± 0 .7 27.5 ±  0.9* 26.9 ±0.9*
LG6 FILTER 33.4 ± 0 .8 24.8 ± 1.3* 25.3 ±0.8*

Hb (g/dL) CONTROL I I . I ± 0 . 3 8.9 ±0.2* 9.2 ±0.3*
LG6 FILTER I I .3 ± 0 .3 8.6 ±0.4* 8.8 ±0.2*

PSSO2  (mmHg) CONTROL 26.1 ± 0 .6 27.1 ± 0 .9 2 3 .3 ±0 .6 *t
LG6 FILTER 25.8 ± 1.2 28.3 ± 0 .7 25.5 ± 1.3

PSSCO2  (mmHg) CONTROL 56.3 ± 3 .5 63.6 ± 3 .4 76 .8 ±5 .2 *t
LG6 FILTER 55.5 ±3 .1 58.1 ± 3 .0 67.4 ± I.8*t

SS pH CONTROL 7.30 ±0 .01 7.29 ±0.01 7 .2 6± 0 .0 I* t
LG6 FILTER 7.27 ±0.01 7.28 ±  0.02 7.26 ±0.01

SSSÜ2 (%) CONTROL 39.6 ± 1.3 42.7 ±2 .3 26.0 ± I.9*t
LG6 FILTER 37.4 ± 2 .2 38.4 ±  1.9 27 .4 ±2 .5 *t

* significant difference from pre-CPB value within group (MANOVA) 

t  significant difference from pre-DHCA value within group (MANOVA)
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Table 6.3

Cerebral and renal blood flow in control and LG6 filter groups.

Group Pre-CPB Pre-DHCA Post-DHCA

Global CBF CONTROL 
LG6 FILTER

54.9 ±5 .7  
47.0 ±4.1

48.9 ±6.2  
50.6 ±5 .4

21 .9±3 .I *t  
27.3 ± 4.0*t

Hemispheres CONTROL 
LG6 FILTER

42.1 ±4.3  
51.3 ±4.8

48.7 ±4.8  
41.5 ±4 .4

18.3±2.8*t
21.7±3.5*t

Cerebellum CONTROL 
LG6 FILTER

48.4 ±4.7
53.4 ±4.6

52.8 ±3 .6  
47.3 ±3 .0

31.5±2.7*t
37.1±2.1*t

Basal Ganglia CONTROL 
LG6 FILTER

50.8 ±4.3  
43.0 ±3.9

43.7 ±3.7
47.8 ±4 .2

24.5±2.7*t
31.6±2.5*t

Brain Stem CONTROL 
LG6 FILTER

46.1 ±4.2  
39.0 ±2.8

42.4 ±2 .2  
46.7 ±3.8

27.5± 1.8*t 
31.9± 1.8t

Renal CONTROL 
LG6 FILTER

144.5 ± 11.8 
141.7 ± 10.7

156.6 ± 12.0
146.7 ± 10.7

103.6 ±7.3*t  
108.3 ±8.9

All values in units of ml. lOOgm '.niin ’

* significant difiference from pre-CPB value within group (MANOVA) 

t  significant difference from pre-DHCA value within group (MANOVA)
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Table 6.4

Global cerebral oxygen handling and cerebral vascular resistance in control and 

LG6 filter groups.

Group Pre-CPB Pre-DHCA Post-DHCA

CDO2 (ml.lOOgm '.mm'̂ ) CONTROL 
LG6 FILTER

8.59 ±0.88  
7.43 ± 0.69

6.24 ±0 .82  
6.13 ±0 .62

2.87±0 .43*t  
3.38 ± 0.48*f

CMRO2 (ml.lOOgm''.min'') CONTROL 
LG6 FILTER

5.22 ±0 .46  
4.63 ± 0.36

3.64 ±0 .47  
3.89 ±0 .46

2 .15±0 .34*t  
2.47 ± 0.37*t

CEO2 (%) CONTROL 
LG6 FILTER

61.3 ± 1.3
63.4 ±2 .2

58.7 ±2 .2
62.8 ± 1.7

74 .7± I.9*t 
73 .2±2 .4 *t

CVR (mmHg.100gm.inin.ml'') CONTROL 
LG6 FILTER

1.02 ±0.18  
I . I4±0 .09

I . I 7 ± 0 . I 7  
1.08 ±0.13

2.50 ± 0.27*t 
2.05 ± 0.28*t

* significant difference from pre-CPB value within group (MANOVA) 

t  significant difference from pre-DHCA value within group (MANOVA)
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Figure 6.1

Pall LG6 arterial blood filter.
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Figure 6.2

Global and regional CBF following DHCA as percentage of pre-DHCA value.
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Figure 6.3

(a) Global cerebral blood flow pre-CPB, post-CPB and post-DHCA.
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Figure 6.4

Percentage recovery of cerebral blood flow following DHCA in control and the LG6 

filter groups.
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Figure 6.5

Changes in cerebral oxygen handling with initiation o f CPB and after DHCA.
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Figure 6.6

Renal blood flow in control and LG6 filter groups.
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CHAPTER 7

THE EFFECTS OF THE PLATELET ACTIVATING FACTOR 

RECEPTOR ANTAGONIST GINKGOLIDE B (BN-52021) ON CEREBRAL 

RECOVERY FOLLOWING DHCA
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INTRODUCTION

Platelet-activating factor (PAF) is a potent phospholipid mediator, which is released jfrom 

inflammatory cells in response to diverse immunological and non-immunological stimuli. 

PAF also appears to be an important signalling mediator for physiological processes 

associated with reproduction, fetal development, parturition and kidney function and there 

is evidence that PAF mediates intercellular signalling under physiological conditions. 

Specific PAF receptor antagonists have been used both in the elucidation o f the 

mechanism of PAF action and in attempts to block the effects o f excess PAF production in 

pathological states. One such antagonist is ginkgolide B (BN-52021) which has been used 

extensively in animal experiments and in clinical studies.

Ginkgolide B is a naturally occurring PAF receptor antagonist, which is extracted from the 

leaves o f the ancient Chinese tree. Ginkgo biloba. This tree has been cultivated and held 

sacred in China for its health-promoting properties. Increasing experimental evidence, 

however, suggests that Ginkgo biloba extracts have neuroprotective properties during 

cerebral ischaemia, seizure activity and against peripheral nerve damage. The most 

important extracts of Ginkgo biloba are the terpenoids, which include the ginkgolides and 

the flavonoids, which have free radical scavenging properties. Both fractions contribute to 

the neuroprotective effects.

Excessive PAF production occurs in pathological states of the nervous system such as 

trauma, stroke, and convulsions (Lindsberg et al., 1990). The effects o f PAF receptor 

activation are both complex and incompletely defined. It is probable that PAF does not 

act alone, but rather in concert with cytokines, prostaglandins, hormones and other 

mediators. Stimulation o f PAF receptors increases inositol phosphate production and 

cytosolic free calcium in cerebral tissue -  an effect that can be blocked by ginkgolide B 

(Diserbo et al., 1995). Prevention of the accumulation of intracellular calcium post-
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ischaemia is key to any effective neuroprotective protocol. PAF receptor activation also 

results in stimulation o f phospholipase A2 with resulting production of arachidonic acid 

and eicosanoids (prostaglandins). Undoubtedly many other complex mechanisms and 

pathways are activated which contribute to the injury associated with excessive PAF 

production in neural tissue.

PAF is a potent constrictor o f cerebral arterioles in newborn pigs (Armstead et al., 1988). 

It also causes constriction o f arterioles in other organs, however, this can be blocked by 

ginkgolide B (Collins and Roberts, 1997). It has also been demonstrated that PAF is 

involved in the pathogenesis o f vasospasm after subarachnoid haemorrhage. Furthermore 

in animal models ginkgolide B and other PAF antagonists can significantly reduce 

selective neuronal necrosis and infarction that result from SAH (Hirashima et al., 1996; 

Hirashima et al., 1993). The aim of this study was to determine whether PAF is involved 

in the impairment o f cerebral blood flow and metabolism that follows a period deep 

hypothermic circulatory arrest (DHCA). The drug ginkgolide B was chosen for these 

experiments as it is readily available, has an extremely low incidence of unwanted effects 

and is very well established as a specific PAF receptor antagonist.

The null hypothesis is that PAF is not involved in the post-DHCA impairment in cerebral 

blood flow (CBF) and cerebral metabolism (CM R02) and that ginkgolide B given before 

CPB will have no effect on cerebral recovery following 60 minutes o f DHCA in the 

neonatal piglet.
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MATERIALS AND METHODS 

Experimental Preparation and Conditions

Fourteen neonatal De Kelb piglets were anaesthetised and prepared as described in 

Chapter 3. The animals were randomised into two groups with 7 animals in each group. 

The control group received 1ml alcohol (Eastman Kodak Co., Rochester, NY, USA) 

intravenously at induction plus 1ml in the pump. The study group received 10 mg.kg'^ 

ginkgolide B (Sigma Chemical Company, St Louis, MO, USA) in 1ml alcohol 

intravenously at induction plus an additional 10 mg.kg'^ in 1ml alcohol in the pump. All 

animals were cannulated for CPB and normothermic perfusion was commenced at 120 

m l.k g '\m in '\

Once the animals were stabilised, the pump flow rate was adjusted to provide and 

maintain a constant cerebral perfusion pressure (CP?) of 50 mmHg for 15 minutes. 

Baseline CBF measurement was performed, the pump flow rate was returned to 120 

mg.kg'\min"^ and the mean arterial pressure (MAP) was allowed to drift. All the animals 

were cooled to a nasopharyngeal temperature of 16-18°C over 20 minutes using the alpha- 

stat strategy. The circulation was arrested and the animal drained. Following 60 minutes 

o f DHCA, circulation was recommenced at 120 mg.kg'\min'^ and the animal rewarmed. 

After 45 minutes o f rewarming, the pump flow rate was again adjusted to maintain a CPP 

o f 50 mmHg. When the animal had been rewarmed for a total o f 60 minutes the second 

CBF measurement was performed.

The chemical formula o f ginkgolide B (BN 52021) is C2 0 H2 4 O 10 (MW 424.24). It is 

soluble in either ethanol or dimethyl sulphoxide (DMSO), and should be stored at -20°C. 

The ginkgolide B was supplied as a white powder in 50mg vials and was over 90% pure 

as determined by high-performance liquid chromatography (Sigma, St. Louis MO). It was
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dissolved in alcohol (Alcohol-anhydrous; 95% ethanol, 5% isopropanol, Eastman Kodak 

Co. Rochester, NY, USA) immediately prior to administration. The dose of 10 mg.kg'^ 

was chosen based on previous animal (Kochanek et al., 1990) and human (Conte et al., 

1991) studies. Timing of ginkgolide B administration has varied in previous studies. 

Improvement in neurological outcome has been demonstrated with administration both 

before (Liu et al., 1996; Oberpichler et al., 1990), and after (Liu et al., 1996; Panetta et al., 

1987) the ischaemic insult. In order to ensure maximal PAF receptor antagonism at the 

time of ischaemia the ginkgolide B was given at induction o f anaesthesia.

Throughout the study period in all animals, PaCOi was kept between 35-45 mmHg, PaOi 

between 150-250 mmHg, pH between 7.35-7.45 and haematocrit between 23 and 28%. 

When necessary, an appropriate dose of sodium bicarbonate was administered to correct 

for metabolic acidosis.

Data Collection

CBF measurements were made with radioactive microspheres using the reference blood 

sample technique for calculations o f global and regional CBF (Chapter 3). All injections 

of microspheres were made during normothermic CPB at a CPP of 50 mmHg. Arterial 

and sagittal sinus venous blood samples were taken just prior to each microsphere 

injection for estimation o f PO 2 , PCO2 , pH, base excess and oxygen saturation. 

Haemoglobin and haematocrit levels were measured from arterial blood samples. Mean 

arterial pressure (MAP), right atrial pressure (RAP), sagittal sinus venous pressure 

(SSVP), nasopharyngeal temperature and pump flow rate were also recorded at these 

times.
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Upon completion of the experiments, the animals were euthanised. The brain and kidneys 

were removed and processed for analysis o f regional radioactivity in a gamma counter 

together with the reference blood samples.

DATA ANALYSIS

All the results were entered into an ‘IBM compatible’ Excel 97 spreadsheet (Microsoft® 

Corporation, Redmond, Washington) for further analysis as described in detail in the 

preceding chapter. Repeating formulae were set up to calculate the mean and standard 

error o f the mean for all the data collected in each animal. Further repeating formulae 

were programmed for calculation of the CBF, CDO2 , CEO2 , CMRO2 and the percentage 

change between these, before and after DHCA for all animals. A two tailed paired 

samples t-test was used to compare means at different time points within a group. An 

unpaired (independent samples) t-test was used to compare means between the groups. A 

p value less than 0.05 was considered statistically significant. Repeating formulae for 

these were included in the spreadsheet. The spreadsheet had a total o f 106 columns and 

was therefore too large to print in full.

The full results for every animal are included in an Excel spreadsheet file, which is saved 

on the 3.5 inch diskette (file name Ginkgo.xls) located in the pocket on the inside cover at 

the back o f  this dissertation. Individual results for the control animals are in green type, 

those for the ginkgolide B are in red. To view the origin o f a cell calculation click on the 

cell and the equation will be displayed in the formula bar as described in Chapter 6.

A summary o f  the full results from the spreadsheet is given in Tables 7.1 to 7.5. All the 

results in the tables are reported as the mean ± one standard error o f the mean.
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RESULTS

The mean weight of the piglets was 2.4 ±0 .1  kg in the control group and 2.6 ±0.1 kg in 

the ginkgolide group. The difference was not statistically significant (p>0.2).

Haem odynam ic data

All the haemodynamic data are summarised in Table 7.1. No difference was detected in 

mean arterial, right atrial, and cerebral perfusion pressure or nasopharyngeal temperature 

either within or between the two groups.

The SVR in the control group fell from 0.44 ± 0.02 mmHg. lOOgm.min.ml'^ pre DHCA to 

0.36 ± 0.02 mmHg. 1 OOgm.min.ml'^ post DHCA (p<0.02). In the ginkgolide group the 

SVR rose after DHCA jfrom 0.50 ± 0.03 to 0.71 ± 0.04 mmHg. lOOgm.min.ml'^ (p=0.004). 

Although the SVR was higher in the ginkgolide group than the control before DHCA, this 

did not reach statistical significance (p=0.07). The change in SVR in the control and the 

ginkgolide group in opposite directions following DHCA resulted in a highly significant 

difference between the groups (p< 0.00001).

In the control group the mean pump flow was 131 ± 7 ml.kg'\min'^ on CPB and rose to 

164 ± 10 ml.kg'\min'^ following DHCA (p=0.03). In the ginkgolide group the mean 

pump flow fell from 116 ± 5 ml.kg'\min'^ before, to 84 ± 4 ml.kg'\min'^ after DHCA. 

These changes in pump flow after DHCA reflect maintenance o f the preset level o f CPP at 

50 mmHg despite changes in the SVR. The change in pump flow in opposite directions 

following DHCA, resulted in a highly significant difference between the two groups

(p=0.00001).

In the control group the SSVP was 7.9 ± 0.4 mmHg on CPB rising to 9.0 ± 0.3 mmHg 

following DHCA (p=0.046). No significant difference in SSVP was detected in the
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ginkgolide group. The difference, however, between the two groups following DHCA 

approached, but did not reach significance (p=0.06).

Blood Sample Analysis

The results o f all blood sample analysis are listed in Table 7.2. Arterial blood gases were 

within preset limits at all times. In the control group PssO: fell from 27.7 ± 1 .5  mmHg 

before DHCA to 25.4 ± 1 .4  mmHg after DHCA. SssOi fell from 42.2 ± 4.3% to 31.2 ± 

4.7%. Both these changes were statistically significant (p<0.03). PssCO: increased from

55.1 ± 1.3 mmHg to 66.6 ± 2.8 mmHg (p=0.006) and SSpH fell from 7.27 ± 0.01 to 7.22 ±

0.02 (p=0.03). In the ginkgolide group the SssOi and SSpH were significantly lower 

(p<0.009) and the PssCO: was significantly higher (p=0.004) following DHCA. There 

was no significant difference in Pss02, before and after DHCA however, in the ginkgolide 

group

Cerebral Blood Flow

CBF results are summarised in Table 7.3 and Figure 7.1. No significant difference was 

found in CBF between the control and the ginkgolide group before DHCA.

In the control group, there was a significant reduction in blood flow to all regions of the 

brain following DHCA (p< 0.001), however different brain regions were affected to 

differing degrees. Recovery of blood flow was lowest in the cerebral hemispheres (40.4 ± 

2.6% of pre DHCA level) and greatest in the cerebellum (69.0 ± 4.3% of the baseline).

In the ginkgolide group, recovery of cerebral blood flow following DHCA was 

significantly greater than the control group in all brain regions (p<0.05). Recovery of 

flow to the brain stem and cerebellum occurred to 83.5 ± 8.9% and 89.7 ± 4.4% o f the pre
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DHCA levels. As a result there was no significant difference between the regional blood 

flow determined before and after DHCA in these regions (Figure 7.1).

C erebral Vascular Resistance

No difference in CVR was found between groups before DHCA In the control group the 

CVR rose from 1.0 ± 0.1 mmHg. 1 OOgm.min.ml'^ before DHCA to 2.1 ± 0.1 

mmHg. 1 OOgm.min.ml'^ following DHCA (p<0.0001). In the ginkgolide group the CVR 

was also significantly higher following DHCA (p<0.0002). When compared to the control 

group, however, the CVR was significantly lower in the ginkgolide group following 

DHCA (p=0.03) (Figure 7.3).

C erebral Oxygen Delivery

The results are summarised in Table 7.5a and Figures 7.2a and 7.4. There was no 

significant difference in global CDO2 between the two groups before DHCA

In the control group the mean CDO2 dropped from 6.1 ± 0.5 ml.lOOgm'\min'^ before 

DHCA to 3.0 ± 0.2 ml.lOOgm'\min'^ following DHCA (p<0.0003). This represents a 

mean reduction o f 50.4 ± 3.0% of the baseline CDO2

In the ginkgolide group the CDO2 was also significantly lower after DHCA (p=0.0005). 

The CDO2 fell to 62.3 ± 4.0% of the pre DHCA level. Following DHCA, the recovery of 

CDO2 in the ginkgolide group to 62.3 ± 4.0% of the pre DHCA level was significantly 

higher than the recovery to 50.4 ± 3.0% of baseline in the control (p=0.03).
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Analysis of the regional CDO2 demonstrated that, in accordance with regional CBF, there 

was a regional variation. The results are summarised in Table 7.5a and Figure 7.2a. In the 

control group there was a significant difference in CDO2 before and after DHCA in all 

regions (p<0.009). The recovery in CDO2 varied from 71.1 ± 6.8% of the baseline in the 

cerebellum to only 41.6 ± 4.0% of baseline in the cerebral hemispheres. In the ginkgolide 

group following DHCA there was a significant reduction in CDO2 in both the cerebral 

hemispheres and the basal ganglia compared to that before DHCA (p=0.0005). However, 

in the cerebellum and brain stem there was no significant difference in CDO2 following 

DHCA (p=0.2). The percentage recovery was again greatest in the cerebellum (92.1 ± 

4.9% of baseline) and lowest in the cerebral hemispheres (57.3 ± 5.4% of%aseline). In all 

regions the recovery of CDO2 was significantly greater in the ginkgolide group compared 

to the control (p<0.05).

Cerebral Metabolic Rate of Oxygen

The results are summarised in Tables 7.5b and Figure 7.2b and 7.4. There was no 

significant difference in global CMRO2 between the two groups before DHCA. In the 

control group the mean CMRO2 dropped from 3.6 ± 0.3 ml.lOOgm'\min'^ before DHCA 

to 2.1 ± 0.2 ml.lOOgm'\min'^ following DHCA (p<0.0003). This represents a mean 

reduction to 59.2 ± 3.2% o f the pre DHCA level. In the ginkgolide group the CMRO2  was 

also significantly lower after DHCA (p=0.009). The CMRO2 fell to 77.1 ± 5.8% of the 

pre DHCA level. Following DHCA, the recovery o f CMRO2 in the ginkgolide group to

77.1 ± 5.8% of the pre DHCA level was significantly higher than the recovery to 59.2 ± 

3.2% of baseline in the control (p=0.02).

The recovery in CMRO2  following DHCA varied between the brain regions. The results 

are summarised in Table 7.5b and Figure 7.2b. There was no significant difference in
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CMRO2 between the control and the ginkgolide group before DHCA in any o f the regions. 

In the ginkgolide group following DHCA the CMRO2 was significantly higher in all brain 

regions compared to the controls (p<0.05). In the cerebellum and brainstem recovery 

occurred to such an extent that there was no difference found in the CMRO2 in these two 

regions before and after DHCA (p>0.1). The regional recovery o f CMRO2  varied from 

68.3 ± 8.7% of the pre DHCA baseline in the cerebellum to 107.9 ± 14.1% in the 

brainstem in the ginkgolide group. The percentage recovery was significantly greater 

(p<0.03) in all brain regions except the cerebellum (p=0.06).

C erebral Oxygen Extraction

There was no significant difference in global CEO2 between the two groups before 

DHCA. The CEO 2 was significantly higher in both the control and the ginkgolide group 

following DHCA (p<0.02). No difference in CEO2 was detected between the groups at 

either time point (Table 7.4 and Figure 7.4).

Renal Blood Flow

No significant difference was found in RBF between the control and the ginkgolide group 

before DHCA. In the control group, after DHCA, the renal blood flow was significantly 

lower, falling to 69.7 ±11.8% of the flow before DHCA (p=0.02). Although the RBF was 

also lower in the ginkgolide group after DHCA, it was not significantly lower, falling to 

90.6 ± 7.9% of the pre DHCA level (Figure 7.5).
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DISCUSSION

Platelet activating factor or l-alkyl-2-acetyl-572-glycero-3-phosphocholine is a 

phospholipid produced by a variety of cells, including basophils, eosinophils, neutrophils, 

monocytes, tissue macrophages, platelets, mast cells, spermatozoa and endothelial cells. 

PAF transmits signals between cells and thus functions in a similar fashion to hormones, 

cytokines, interleukins, and other signalling molecules. It is one o f the most potent lipid 

mediators known, producing effects at picomolar concentrations. In vivo PAF causes 

increased vascular permeability, hypotension, decreased cardiac output, stimulation of 

uterine contraction, gastrointestinal disorders, acute bronchoconstriction and leukocyte 

adhesion to endothelial cells.

The term platelet activating factor was introduced in 1972 by Beneviste et al who 

discovered a soluble substance released from immunoglobulin E stimulated basophils that 

could aggregate platelets (Benveniste et al., 1972). A similar factor was identified by 

Muirhead et al in the renal medulla, that lowered blood pressure and was called 

antihypertensive polar renal lipid (APRL) (Muirhead, 1980). In 1979 it was recognised 

that these two substances were identical and the chemical structure o f what was to become 

known as PAF was described.

Although PAF was only discovered in the 1970s, PAF receptor antagonists in the form of 

extract from Ginkgo biloba leaves have been used for many centuries in China. Ginkgo 

biloba is a fascinating tree and one of the oldest, still existing plants. Although it was 

threatened with extinction during the ice age, fossils o f the tree date back to the lower 

Jurassic period, 190 million years ago (Huxtable, 1992). Individual trees have been 

known to live for as long as 1000 years. Ginkgo, like ginseng is mentioned in the 

traditional Chinese pharmacopoeia. Extracts are made from dried leaves; during a 

multistep procedure, unwanted substances are eliminated and the active principles are
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enriched. Finally the liquid extract is dried to give 1 part extract from 50 parts raw drug 

(leaves). In the western world extracts have been utilized only since the sixties when it 

became technically possible and feasible to isolate the essential substances of Ginkgo 

hiloba.

Pharmacologically, there are two groups of substances which are o f some significance; the 

flavonoids (ginkgo-flavone glycosides), effective as oxygen-free radical scavengers, and 

the terpenoids (ginkgolides and bilobalide) with their highly specific action as PAF 

inhibitors (Sticher, 1993; van Beek et al., 1991). Ginkgolides present in the extract can be 

divided into types A, B, C, and very small quantities o f J and M. Ginkgolides have not 

been found in any other living species and differ only in the number and position of 

hydroxyl groups.

Clinically important indications for Ginkgo biloba extracts are “cerebral insufficiency” 

and intermittent claudication. In France and Germany the extracts are among the most 

commonly prescribed drugs (Kleijnen and Knipschild, 1992). The term cerebral 

insufficiency is an imprecise term that describes a number o f symptoms including 

difficulties of concentration and of memory, confusion, depressive mood, anxiety, 

dizziness, tinnitus, and headache (Kleijnen and Knipschild, 1992). Eight good quality 

clinical studies on the use o f ginkgo for cerebral insufficiency are summarised in an article 

by Kleijnen and Knipschild in the Lancet (Kleijnen and Knipschild, 1992). The majority 

of the articles are written in either French or German. All showed positive effects of 

ginkgo, compared with a placebo and in some trials very large differences were found.

Although the name PAF has remained, it has become both misleading and inappropriate, 

as PAF is now known to have a multitude of pathological and physiological functions. 

Ginkgolide B has used extensively in experiments to help determine the role of PAF in 

pathological process in many organs. The antiplatelet action o f ginkgolide B is well
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established (Golino et a l, 1993). Ginkgolide B has also been used to inhibit neutrophil 

responses to PAF (Foldes-Filep et a l, 1987), to inhibit endotoxin induced leukocyte 

sticking to the endothelium (Schmidt et a l, 1996) and for amelioration o f inflammatory 

pathways that are invoked after radiation exposure (Kimura et a l, 1995). PAF is involved 

in the acute modulation of vasomotor tone and, hence, arterial pressure (Lopes-Martins et 

a l, 1996). In the lungs PAF has a central role in bronchial hyper-reactivity and this can be 

blocked by ginkgolide B (Battistini et a l, 1990; Coyle et a l, 1988; Hsieh, 1991). 

Ginkgolide B improves survival and attenuates eicosanoid release in severe endotoxemia 

(Fletcher et a l, 1990) and also appears to be a safe and promising treatment for patients 

with severe Gram-negative sepsis (Dhainaut et a l, 1994). It has also been shown to 

reduce the ischaemia-reperfusion damage in the intestine (Droy-Lefaix et a l, 1991) and 

the heart (Feuerstein et a l, 1997; Siminiak et a l, 1995a; Siminiak et a l, 1995b).

PAF is be synthesised by two different pathways; the de novo pathway and the 

remodelling pathway. The de novo pathway is thought to sustain physiological levels of 

PAF and the remodelling pathway is believed to be responsible for the abnormal levels of 

PAF that develop in pathological conditions (Yue and Feuerstein, 1994). PAF is probably 

synthesised within cellular membranes and the substrate in each pathway is the membrane 

phospholipid lyso-PAF. Phospholipase A2 is a key enzyme in the remodelling pathway. 

Cerebral ischaemia activates the calcium dependent phospholipase A2 , that hydrolyses 

phospholipids o f cell membranes (Aveldano and Bazan, 1975). During ischaemic brain 

injury, resident neurones, glial cells, and endothelial cells as well as blood borne 

neutrophils and platelets, produce PAF.

PAF exerts is effect via specific receptors and following receptor activation stimulates 

phospholipases A2 , C and D. The PAF receptor is coupled to effector systems through as 

yet uncharacterized G-proteins. Phospholipase C results in generation of inositol 

triphosphate which serves as a secondary messenger mobilizing intracellular calcium. A
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concomitant increase in diacylglycerols occurs leading to activation o f protein kinase C. 

Phosphoinositide breakdown also activates tyrosine kinase. During reperfusion oxygen is 

supplied enabling further metabolism o f the liberated free fatty acids. Phospholipase A2  

activity results in production of arachidonic acid and vasoactive prostanoids such as 

thromboxane A2 , prostacyclin and leukotrienes. (Maclennan et al., 1996).

In the current study, following 60 minutes o f DHCA at 18°C and 60 minutes rewarming 

the SVR fell and the pump flow was increased to maintain a constant CPP The SSVP was 

significantly higher after DHCA. The drop in the PssÛ2 , Sss02 and sagittal sinus pH and 

the rise in PssC02 following DHCA reflect the increased oxygen extraction and the build 

up of metabolites of anaerobic metabolism during ischaemia. A rise in CVR and drop in 

CBF followed DHCA. There was regional variation in CBF however, with recovery 

being greatest in the cerebellum and lowest in the cerebral hemispheres. As the arterial 

oxygen content was maintained at a constant level, the reduction in CBF was primarily 

responsible for the drop in CDO2 which was present in all brain regions after DHCA. The 

combination o f reduced CBF and increased CEO2 resulted in a fall in the CMRO2  

Interestingly the CMRO2 was lower, but not significantly so, in the cerebellum after 

DHCA. The relative preservation o f blood flow to this region after DHCA probably 

accounts for this. The small number o f animals in this study, however, in combination 

with a reasonably large standard error may in fact have resulted in a Type II error i.e. a 

failure to show a difference that in fact exists.

In the animals that received ginkgolide B the SVR rose significantly following DHCA. 

The increase in SVR with PAF antagonism compared to the control group suggests that in 

the control group the drop in SVR was due to vasodilatory effects of PAF The pump 

flow in the ginkgolide group was reduced to maintain the preset level o f CPP at 50 

mmHg. The period of ischaemia resulted in the drop in Sss02 and sagittal sinus pH and 

the rise in PssC02 following DHCA Although no significant difference in the Pss02 was
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detected before and after DHCA the cerebral oxygen extraction was still significantly 

higher.

Following DHCA the CBF and CDO2 were significantly greater in the ginkgolide B group 

than the control group in all brain regions. This suggests that the reduction of CBF in the 

control group was, at least in part, due to an increase in PAF activity as a result o f DHCA. 

PAF is known to reduce CBF (Kochanek et al., 1988) and similarly PAF administration 

can cause a dose-dependent decrease in spinal cord blood flow (Faden and Halt, 1992). 

Ginkgolide B has been shown to improve CBF after reperfiision following an ischaemic 

insult and to inhibit maturation o f ischaemic injury (Panetta et al., 1989; Panetta et al., 

1987). PAF antagonists (including ginkgolide B), however, do not alter normal cerebral 

blood flow or cerebral oxygen consumption (Kochanek et a l, 1990). This suggests that 

under normal circumstances, levels of PAF do not modulate CBF or metabolism. This is 

welcome news to the clinician as it suggests that PAF receptor antagonists may have a 

wide margin o f safety.

The reduced CVR compared to the control group accounts for the improved CBF. Part of 

this PAF induced vasoconstriction is due to release o f vasoactive arachidonic acid 

metabolites as it can be blocked by indomethacin (Piper et al., 1987). Recovery o f CDO2 

occurred to such an extent in the cerebellum and brain stem that there was no significant 

difference in regional levels in these regions before and after DHCA. This reflects the 

relatively higher CBF to these regions. Following DHCA the CMRO2 was also 

significantly improved in the ginkgolide group to the extent that in the brainstem and 

cerebellum the CMRO2 was actually higher than before the period of ischaemia.

In the brain there is considerable evidence that abnormal levels o f PAF are involved in 

neuronal cell damage following ischaemia and inflammation. Ginkgolide B can modulate 

the cerebral response to ischemia (Zablocka and Domanska-Janik, 1994; Zablocka et al.,
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1995). It has a neuroprotective effect on primary neuronal cultures isolated from the 

cerebral cortex (Nogami et a l, 1997) and reduces postischaemic histological damage in 

the hippocampus (Oberpichler et a l, 1990). PAF antagonism can also reduce both the 

size o f cerebral infarction and the resulting motor deficit (Aspey et a l, 1997). In perinatal 

hypoxia-ischemia ginkgolide B decreases the incidence and severity o f brain injury (Liu et 

a l, 1996). Furthermore it has recently been shown that PAF has an important role in 

glutamate neurotoxicity (Nogami et a l, 1997).

The proposed mechanism involves a PAF-mediated release of cerebral cellular lipids and 

free fatty acids, resulting in increased cerebral edema and cell injury. Braiii oedema is one 

of the most important clinical complications in ischaemic brain damage. It is well 

established that PAF increases vascular permeability in various circulatory beds (Pirotzky 

et a l, 1985), including cerebral arteries -  a phenomenon inhibited by PAF antagonists. 

With regard to neuronal injury phospholipase A] mediates accumulation o f free fatty acid 

in the brain and ginkgolide B is thought to reduce activation of this enzyme (Birkle et al., 

1988; Panetta et a l, 1987). PAF stimulates arachidonic acid release and enhances 

thromboxane B: (the stable thromboxane A: metabolite) production in the brain. 

Ginkgolide B has been shown to completely block thromboxane B 2 synthesis (Kunievsky 

and Yavin, 1992).

In certain target cells PAF causes an elevation in free cytosolic calcium content in 

neuronal cells (Bito et al., 1992) and this action can be blocked by ginkgolide B (Yang 

and Tashjian, 1991). Elevation in intracellular calcium is a common pathway toward cell 

injury for a variety o f pathophysiological mechanisms during brain ischaemia. As will be 

discussed in Chapter 9, elevated intracellular calcium causes neuronal damage by 

overaction o f lipases, proteases, and endonucleases and by alterations o f protein 

phosphorylation that reduce protein synthesis.
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It has been known for 10 years that ginkgolide B can protect the kidney against ischaemic 

injury (Plante et al., 1988). Interestingly the current study demonstrated an improved 

renal blood flow in the ginkgolide group following DHCA. This is certainly pertinent to 

the use o f CPB and DHCA in children where impaired renal function post operatively can 

be the cause of serious morbidity. In addition postoperative pulmonary oedema is reduced 

by PAF antagonism (Imai et al., 1988). Two previous studies have demonstrated a 

reduction in pulmonary injury following CPB with the use o f a PAF antagonist (Nathan et 

al., 1995; Zehr et al., 1995). Therefore as well as the potential benefits for neurological 

protection, PAF antagonism during CPB might also contribute to improvement in renal 

and pulmonary function.

It is clear that PAF is o f considerable importance in CNS physiology and pathology and 

that administration o f PAF receptor antagonists can be beneficial during cerebral 

ischaemia. A more precise understanding of the mechanisms underlying these effects, 

including the seemingly complex cross talk between PAF and other mediators, may lead 

to the clinical usage o f PAF receptor antagonists to interrupt the PAF-biochemical cascade 

that leads to cell death. The improvement in early cerebral recovery from a period of 

DHCA with ginkgolide B is very exciting. It suggests that PAF is responsible for at least 

some of the cerebral impairment that follows DHCA. Antagonism o f PAF receptors 

resulted in an improvement in CBF and cerebral metabolism and the null hypothesis stated 

earlier in this chapter can be rejected. Potentially PAF antagonism can also prevent 

initiation o f some o f the complex pathways and mechanisms that lead to ischaemic 

neuronal damage. Although it remains to be seen whether ginkgolide B reduces longer 

term neurological damage this study certainly gives an encouraging start to the use of PAF 

receptor antagonists in the context of DHCA.
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Table 7.1

Haemodynamic data in the control and ginkgolide B groups before and following

DHCA.

Group Pre-DHCA Post-DHCA

MAP (mmHg) CONTROL 57.3 ± 1.2 58.6 ± 1.0
GINKGOLIDE B 57.7 ± 1.8 58.9 ±0 .5

RAP (mmHg) CONTROL 0.5 ±0.1 0.3 ±0.1
GINKGOLIDE B 0.4 ± 0 .1 0.4 ±0.1

SSVP (mmHg) CONTROL 7.9 ± 0 .4 9.0 ± 0 .3  *
GINKGOLIDE B 7.7 ± 0 .3 7.8 ±0 .5

CPP (mmHg) CONTROL 49.4 ± 1.0 49.5 ± 1.2
GINKGOLIDE B 50.0 ± 1.0 51 .0±  1.8

Pump Flow (ml.kg'Vmin'') CONTROL 131 ± 7 164 ± 10*
GINKGOLIDE B 116± 5 84 ± 4 * t

SVR (mmHgHOOgm.niin.ini'') CONTROL 0.44 ± 0.02 0.36 ± 0.02 *
GINKGOLIDE B 0.50 ±0.03 0.71 ± 0.04 * t

Temperature (°C) CONTROL 35.9 ± 0 .3 36.3 ± 0 .2
GINKGOLIDE B 36.0 ± 0 .2 36.5 ± 0 .2

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 7.2

Arterial and sagittal sinus venous blood gases in control and ginkgolide B groups 

before and following DHCA.

Group Pre-DHCA Post-DHCA

PaO] (mmHg) CONTROL 2 I 8 ± 9 205 ± 11
GINKGOLIDE B 2 I 9 ±  10 206 ± 4

PaCO^ (mmHg) CONTROL 3 9 .9 ± I . I 41.0 ± 2 .4
GINKGOLIDE B 41.3 ±0 .6 39.1 ± 1.0

BE (mmol/L) CONTROL - 0 .8  ±0 .5 - 1 .0  ± 0 .7
GINKGOLIDE B -0 .7  ±0 .4 - 0 .5  ± 0 .6

ART pH CONTROL 7.36 ±0.01 7.36 ± 0.02
GINKGOLIDE B 7.38 ±0 .02 7.39 ±0.01

SaOz (%) CONTROL 99.7 ±0.10 99.7 ± 0.06
GINKGOLIDE B 99.7 ± 0.03 99.7 ± 0.03

Hct (%) CONTROL 26.6 ± 1.3 26.4 ± 1.0
GINKGOLIDE B 27.0 ± 1.2 27.6 ± 0 .6

Hb (g/dL) CONTROL 8.8 ±0 .4 9.0 ± 0 .4
GINKGOLIDE B 9.1 ±0 .2 9.3 ±0 .1

PssO^ (mmHg) CONTROL 27.7 ± 1.5 25.4 ± 1.4*
GINKGOLIDE B 26.7 ± I.O 24.0 ± 1.4

PSSCO2 (mmHg) CONTROL 55.1 ± 1.3 66.6 ± 2 .8  *
GINKGOLIDE B 56.7± I.l 66.9 ± 2.0 *

SS pH CONTROL 7.27 ±0.01 7.22 ± 0.02 *
GINKGOLIDE B 7.26 ±0.01 7.20 ± 0.02 *

SssOj (%) CONTROL 42.2 ± 4.3 3 1 .2 ± 4 .7 *
GINKGOLIDE B 43.3 ±2.1 28.8 ± 3 . 6 *

* significant difference from pre-DHCA value within group, paired t-test p<0.05
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Table 7.3

Cerebral and renal blood flow in control and ginkgolide B groups before and

following DHCA.

Group Pre-DHCA Post-DHCA

Global CBF CONTROL 
GINKGOLIDE B

48.5 ±2.6 
52.2 ±3.0

23.8 ± 1.3 * 
31.5 ± 2.3 * t

Hemispheres CONTROL 
GINKGOLIDE B

52.2 ±2.7 
51.9±2.9

21.0± 1.4* 
29.1 ± 3.4 * t

Cerebellum CONTROL 
GINKGOLIDE B

52.9 ± 1.7 
54.2 ± 1.2

36.4 ±2.2* 
48.7 ± 2.9 t

Basal Ganglia CONTROL 
GINKGOLIDE B

43.1 ±2.0
45.1 ±3.8

21.5 ± 1.8 * 
31.1±4.1 * t

Brain Stem CONTROL 
GINKGOLIDE B

42.4 ± 2.3 
41.8 ±2.3

25.2 ±2.1 * 
34.6 ± 3.8 t

Renal CONTROL 
GINKGOLIDE B

131.5 ± 10.2 
125.0 ±6.9

86.2 ±7.6* . 
111.8±8.9 t

All values in units of ml. lOOgm ’ .min ’

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 7.4

Global cerebral oxygen handling and cerebral vascular resistance in control and 

ginkgolide B groups before and following DHCA.

Group Pre-DHCA Post-DHCA

CDO2 (ml.lOOgm '.min'') CONTROL 
GINKGOLIDE B

6.14 ±0.51  
6.76 ± 0.42

3.03 ± 0 . 1 8 *

4.16 ± 0.28 * t

CMRO2 (ml.lOOgm''.min’') CONTROL 
GINKGOLIDE B

3.56 ±0 .27  
3.90 ±0.21

2.09 ± 0 .1 7 *  
2.99 ± 0.25 * t

CEO2 (%) CONTROL 
GINKGOLIDE B

59.2 ±4.1
58.2 ±2 .0

69.5 ± 4 . 6 *  
7 1 .9 ± 3 .4 *

CVR (mmHg.lOOgm.min.ml'‘) CONTROL 
GINKGOLIDE B

1.04 ±0 .06  
0.98 ± 0.06

2.12 ± 0 .1 2 *  
1.68 ± 0.14 * t

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 7.5

Regional cerebral oxygen handling in the control and ginkgolide groups before and

following DHCA.

(a) Cerebral Oxygen Delivery

CDÜ2 Group Pre-DHCA Post-DHCA

Global CONTROL 6.1 ±0 .5 3.0 ± 0 . 2 *
GINKGOLIDE B 6.8 ±0 .4 4 .2 ±0 .3  * t

Hemispheres CONTROL 6.6 ± 0.6 2.7 ±0 .3  *
GINKGOLIDE B 6.7 ±0 .4 3 .8 ± 0 .4 *  t

Cerebellum CONTROL 6.7 ± 0.4 4.7 ± 0 . 4 *
GINKGOLIDE B 7.0 ±0 .3 6.4 ± 0.4 t

Basal Ganglia CONTROL 5.4 ±0 .4 2.8 ±0 .3  *
GINKGOLIDE B 5.8 ±0 .5 4 .1± 0 .5  * t

Brain Stem CONTROL 5.4 ± 0 .4 3.2 ±0 .3  *
GINKGOLIDE B 5.4 ±0 .3 4.6 ±0 .5  t

(b) Cerebral Metabolic Rate of Oxygen

CMRO2 Group Pre-DHCA Post-DHCA

Global CONTROL 3.6 ±0 .3 2.1 ± 0 . 2 *
GINKGOLIDE B 3.9 ±0 .2 3 .0±0 .3  * t

Hemispheres CONTROL 3.8 ±0.3 1.9 ±0 .2  *
GINKGOLIDE B 3.9 ±0 .2 2.8 ± 0 .4  * t

Cerebellum CONTROL 3.9 ±0 .2 3.3 ±0 .4
GINKGOLIDE B 4.1 ±0.1 4.6 ±0 .3  t

Basal Ganglia CONTROL 3.2 ±0 .2 1.9 ±0 .2  *
GINKGOLIDE B 3.3 ±0 .2 2.9 ±0 .3  * t

Brain Stem CONTROL 3.1 ±0 .3 2.2 ±0 .2  *
GINKGOLIDE B 3.1 ±0 .2 3 .4±0 .5  t

All values in units of ml. lOOgm ' min '

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Figure 7.1

Percentage recovery of cerebral blood flow following DHCA in the control and 

ginkgolide B groups.
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* significantly greater percentage recovery than control group, unpaired t-test p<0.05 

t  no significant difference from pre-DHCA value within group, paired t-test p<0.05
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Figure 7.2

Percentage recovery of (a) cerebral oxygen delivery and (b) cerebral metabolic rate 

of oxygen following DHCA in the control and ginkgolide B groups.
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* significantly greater percentage recovery than control group, unpaired t-test p<0.05 

t  no significant difference from pre-DHCA value within group, paired t-test p<0.05
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Figure 7.3

Cerebrovascular resistance pre and post-DHCA.

CHAPTER 7

g

2.5 -| 

2.0 -

1.5 

1.0 

0.5 

0.0

CHANGES IN CVR

Pre-DHCA

f

Post-DHCA

Tim e P o in ts

E3 Control 

□  Ginkgo B

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA. unpaired t-test p<0.05
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Figure 7.4

Changes in cerebral oxygen handling before and after DHCA.
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* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA. unpaired t-test p<0.05
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Figure 7.5

Renal blood flow in control and ginkgolide B groups.
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CHAPTER 8

THE EFFECTS OF METHYLPREDNISOLONE SGDHIM SUCCINATE 

ON CEREBRAL RECOVERY FOLLOWING DHCA
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INTRODUCTION

To say that the mechanisms resulting in impairment of cerebral recovery following deep 

hypothermic circulatory arrest (DHCA) are incompletely defined is an understatement. 

The sequence o f events that follows a period o f cerebral ischaemia is extremely 

complicated. Many different pathways are activated and although our knowledge of some 

o f these has increased enormously over the past 10 years, the understanding o f the inter

relationship that exists between them is still in its infancy.

The role o f corticosteroids in cerebral pathological states has received considerable 

attention ever since the early reports of corticosteroid treatment in the context of neuro

oncology in the 1950s (Kofman et al., 1957). Their use for the reduction of tumour 

induced cerebral oedema has become well established (Koehler, 1995). Their use in 

cerebral trauma, and following both stroke (focal) and global cerebral ischaemia, however, 

has been the subject of considerable investigation by numerous researchers and remains 

controversial.

The mechanism o f action o f corticosteroids in cerebral trauma and ischaemia remains to 

be completely defined. There have been many studies concluding that corticosteroids can 

reduce cerebral oedema. In the 1970s a reduction in cerebral oedema following 

permanent occlusion o f the middle cerebral artery was shown with dexamethasone 

(Fenske et al., 1979). More recent studies with dexamethasone (1 mg.kg'^) have shown a 

reduction in cerebral oedema following CO2 laser treatment (Gocer et al., 1996). In a 

primate model o f ischaemic cerebral oedema produced by selective embolisation o f the 

internal carotid artery bifurcation, high dose methylprednisolone (MPRED) has been 

shown to reduce cerebral oedema (Bremer et al., 1980). In addition there was a 

significantly improved neurological recovery compared to the controls. The electron 

microscopy studies in Chapter 4 graphically demonstrated that perivascular cerebral 

oedema follows DHCA (Figures 4.5 to 4.8).
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MPRED has been shown to reduce the cerebral vasospasm that follows subarachnoid 

haemorrhage (SAH). In a dog model o f SAH two 30 mg.kg'^ doses of MPRED at an 

interval o f eight hours resulted in a significant reduction in basilar arterial spasm (Chyatte 

et al., 1983; Chyatte and Sundt, 1984). The mechanism for this is believed to be inhibition 

o f haemorrhage-initiated vasoconstrictor prostanoid action (Hall and Travis, 1988). The 

use o f 30 mg.kg'^ MPRED following SAH reduces brain eicosanoid levels and the 

mechanism for this is probably via reduction in lipid peroxidation (Gaetani et al., 1990). 

This is particularly interesting in the context of the current study because o f evidence 

which suggests that the principal molecular basis for post-traumatic neuronal degeneration 

is oxygen free radical-induced lipid peroxidation (Demopoulos et al., 1980). High dose 

MPRED has consistently been shown to inhibit lipid peroxidation (Anderson et al, 1985; 

Braughler and Hall, 1982; Hall and Braughler, 1981).

There is therefore considerable evidence to suggest that MPRED may be of benefit in the 

neonate undergoing a period o f DHCA. Cerebral oedema is a well known complication of 

cerebral ischaemia; increased cerebrovascular resistance (CVR) and reduced cerebral 

blood flow (CBF) are known early complications o f DHCA (Tsui et a l, 1997). 

Furthermore there is an increased risk o f neurological damage with the use o f DHCA 

compared to low flow cardiopulmonary bypass (CPB) (Bellinger et a l, 1995). 

Theoretically MPRED could reduce or prevent all o f these complications. The use of 

corticosteroids prior to a period of DHCA in children therefore has sound scientific 

rationale. In addition the anti-inflammatory effects o f corticosteroids may be o f benefit in 

counteracting the inflammatory response to CPB and ischaemia (Wan et a l, 1997). The 

aim o f this study was to determine the effects o f preoperative MPRED on cerebral 

recovery following 60 minutes of DHCA in the neonatal piglet.
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MATERIALS AND METHODS 

Experimental Preparation and Conditions

Sixteen neonatal De Kelb piglets were anaesthetised and prepared as described in Chapter 

3. The animals were randomised into two groups with eight animals in each group. The 

study group received 30 mg.kg'^ methylprednisolone sodium succinate (MPRED) by 

intramuscular (i.m.) injection at eight and two hours before induction of anaesthesia. The 

control group received 1ml o f sterile water for injection i.m. at the same time points.

All animals were cannulated for CPB and normothermic perfusion was commenced at 120 

m l.kg '\m in"\ Once the animals were stabilised, the pump flow rate was adjusted to 

provide and maintain a constant cerebral perfusion pressure (CPP) of 50 mmHg for 15 

minutes. Baseline CBF measurement was performed, the pump flow rate was returned to 

120 mg.kg'\min'^ and the mean arterial pressure (MAP) was allowed to drift. All the 

animals were cooled to a nasopharyngeal temperature of 16-18°C over 20 minutes using 

the alpha-stat strategy. The circulation was arrested and the animal drained. Following 60 

minutes o f DHCA, circulation was recommenced at 120 mg.kg'\min'^ and the animal 

rewarmed. After 45 minutes of rewarming, the pump flow rate was again adjusted to 

maintain a CPP of 50 mmHg. When the animal had been rewarmed for a total o f 60 

minutes the second CBF measurement was performed.

The methylprednisolone sodium succinate was supplied as 125 mg vials o f Solu-Medrol® 

sterile powder (Pharmacia and Upjohn Company, Kalamazoo, Michigan, USA). It is a 

white hygroscopic amorphous solid, which is very soluble in water. Solu-Medrol® is 

supplied with its own diluent that is added to the methylprednisolone prior to 

administration. The 125 mg sized vials o f Solu-Medrol® are dissolved in 2 mis of 

accompanying diluent. The initial plan was to administer the MPRED intravenously
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(i.v.). Unfortunately it proved rather impractical to cannulate a small vein in the pinna of 

the piglet without general anaesthesia. The subsequent animal was therefore anaesthetised 

prior to MPRED administration. Clearly it was not possible to monitor the arterial oxygen 

content o f the animal continuously from the time of the first MPRED injection to the 

commencement of the study. Concerns therefore arose over the possible effects that 

additional anaesthetic agent alone might have on cerebral oxygenation particularly in an 

animal that was not very closely monitored.

These two initial animals were not included in the results and the possibility o f i.m. 

injection was therefore explored. It materialised that the i.m. route would be equally as 

efficacious as the i.v. route in terms of both the bioavailabilty and pharmacokinetics of 

MPRED (Antal et al., 1983). The extent o f absorption o f free MPRED following i.v. and

i.m. administration is equivalent and there is no significant difference in terms of total area 

under the plasma concentration time curve. Although the i.v. route results in a higher 

initial peak concentration, at one hour after administration there is no difference in the 

plasma levels.

Throughout the study period in all animals, PaCO^ was kept between 35-45 mmHg; PaOi 

between 150-250 mmHg; pH between 7.35-7.45 and haematocrit between 23 and 28%. 

When necessary, an appropriate dose o f sodium bicarbonate was administered to correct 

for metabolic acidosis.

D ata Collection

CBF measurements were made with radioactive microspheres using the reference blood 

sample technique for calculations o f global and regional CBF (Chapter 3). All injections 

of microspheres were made during normothermic CPB at a CPP of 50 mmHg. Arterial
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and sagittal sinus venous blood samples were taken just prior to each microsphere 

injection for estimation o f PO 2 , PCO2 , pH, base excess and oxygen saturation. 

Haemoglobin and haematocrit levels were measured from arterial blood samples. Mean 

arterial pressure (MAP), right atrial pressure (RAP), sagittal sinus venous pressure 

(SSVP), nasopharyngeal temperature and pump flow rate were also recorded at these 

times.

Upon completion o f the experiments, the animals were euthanised. The brain and kidneys 

were removed and processed for analysis o f regional radioactivity in a gamma counter 

together with the reference blood samples.

DATA ANALYSIS

All the results were entered into an ‘IBM compatible’ Excel 97 spreadsheet (Microsoft® 

Corporation, Redmond, Washington) for further analysis as described in Chapter 6. 

Repeating formulae were set up to calculate the mean and standard error of the mean for 

all the data collected in each animal. Further repeating formulae were programmed for 

calculation o f the CBF, CDO2 , CEO2 , CMRO2 and the percentage change between these, 

before and after DHCA for all animals. To view the origin o f a cell calculation click on 

the cell and the equation is displayed in the formula bar. Pass the cursor over a cell to 

display the “comment” (see explanation in Chapter 6).

A two tailed paired samples t-test was used to compare means at different time points 

within a group. An unpaired (independent samples) t-test was used to compare means 

between the groups. A p value less than 0.05 was considered statistically significant. 

Repeating formulae for these were included in the spreadsheet. The spreadsheet had a 

total o f 107 columns and was therefore too large to print in full. The full results for every
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animal are included in an Excel spreadsheet file (M PRED.xls), which is saved on the 3.5-

inch diskette located in the pocket on the inside cover at the back o f  this dissertation.

Results in for the control animals are in green type, the MPRED animals are in lilac type.

A summary o f the full results from the spreadsheet is given in Tables 8.1 to 8.4. All the 

results in the tables are reported as the mean ± one standard error of the mean.

RESULTS

The mean weight o f the piglets was 2.5 ±0 .1  kg in the control group and 2.6 ±0 .1  kg in 

the steroid group. The difference was not statistically significant (p=0.09). No difference 

was detected in nasopharyngeal temperature between the groups at either time point.

Haem odynam ic data

All the haemodynamic data are summarised in Table 8.1. No difference was detected in 

mean arterial, right atrial, and cerebral perfusion pressure either within or between the two 

groups.

The SVR in the control group fell from 0.43 ± 0.05 mmHg.lOOgm.min.ml'^ pre DHCA to 

0.33 ± 0.02 mmHg. 1 OOgm.min.ml'^ post DHCA (p=0.05). Although the SVR in the 

MPRED group was also significantly lower after DHCA, the drop was hot as great as in 

the control group and the value post DHCA was significantly higher in the MPRED group 

compared to the controls (p=0.04).

In the control group the mean pump flow was 144 ± 11 ml.kg'\min'^ on CPB and rose to 

182 ± 9 ml.kg'\min'^ following DHCA (p=0.03). In the MPRED group the mean pump 

flow rose from 129 ± 9 to 154 ± 9 ml.kg'\min'^ after DHCA (p=0.006). These changes in
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pump flow after DHCA reflect maintenance o f the preset level o f CPP at 50mmHg despite 

changes in the SVR. The pump flow post DHCA in the MPRED group was significantly 

lower than in the control group at this point (p=0.05).

In both the control and the MPRED groups the SSVP was significantly higher following 

DHCA (p<0.05).

Blood Sample Analysis

The results o f all blood sample analysis are listed in Table 8.2. Arterial blood gases were 

within preset limits at all times. With regard to the venous blood gases in the control 

group the SggO: fell from 41.9 ± 2.7% to 28.9 ± 2.8% (p=0.03). The PggO: was also lower 

after DHCA but the difference did not reach significance. Following DHCA the PggC02 

increased from a mean of 62.6 ±3 .5  mmHg to 76.1 ± 4.8 mmHg (p=0.02) and the SSpH 

fell from 7.25 ± 0.02 to 7.18 ± 0.03 mmHg (p=0.02).

In the MPRED group although the PggO: and the SggO: were both lower after DHCA the 

difference was not significant. The PggCO: was significantly higher (p=0.001), however, 

and the SSpH significantly lower (p=0.001), following DHCA.

Cerebral Blood Flow

CBF results are summarised in Table 8.3 and Figure 8.1. No significant difference was 

found in CBF between the control and the MPRED group before DHCA.

In the control group, there was a significant reduction in blood flow to all regions of the 

brain following DHCA (p< 0.001). Different brain regions were affected to different
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degrees. Recovery o f blood flow was lowest in the cerebral hemispheres (43.3 ± 2.4% of 

pre DHCA level) and greatest in the cerebellum (66.4 ± 5.6% of the baseline).

In the MPRED group following DHCA cerebral blood flow was also significantly lower 

than the pre DHCA value. The post DHCA blood flows however, were higher in all brain 

regions compared to the control group -  significantly so in the brain stem and the 

cerebellum (p<0.04). Recovery in CBF, expressed as a percentage o f the pre DHCA 

value, was significantly greater in the MPRED group compared to the control group in all 

regions except the cerebral hemispheres (p<0.05). Table 8.5 and Figure 8.1.

Cerebral Vascular Resistance

No difference in CVR was found between groups before DHCA. In the control group the 

CVR rose from 1.0 ± 0.0 mmHg. 1 OOgm.min.mf^ before DHCA to 2.1 ± 0.1 

mmHg. 1 OOgm.min.ml'^ following DHCA (p=0.0001). In the MPRED group the CVR 

also rose following DHCA. Although the increase was not as great as in the control, the 

difference was still significant (p=0.001). When the percent change from the pre-DHCA 

value was compared between groups, however, the increase in CVR in the MPRED group 

(169 ± 15%) was significantly lower (p=0.025) than in the control group (228 ± 18%).

Cerebral Oxygen Delivery

The results are summarised in Table 8.4 and Figure 8.2. There was no significant 

difference in CDO2 between the two groups before DHCA. In the control group the mean 

CDO2  dropped from 6.6 ± 0.4 ml.lOOgm'\min'^ before DHCA to 3.1 ± 0.2 ml. 1 OOgm'
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\min"^ following DHCA (p=0.0001). This represents a mean reduction of 48.5 ± 3.8% of 

the baseline CDO2 .

In the MPRED group the CDO2  was also significantly lower after DHCA (p=0.004). The 

CDO2 fell to 68.4 ± 5.9% of the pre DHCA level. This was significantly higher than the 

recovery to 48.5 ± 3.8% of baseline in the control (p=0.01).

Cerebral Metabolic Rate of Oxygen

There was no significant difference in global CMRO2 between the two groups before 

DHCA. In the control group the mean CMRO2 dropped from 3.9 ± 0.2 ml.lOOgm'\min'^ 

before DHCA to 2.3 ± 0.2 ml.lOOgm'\min'^ following DHCA (p=0.0001). This 

represents a mean reduction to 58.6 ± 4.4% of the pre DHCA level (Figure 8.2).

In the MPRED group, there was also a significant drop in the CMRO2 after DHCA 

(p=0.05). However, the global CMRO2  recovered to 77.9 ± 7.1% of the pre DHCA level 

which was significantly greater than the percentage recovery in the control (p=0.04) 

(Figure 8.2).

Cerebral Oxygen Extraction

There was no significant difference in CEO2 between the two groups before DHCA. The 

CEO2 was significantly higher following DHCA in the control group (p=0.03). Although 

the CEO2  was higher in the MPRED group post DHCA the difference did not reach the 

significance level of 0.05. No difference in CEO2 was detected between the groups at 

either time point (Figure 8.2).
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Renal Blood Flow

No significant difference was found in RBF between the control and the MPRED group 

before DHCA. In the control group, after DHCA, the renal blood flow was significantly 

lower, falling to 67.3 ± 5.9% of the flow before DHCA (p=0.003). In the MPRED group 

no difference was detected in the RBF following DHCA with recovery to 99.3% of the pre 

DHCA level (Figure 8.3).

DISCUSSION

Methylprednisolone sodium succinate (MPRED) is a synthetic glucocorticoid steroid that 

was initially developed for its enhanced anti-inflammatory activity and lessened 

mineralocorticoid activity compared to hydrocortisone. It is about four times more 

potent than hydrocortisone as a glucocorticoid and anti-inflammatory agent, with about 

80% o f the mineralocorticoid (sodium-retaining and potassium-losing) activity. It has a 

plasma half-life o f 2.5 hours compared to 1.5 hours for hydrocortisone. In the case of 

steroid receptor-mediated activities, however, one must also think in terms o f the 

biological half-life o f the steroid as the related biological activities have a much longer 

duration than would be predicted fi’om the plasma elimination rate. The biological half- 

life for MPRED is 12 to 36 hours. The volume of distribution approaches one, which 

means that the steroid is almost evenly distributed throughout the total body water.

Early evidence for the role of MPRED as a direct neuroprotectant came in the 1980s. It 

was demonstrated that a single large i.v. dose protected homogenates of uninjured spinal 

cord tissue against lipid peroxidation (Braughler and Hall, 1982; Hall and Braughler,

1981). One of the most striking things about this study was the very large dose o f 30
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mg.kg’  ̂that was required. Treatment with lower doses was ineffective and doubling the 

dose to 60 mg.kg’  ̂resulted in a loss o f the effect. Tripling the dose to 90 mg.kg'^ actually 

increased lipid peroxidation. A model o f head injury in mice has also shown enhanced 

early recovery with 30 mg.kg'^ MPRED i.v. and a remarkably similar dose response curve 

to that seen in spinal cord injury (Hall, 1985). Following these early studies, 30 mg.kg'^ o f 

MPRED was found to attenuate post-traumatic CNS lipid peroxidation (Anderson et al., 

1985; Hall and Braughler, 1982). A repeated finding in studies demonstrating 

neuroprotection with MPRED, has been the need for much larger doses than those 

employed in conventional clinical treatment o f CNS injury. These findings account for 

the 30 mg.kg'^ dose used in the current study.

Some experimental studies show that a single high dose of methylprednisolone 

administered soon after CNS injury can significantly enhance recovery (Demopoulos et 

al., 1982; Holtz et al., 1990; Young and Flamm, 1982). Secondary tissue degeneration 

evolves rapidly after CNS damage, probably due in large part to lipid peroxidation, which 

for the most part is irreversible. The therapeutic time window is limited following 

cerebral injury and dosing should be administered as soon as possible following the insult, 

as early treatment can attenuate injury but not reverse it once it has occurred (Hall et al.,

1984).

The situation arising in DHCA is unique in that the period o f ischaemia is usually planned. 

This is a distinct advantage because it allows treatment before the insult takes place. Two 

preoperative doses were given in the current study. The reason for this is that there is 

evidence to suggest that de novo protein synthesis is involved in the cerebroprotective 

effect o f corticosteroids. The protective effect of dexamethasone in ischaemia induced 

cerebral oedema can be blocked by actinomycin D, an inhibitor o f messenger RNA 

synthesis (Temesvari et al., 1984; Tosaki et al., 1985).
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In the current study, following 60 minutes o f DHCA at 18°C and 60 minutes rewarming, 

the SVR fell and the pump flow was increased to maintain a constant CPP. The SSVP 

was significantly higher after DHCA. The drop in the PssO], SssOi and sagittal sinus pH 

and the rise in PssCOz following DHCA reflect the increased oxygen extraction and the 

build up o f metabolites of anaerobic metabolism during ischaemia. A rise in CVR and 

drop in CBF followed DHCA. There was regional variation in CBF however, with 

recovery being greatest in the cerebellum and brainstem. As the arterial oxygen content 

was maintained at a constant level, the reduction in CBF was primarily responsible for the 

drop in CDO 2  The post-DHCA CDO2 in the control group was lower than the pre-DHCA 

CMRO2 . The combination of reduced CBF and increased CEO2 resulted in a fall in the 

CMRO2 These findings are consistent with the results of the control animals in Chapters 

6 and 7.

In the animals that received preoperative MPRED the SVR was also significantly lower 

following DHCA but not as low as the control group. The higher SVR with MPRED 

compared to the control group suggests that in the control group the drop in SVR was due 

to a mechanism that was partially blocked by MPRED. The pump flow was increased to 

maintain the preset level of CPP at 50 mmHg. The period of ischaemia resulted in the 

drop in sagittal sinus pH and the rise in PssC02 following DHCA. No significant 

difference in the Sss02 and Pss02 was detected before and after DHCA and in contrast to 

the control group the cerebral oxygen extraction was not significantly increased.

Following DHCA in the MPRED group the global CBF, CDO2 and CMRO2 were all 

significantly lower than before DHCA. In the cerebellum and brain stem the regional 

CBF was significantly higher than in the control group following DHCA. The other 

regions were not significantly different from the controls although the values approached 

significance. This suggests that with a larger study group a significant difference between 

the two groups would be reached. When the percentage o f the pre-DHCA baseline values
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were compared however, the CBF, CDO2 and CMRO2 were all significantly higher in the 

MPRED group than the control group following DHCA. This is probably a more 

meaningfiil way to review the data because any variation in the mean pre and post-DHCA 

values between the groups will not influence the result.

Both experimental models and clinical studies have investigated the effects of MPRED 

following subarachnoid haemorrhage (SAH). A serious complication o f SAH is 

vasospasm with secondary infarction. In one study a single 30 mg.kg'^ i.v. dose of 

MPRED given 30 minutes after acute SAH resulted in stabilization of caudate blood flow 

and vascular resistance (Hall and Travis, 1988). This suggests that the steroid support of 

caudate perfusion is due to a direct protective effect o f the drug on the microvasculature. 

Clinical studies of high-dose MPRED in SAH have demonstrated its effectiveness in the 

reduction o f angiographically demonstrable vasospasm (Chyatte et al., 1987; Yamakawa 

et al., 1991).

A specific problem in SAH is the delayed time course o f clinically significant vasospasm, 

which would require several days o f dosing. This could potentially present problems with 

steroid side effects. Fortunately in the context o f DHCA problems related to longer term 

use o f high-dose steroids would not arise, as fortunately prolonged vasospasm is not a 

recognised pathophysiological complication. In the current study the percentage change 

in CVR post-DHCA was significantly less in the MPRED group than the control group. 

This probably contributes to the improvement in CBF seen with the use of MPRED. 

Although high dose MPRED appears to reduce the cerebrovascular spasm in SAH there 

are only a few studies, which suggest that corticosteroids increase CBF. It is interesting to 

note that pre treatment o f neonatal rats with dexamethasone prevents cerebral damage 

without improving cerebral blood flow (Tuor et al., 1993b). Furthermore direct 

intracarotid injection o f dexamethasone in normal baboons has been shown to have no 

effect on CBF or CMRO2  (Mendelow et al., 1978).
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Other studies, however, have shown an improvement in CNS blood flow with MPRED 

(Hall and Travis, 1988; Nagao et al., 1986). In a model o f cerebral oedema induced by 

exposure o f the surface of the brain to air, a single large dose o f MPRED reduces cerebral 

oedema o f  the cortex and white matter and improves local cerebral blood flow to the 

cortex. It also caused a remarkable improvement in cortical neural activity (Nagao et al., 

1986). Dexamethasone attenuates development of ischaemic cerebral oedema (Dux et al., 

1990; Fenske et al., 1979). It has also been shown to have a prophylactic effect on the 

early phase o f vasogenic oedema following cold injury by preventing accumulation of 

fluid in the extracellular space (Handa et al., 1990). The reduction in post ischaemic 

cerebral oedema is associated with improved post ischaemic cerebrovascular filling 

(Cerisoli et al., 1983). There are fewer studies on the effects of MPRED in cerebral 

oedema, however its use following global cerebral ischaemia has resulted in a significant 

reduction in brain water content (Katayama et al., 1990). The mechanism for the 

reduction o f cerebral oedema is thought to involve a reduction of the permeability of the 

cerebral vasculature to macromolecules (Hedley-Whyte and Hsu, 1986).

There has been a long and somewhat confusing history o f experimental and clinical 

attempts to apply glucocorticoids to acute treatment o f normothermic cerebral ischaemia 

or ischaemic stroke. Dexamethasone (0.1 mg.kg'^) given 6 hours before hypoxic- 

ischaemia insult resulted in complete protection with no infarction in one study (Chumas 

et al., 1993). The literature on methylprednisolone specifically is fairly limited, however, 

some studies have shown an improvement in post-reperfusion neurological recovery 

(Braughler and Lainer, 1986) and better preservation o f Na^, K^-ATPase (Palmer et al.,

1985). In some global ischaemic models, however, glucocorticoid administration has 

been shown to be detrimental (Koide et al., 1985; Sapolsky and Pulsinelli, 1985). The 

mechanism for this effect may involve direct glucocorticoid neurotoxicity (Sapolsky and 

Pulsinelli, 1985) or occur as a secondary consequence o f glucocorticoid-elevated serum 

glucose levels, which may exacerbate ischaemic lactic acidosis (Koide et al., 1985). It is
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well documented that elevated plasma or tissue glucose and/or lactate is detrimental to 

neuronal survival (Combs et al., 1990; LeBlanc et al., 1993; Marie and Bralet, 1991). 

Whatever the mechanism the currently available data would argue against the use of 

MPRED or other glucocorticoids in acute cerebral ischaemia in adults.

The situation in neonates, however, appears to be very different. Glucose supplementation 

during, or at the end of hypoxia has been shown to reduce infarction size in a neonatal 

model (Hattori and Wasterlain, 1990; Tuor et al., 1993a) with increased survival after 

anoxia (Vannucci, 1992; Vannucci and Mujsce, 1992). Extreme hyperglycemia (serum 

glucose 35-40 mM) has been shown to offer complete protection from infarction (Reeves 

et al., 1992).

The mechanism o f action of MPRED as a neuroprotectant is undoubtedly complex. High 

dose MPRED inhibits lipid peroxidation (Anderson and Means, 1985; Anderson et al., 

1985; Braughler and Hall, 1982; Hall and Braughler, 1981; Hall and Braughler, 1982). 

This is important because irreversible neuronal damage is related to free radical-induced 

lipid peroxidation. MPRED also inhibits membrane lipid hydrolysis, which includes 

inhibition o f arachidonic acid release and the consequent formation o f the vasoactive 

prostaglandin p 2 a and thromboxane A2  (Anderson et al., 1985). MPRED can also inhibit 

phospholipase A2 , the enzyme that results in arachidonic production, via the interaction of 

the steroid with specific glucocorticoid receptors. This inhibition does not require a dose 

of 3Omg.kg’Vhowever (Clark et al., 1981) and it is more likely therefore that the reduction 

in arachidonate release seen with high dose MPRED is secondary to attenuation of lipid 

peroxidation and liberation o f arachidonic acid, independent o f phospholipase activity.

The beneficial effects of MPRED should not be attributed to inhibition o f lipid 

peroxidation alone, in view o f the various anti-inflammatory actions that could play a role 

(Hsu and Dimitrijevic, 1990). The anti-inflammatory affects of corticosteroids may
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contribute to the improvement seen in the current study. It is well known that steroids 

modulate the immunological system. Their use results in inhibition o f the elevation of 

proinflammatory cytokines including TNF-a, IL-ip, IL-6, and IL-8. In addition they 

greatly enhance the production o f the anti-inflammatory cytokine IL-10 (Engelman et al., 

1995; Tabardel et al., 1996).

Monocytes and macrophages infiltrating the ischaemic brain have been shown to 

contribute to neuronal injury (Kochanek and Hallenbeck, 1992). Immunosuppressive 

therapy suppresses macrophage infiltration in ischaemia and is of benefit in spinal cord 

infarction (Giulian and Robertson, 1990). Neuronal survival may therefore be influenced 

by corticosteroids through their effects on immune-mediated cells, notably macrophages. 

Following cerebral ischaemia the JE/MCP-lgene, which encodes a strong monocyte 

chemoattractant, is expressed in the brain. High dose MPRED has been shown to reduce 

expression of this gene and to markedly reduce macrophage accumulation in ischaemic 

brain (Kim et al., 1995). This may be important as macrophages are important sources of 

neurotoxic substances such as oxygen free radicals (Thery et al., 1993), glutamate (Piani 

et al., 1991), nitric oxide (Chao et al., 1992), and lactate (PetrofF et al., 1992).

Furthermore high dose MPRED can reverse intracellular calcium accumulation and 

enhance the acute recovery o f somatosensory evoked potentials (Young and Flamm, 

1982), reduce neurofilament degradation (Braughler and Hall, 1984) and help maintain 

aerobic energy metabolism (Braughler and Hall, 1983; Braughler and Hall, 1984). Finally 

high dose MPRED can cause local vasodilatation in the CNS and improve local blood 

flow following ischaemia (Braughler and Hall, 1983; Hall et al., 1984; Young and Flamm,

1982).

More recently new classes o f antioxidant tissue protective steroids have been developed 

which lack the glucocorticoid receptor-based actions and still retain the ability to inhibit
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peroxidation and protect the brain. One such drug, tirilazad mesylate, a 21-aminosteroid 

of the “lazaroid” group, combines free radical scavenging and membrane stabilising 

properties. The result is potent inhibition of lipid peroxidation without the glucocorticoid 

receptor mediated “steroid” side effects such as immunosupression and infection, diabetic 

problems, impaired wound healing and gastric ulceration. It has been shown to reduce 

traumatic and ischaemic cerebral damage (Hall et al., 1994). A highly significant 

reduction in mortality and improvement in outcome has been demonstrated with its use in 

patients with SAH (Kassell et al., 1996). Tirilazad appears to act on the CNS 

microvascular endothelium and consequently protects the blood brain barrier, maintains 

CBF autoregulatory mechanisms and reduces vasospasm. Its neural protection is therefore 

indirect and in fact its penetration into brain parenchyma is limited. However, a new class 

of drugs, the pyrrolopyrimidines, has been discovered which are equal or even better 

antioxidants than tirilazad but with significantly improved ability to penetrate the blood 

brain barrier and gain direct access to neural tissue (Hall et al., 1997). Both these classes 

o f drugs have exciting potential in the future management o f cerebral ischaemia and 

deserve formal experimental assessment in models of CPB and DHCA.

In conclusion high dose MPRED given at two and eight hours before CPB reduces the 

change in CVR and improves the CBF, CDO2 and CMRO2  following DHCA. The 

mechanism o f action o f MPRED in this context is far from straightforward. A reduction 

o f lipid peroxidation and arachidonic acid release and a reduction in cerebral oedema 

following the arrest period are important events. Inhibition of monocyte chemoattractants 

and other anti-inflammatory effects must also contribute, and local vasodilatation and 

improved local blood flow following ischaemia are probably also relevant. High dose 

MPRED given preoperatively would appear to offer a safe and inexpensive technique for 

cerebral protection in children undergoing repair of congenital heart defects with the use 

ofDHCA.
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Table 8.1

Haemodynamic data in the control and MPRED groups before and following DHCA.

Group Pre-DHCA Post-DHCA

MAP (mmHg) CONTROL 58.1 ±0 .7 58.5 ±0 .6
MPRED 58.0 ± 1.0 60.4 ±0 .7

RAP (mmHg) CONTROL 0.2 ±0 .0 0.3 ±0.1
MPRED 0.3 ±0.1 0.4 ±0 .0

SSVP (mmHg) CONTROL 7.6 ±0.3 8.6 ±0 .5 *
MPRED 8.1 ±0 .2 9.4 ±0 .3 *

CPP (mmHg) CONTROL 50.5 ±0 .6 49.9 ±0 .6
MPRED 49.9 ±0 .9 51 .0±0.7

Pump Flow (ml.kg'.min'') CONTROL 144 ± 11 1 8 2 ± 9  *
MPRED 129 ± 9 1 5 4 ± 9 * f

SVR (mmHg.lOOgm.min.ml'’) CONTROL 0.4 ± 0.05 0.3 ± 0.02 *
MPRED 0.5 ± 0.03 0.4 ± 0.02 * t

Temperature (°C) CONTROL 36.0 ±0 .2 36.5 ± 0.2
MPRED 35.9 ±0 .2 36.3 ±0.1

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 8.2

Arterial and sagittal sinus venous blood gases in control and MPRED groups before

and following DHCA.

Group Pre-DHCA Post-DHCA

Pa02 (mmHg) CONTROL 206 ± 3 197 ± 3
MPRED 205 ± 7 208 ± 5

PaCO] (mmHg) CONTROL 40.8 ± 0 .9 42.1 ± 1.3
MPRED 41.9 ±0 .7 40.6 ± 0.8

BE (mmol/L) CONTROL - 0 . 9  ±0 .4 0.2 ±0 .4
MPRED 0.1 ±0 .4 -0 .1  ±0 .4

ART pH CONTROL 7.39 ±0.02 7.40 ±0.01
MPRED 7.41 ±0.01 7.38 ±0.01

SaOz (%) CONTROL 99.8 ± 0.03 99.7 ± 0.02
MPRED 99.8 ±0 .02 99.8 ± 0.02

Hct(%) CONTROL 26.5 ±0 .9 26.8 ±0 .9
MPRED 25.9 ±0 .9 27.3 ± 0.6

Hb (g/dL) CONTROL 8.6 ±0 .3 9.3 ±0 .4
MPRED 8.8 ±0 .2 9.4 ± 0.2

PSSO2  (mmHg) CONTROL 26.4 ± 1.1 23.4 ± 1.6
MPRED 27.8 ± 1.0 25.9 ± 1.5

PSSCO2  (mmHg) CONTROL 62.6 ±3.5 76.1 ± 4 . 8 *
MPRED 59.1 ±2 .8 68.4 ± 2 .2 *

SS pH CONTROL 7.25 ± 0.02 7.18 ±0.03 *
MPRED 7.29 ±0.01 7.22 ±0.01 *

SSSO2  (%) CONTROL 41 .9 ±2 .7 28.9 ± 2 .8 *
MPRED 40.2 ± 3 .7 31.9±3.1

* significant difference from pre-DHCA value within group, paired t-test p<0.05
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Table 8.3

Cerebral and renal blood flow in control and MPRED groups before and following

DHCA.

Group Pre-DHCA Post-DHCA

Global CBF CONTROL
MPRED

53.7 ±2.4
49.7 ±5.0

23.8 ± 1.2* 
31.2 ±4 .2*

Hemispheres CONTROL
MPRED

54.1 ± 1.5
48.1 ±2.8

23.3 ± 1.2* 
25.9 ± 1.9*

Cerebellum CONTROL
MPRED

53.0 ±2.3 
56.2 ±2.3

35.3 ±3.3 * 
44.9 ± 2.6 * t

Basal Ganglia CONTROL
MPRED

39.8 ±3.8
36.8 ±2.5

20.7 ± 1.3 * 
25.3 ± 1.8 *

Brain Stem CONTROL
MPRED

40.1 ±2.3 
41.8 ±2.2

23.9 ± 1.9* 
31.5 ± 2.2 * t

Renal CONTROL
MPRED

134.8 ±7.5
163.8 ± 12.0

89.0 ±7.1 * 
159.3 ± 10.0 t

All values in units of ml. lOOgm ’ .min'’

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 8.4

Global cerebral oxygen handling and cerebral vascular resistance in control and

MPRED groups before and following DHCA.

Group Pre-DHCA Post-DHCA

CDO2 (ml.lOOgm'^miii'') CONTROL
MPRED

6.62 ± 0.42 
6.25 ± 0.70

3.14 ± 0 .2 0 *
4.14 ±0.53 *

CMRO2 (ml.lOOgm''.min‘') CONTROL
MPRED

3.89 ±0.21  
3.77 ±0.45

2.27 ± 0 .1 8 *  
2.88 ± 0 .3 9 *

CE02(%) CONTROL
MPRED

59.5 ±2 .7  
61 .0±3 .6

71.8 ± 2 . 7 *  
69.0 ±3 .0

CVR (mmHg.lOOgm.min.ml'') CONTROL
MPRED

0.95 ± 0.04 
1.13±0.18

2.14 ± 0 .1 2 *  
1.82 ± 0 .2 2 *

* significant difference from pre-DHCA value within group, paired t-test p<0.05
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Figure 8.1

Percentage recovery of cerebral blood flow following DHCA in the control and 

methyl prednisolone groups.
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Figure 8.2

Changes in cerebral oxygen handling before and after DHCA.
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Figure 8.3

Renal blood flow in control and MPRED groups.
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CHAPTER 9

THE EFFECTS OF THE l,4-DIHYDROPYRn)INE CALCHJM CHANNEL 

BLOCKERS NIM ODfflNE AND NICARDIPINE ON 

CEREBRAL RECOVERY FOLLOWING DHCA
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INTRODUCTION

Compared to low flow cardiopulmonary bypass (CPB) the use o f DHCA in children is 

associated with a higher incidence o f seizures in the early post-operative period and with a 

higher risk of neurological abnormality (Bellinger et al., 1995; Newburger et al., 1993). 

Whilst many surgeons limit the use of DHCA as much as possible, sometimes it is 

unavoidable. In this situation the particular CPB and pharmacological management 

strategies employed could influence the neurological outcome. A strategy that not only 

improves the cerebral blood flow and oxygen delivery following DHCA, but also protects 

against or limits any neuronal ischaemic injury, would be ideal.

Calcium is important in the function o f arterial smooth muscle. An increase in 

intracellular calcium is essential for the activation of the myosin-actin protein complex 

that produces muscle contraction and increased arterial tone. Calcium channel blockers 

cause arterial vasodilatation by preventing calcium entry into smooth muscle cells. 

Passage o f calcium through the L-type voltage dependent channels is the “trigger calcium” 

that causes the release of large intracellular stores of calcium into the cytoplasm, resulting 

in contraction o f the cell. Considerable knowledge about the use of calcium channel 

blockers in cerebrovascular disorders has come from both laboratory and clinical studies 

of subarachnoid haemorrhage (SAH). The leading cause o f death following SAH is 

cerebral vasospasm with secondary infarction. The spasm can be either a localised or a 

diffuse process that causes restriction of the arterial lumen and thereby a reduction in the 

CBF (Kassell et al., 1985).

Nimodipine and nicardipine are both calcium channel blockers o f the 1,4-dihydropyridine 

category. They have both been investigated extensively in the context of SAH and many 

clinical studies have demonstrated an improved outcome with their use (Allen et al., 1983; 

Flamm et al., 1988; Gilsbach et al., 1990). In addition to reducing cerebral vascular
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spasm, calcium channel blockers can reduce the calcium influx into ischaemic neurons via 

long-lasting (L) type voltage-sensitive calcium channels. This is important because 

cerebral ischaemia results in an increase in the free cytosolic calcium concentration (Silver 

and Erecinska, 1990). Calcium is a mediator of ischaemic brain damage and a rise in 

intracellular levels results in the death of neurons associated with cerebral ischaemia 

(Deshpande et al., 1987). The blockade of calcium entry into cells can therefore protect 

against many o f the harmful effects o f ischaemia.

Theoretically the use o f a calcium channel blocker following DHCA could cause cerebral 

vasodilatation and improved CBF. Furthermore its use could afford neurological 

protection from the ischaemic insult suffered during the period of circulatory arrest. The 

aim o f this study was to determine whether the calcium channel blockers nimodipine and 

nicardipine, used in the recovery period following DHCA, could improve cerebral 

recovery and metabolism in a neonatal piglet model.

MATERIALS AND METHODS 

Experimental Preparation and Conditions

Eighteen neonatal De Kelb piglets were anaesthetised and prepared as described in 

Chapter 3. The animals were randomised into three groups with 6 animals in each group. 

They were all cannulated for CPB and normothermic perfusion was commenced at 120 

m l.kg '\m in '\ As it is the arterial blood pressure and not the pump flow rate that 

determines cerebral perfusion (Schwartz et al., 1995) once the animals were stabilised, the 

pump flow rate was adjusted to provide a constant cerebral perfusion pressure (CPP) o f 50 

mmHg for 15 minutes. A baseline CBF measurement was performed, the pump flow rate 

was returned to 120 ml.kg'\min'^ and the mean arterial pressure (MAP) was allowed to
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drift. All the animals were cooled to a nasopharyngeal temperature of 16-18°C over 20 

minutes using the alpha-stat strategy. The circulation was arrested and the animal drained.

Following 60 minutes of DHCA, circulation was recommenced at 120 mg.kg'\min'^ and 

the animal rewarmed. An intravenous infusion was commenced in each animal, which 

was continued over the 60 minute period o f reperfiision. The animals in the control group 

(CON) received 20 mis normal saline, those in the study group NIMOD received 

0.5|ig.kg'\min'^ o f nimodipine (Bayer AG, Wuppertal, Germany) and those in the study 

group NICARD received lp g .k g '\m in '\o f nicardipine hydrochloride (Cardene®, Wyeth 

Laboratories Inc. Philadelphia, USA). After 45 minutes o f rewarming, the pump flow rate 

was again adjusted to maintain a CPP o f 50 mmHg. When the animal had been rewarmed 

for a total of 60 minutes the second CBF measurement was performed.

Nicardipine was supplied as a clear yellow solution in 10 ml ampules containing 2.5 

m g.m l'\ The nicardipine used in each study was diluted with 20 mis normal saline prior 

to infusion. The use of parenteral nimodipine, however, does not have Food and Drug 

Administration approval for use in the USA. Within the time constraints o f this study it 

was not possible to obtain the standard Nimotop® 0.02% infusion solution which is used 

widely in Europe in the management of SAH. Nimodipine was therefore supplied directly 

from Bayer in Germany, as a yellowish crystalline substance. Nimodipine is not soluble 

in aqueous solution and therefore a special solvent “vehicle” was prepared according to 

guidelines provided by Bayer. The three constituents o f this “vehicle” were 6g of 

glycerine (Sigma-Aldrich, St. Louis, MO, USA), lOg distilled water and 96.9g 

polyethylene glycol 400 (Sigma-Aldrich, St. Louis, MO, USA). All constituents were 

liquid at room temperature. A maximum of 2 mis o f the “vehicle” was used in each 

animal. This was co-infused with 20 mis normal saline and because o f the possibility o f 

precipitation, mixing took place directly at the site o f infusion.
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Experimental Conditions

Throughout the study period in all animals, PaC02 was kept between 35-45 mmHg, Pa02 

between 150-250 mmHg, pH between 7.35-7.45 and haematocrit between 23 and 28%. 

When necessary, an appropriate dose of sodium bicarbonate was administered to correct 

for metabolic acidosis.

Data Collection

CBF measurements were made with radioactive microspheres using the reference blood 

sample technique for calculations o f  global and regional CBF (Chapter 3). All injections 

o f microspheres were made during normothermic CPB at a CPP o f 50 mmHg. Arterial 

and sagittal sinus venous blood samples were taken just prior to each microsphere 

injection for estimation o f PO 2 , PCO2 , pH, base excess and oxygen saturation. 

Haemoglobin and haematocrit levels were measured from arterial blood samples. MAP; 

right atrial pressure (RAP), sagittal sinus venous pressure (SSVP), nasopharyngeal 

temperature and pump flow rate were also recorded at these times.

Upon completion o f the experiments, the animals were euthanised. The brain and kidneys 

were removed and processed for analysis of regional radioactivity in a gamma counter 

together with the reference blood samples.

DATA ANALYSIS

All the results were entered into an TBM compatible’ Excel 97 spreadsheet (Microsoft® 

Corporation, Redmond, Washington) for further analysis as described in Chapter 6.
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Repeating formulae were set up as previously described. To view the origin o f a cell 

calculation click on the cell and the equation is displayed in the formula bar. Pass the 

cursor over a cell will with a comment attached in order to display it (cells with comments 

attached are denoted by a small red triangle in the top right comer).

A two tailed paired samples t-test was used to compare means at different time points 

within a group. An unpaired (independent samples) t-test was used to compare means 

between the groups. A p value less than 0.05 was considered statistically significant.

The spreadsheet had a total of 170 columns and was therefore too large to print in full. 

The full results for every animal are included in an Excel spreadsheet file (Calcium.xls), 

which is saved on the 3.5-inch diskette located in the pocket on the inside cover at the 

back o f this dissertation. Results for control animals are in green type, nicardipine in 

orange and nimodipine in purple. A summary o f the full results from the spreadsheet is 

given in Tables 9.1 to 9.4. All the results in the tables are reported as the mean ± one 

standard error of the mean.

RESULTS

The mean weight o f the piglets was 2.3 ±0.1  kg in the control group, 2.5 ± 0.1 kg in the 

nicardipine group and 2.2 ± 0 .1  kg in the nimodipine group. The difference between the 

study groups and the control was not statistically significant (p>0.1). No difference in 

nasopharyngeal temperature was detected between the groups at either time point (p>0.1).
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Haemodynamic Data

All the haemodynamic data are summarised in Table 9.1. No difference was detected in 

mean arterial, right atrial, and cerebral perfusion pressure either within or between the 

three groups.

There was no significant difference in SVR between the groups before DHCA. The SVR 

fell in all three groups following DHCA. In the control group it fell from 0.53 ± 0.04 

mmHg. lOOgm min.ml"^ pre DHCA to 0.44 ± 0.02 mmHg. 1 OOgm.min.ml'^ post DHCA 

(p=0.02). In the nicardipine group the fall was from 0.44 ± 0.04 to 0.27 ± 0.02 

mmHg. lOOgm.min.ml'^ (p=0.001) whilst in the nimodipine group the drop was from 0.45 

± 0.03 to 0.25 ± 0.02 mmHg. 1 OOgm.min.mf^ (p=0.006). The difference between the 

nicardipine and the nimodipine groups was not significant. The drop in SVR, however, 

was significantly greater in both the groups that received calcium channel blockers 

compared to the control (p<0.0002).

In the control group the mean pump flow was 117 ± 8 ml.kg'\min'^ on CPB rising to 139 

± 8 ml.kg'\min'^ following DHCA (p=0.01). The mean pump flow rose in the nicardipine 

and nimodipine groups from 139 ± 9 and 130 ± 8 ml.kg'\min'^ before DHCA to 228 ± 12 

and 239 ± 22 ml.kg'\min'^ after DHCA. The increase in pump flow was significantly 

greater in both groups compared to the controls (p<0.001). These changes in pump flow 

after DHCA reflect maintenance of the preset level o f CPP at 50mmHg despite a drop in 

the SVR.

Although no difference was detected in the control group, both groups that received 

calcium channel blockers had a significantly higher mean SSVP following DHCA

(p=0.01).
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Blood Sample Analysis

The results o f all blood sample analysis are listed in Table 9.2. Arterial blood gases were 

within preset limits before and after DHCA in all three groups.

There was no significant difference in Pss02, PssC02, Sss02, and SSpH between the 

groups before DHCA. PssÛ2 fell after DHCA in all three groups. The drop was 

statistically significant in the control and the nicardipine group (p<0.04) but not the 

nimodipine group (p=0.08). The sagittal sinus samples were more acidotic with higher 

carbon dioxide tension in all groups following DHCA. This difference was significant 

(p<0.04) except for the PssC02 in the control group (p=0.097). The Sss02 was 

significantly lower in all the groups after DHCA (p<0.03).

Cerebral Blood Flow

CBF results are summarised in Table 9.3 and Figure 9.1. No significant difference in CBF 

was found between the control and calcium channel blocker groups before DHCA in any 

o f the brain regions.

In the control group, there was a significant reduction in blood flow to all regions of the 

brain following DHCA (p<0.01). Different brain regions were affected to different 

degrees. Recovery o f blood flow after the arrest period was lowest in the cerebral 

hemispheres (37.0 ± 4.1% of pre DHCA level) and greatest in the cerebellum (73.0± 4.0% 

o f the baseline). Globally recovery was 47.4 ± 1.5% of the pre DHCA level.

Recovery o f  CBF in the calcium channel blocker groups following DHCA was 

significantly greater than the control group in all brain regions (p<0.05). In both these

233



CHAPTER 9

groups recovery in the cerebellum and brain stem occurred to such an extent that there was 

no significantly detectable difference in blood flow before and after DHCA in these 

regions. In addition, in the nicardipine group, there was no difference before and after 

DHCA in the basal ganglia (Figure 9.1).

Cerebral Vascular Resistance

No difference in CVR was found between the groups before DHCA. In the control group 

the CVR rose from 1.1 ± 0.1 mmHg. 1 OOgm.min.ml"^ before DHCA to 2.2 ± 0 . 1  

mmHg. 1 OOgm.min.mf^ following DHCA (p<0.0001). In both calcium channel blocker 

groups the CVR was also significantly higher following DHCA (p<0.02). When compared 

to the control group following DHCA, however, the CVR was significantly lower in these 

groups (p<0.001) (Figure 9.2).

Cerebral Oxygen Delivery

The results are summarised in Table 9.4 and Figure 9.3. There was no significant 

difference in CDO2 before DHCA between the two calcium channel blockade groups and 

the control group.

The mean CDO 2 in the control group dropped from 6.3 ± 0.4 ml.lOOgm'\min'^ before 

DHCA to 3.1 ±0 . 1  ml.lOOgm'\min'^ following DHCA (p<0.0001). This represents a 

reduction to 49.8 ± 1.9% of the baseline CDO2

In both the nicardipine and the nimodipine groups the CDO2 was also significantly 

lowered after DHCA (p<0.001). The CDO2 fell to 69.3 ± 3.5% and 66.5 ± 2.7% of the pre
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DHCA level. Recovery o f CDO2 in the calcium channel blocker groups following DHCA, 

however, was significantly higher than recovery in the controls (p=0.001).

Cerebral Metabolic Rate of Oxygen

The results are summarised in Table 9.4 and Figure 9.3. There was no significant 

difference in CMRO2 between the two calcium channel blocker groups and the control 

group before DHCA. In the control group the mean CMRO2 dropped from 4.0 ± 0.3 

ml.lOOgm'\min'^ before DHCA to 2.4 ± 0.1 ml.lOOgm'\min'^ following DHCA 

(p=0.004). This represents a mean reduction to 62.4 ± 5.4% of the pre DHCA level.

In the nimodipine group the CMRO2 was also significantly lower after DHCA (p<0.001). 

The CMRO 2 fell to 79.4 ± 2.1% of the pre DHCA level. This was significantly higher, 

however, than the recovery in the controls (p=0.02). In the nicardipine group there was no 

significant difference in CMRO2 following DHCA compared to the pre DHCA level. The 

CMRO2  recovered to 89.3 ± 4.1% of baseline level before DHCA. The difference in 

percentage recovery o f CMRO2 after DHCA between the two calcium channel blocker 

groups was not quite statistically significant (p=0.06).

Cerebral Oxygen Extraction

There was no significant difference in CEO2 between the two calcium channel blocker 

groups and the control before DHCA. The CEO2 was significantly higher in all three 

groups following DHCA. No difference in CEO2 was detected between the groups at 

either time point.
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Renal Blood Flow

No significant difference was found in RBF before DHCA between the control and the 

two calcium channel blocker groups. In the control group, after DHCA, the renal blood 

flow was significantly lower, falling to 73.8 ± 6.3% of the flow before DHCA (p=0.01). 

In both the nicardipine and the nimodipine groups, however, the RBF was significantly 

higher following DHCA (p<0.02) (Figure 9.4).

DISCUSSION

The calcium channel blockers are a structurally dissimilar group and currently available 

agents fall into three categories; the 1,4-dihydropyridines such as nifedipine, nimodipine 

and nicardipine, the benzothiazepines such as diltiazem and the phenylalkylamines such as 

verapamil. Interestingly there is no obvious relationship between the chemical 

configuration of these agents and their calcium blocking activity. Features such as a large 

hydrophobic region, a hydrophilic portion and one or more ring structures may relate to 

their ability to bind specifically to protein receptors in the plasma membrane.

The dihydropyridines are the most potent vasodilators o f arteriolar smooth muscle and 

have the least negative inotropic and electrophysiological effect on the heart at usual 

clinical doses (Nayler and Horowitz, 1983; Ribeiro et al., 1981; Rowland et al., 1979). 

The primary action o f the dihydropyridine calcium channel blockers is to inhibit calcium 

influx through voltage-dependent calcium channels in the plasma membrane o f a variety 

o f cell types. The resulting inhibition o f calcium mediated signaling in vascular smooth 

muscle leads to vasodilatation and a reduction in blood pressure. Calcium channel 

blockers have been used as antihypertensives since 1970.
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A considerable body of literature in both the animal and clinical environment has 

demonstrated cerebral vascular relaxation and improved CBF with the use o f the 

dihydropyridine calcium channel blockers nimodipine and nicardipine. In addition a 

direct, energy-conserving, anti-ischaemic effect o f certain calcium antagonists has been 

claimed repeatedly by basic scientists. In this study nimodipine, a first generation calcium 

channel blocker and nicardipine, a second generation blocker were chosen. Both drugs 

have been extensively investigated in the context of SAH and in models o f stroke (focal) 

and global cerebral ischaemia. The intravenous dose of nimodipine chosen, O.Spg.kg" 

\m in '\  has been used in a number o f previous studies. These include an animal study of 

cerebral autoregulatory response (Stange et al., 1994) and clinical studies on the effects of 

nimodipine following SAH (Vinge et al., 1986) and on neurological outcome following 

cardiac surgery (Forsman et al., 1990). The dose o f nicardipine, 1 .0pg.kg '\m in '\ was 

based on two previous clinical studies in paediatric patients (Tobias et al., 1996; Treluyér 

et al., 1993).

In the current study the response of the control animals to a 60 minute period o f DHCA is 

consistent with the findings in the control groups o f Chapters 6 to 8. Following DHCA 

the SVR fell and the pump flow was increased to maintain a constant CPP. The drop in 

the PssOi, Sss02 and sagittal sinus pH reflect the increased oxygen extraction following 

DHCA and the build up o f metabolites of anaerobic metabolism during ischaemia. A rise 

in CVR and drop in CBF followed DHCA. At 60 minutes after the arrest period the CBF 

was still less than 50% of the pre-DHCA level. There was regional variation in CBF 

however with recovery being greatest in the cerebellum and lowest in the cerebral 

hemispheres. As the arterial oxygen content was maintained at a constant level the 

reduction in CBF was primarily responsible for the drop in CDO2 Following DHCA the 

CDO2 was actually lower than the CMRO2 before DHCA. The combination o f reduced 

CBF and increased CEO2 resulted in a fall in the CMRO2
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In the animals that received calcium channel blockers during the recovery period the 

response of the cerebral vasculature and metabolism was similar. Nimodipine and 

nicardipine resulted in a predictable drop in SVR following DHCA. This was significantly 

lower in both these groups than the control group. The pump flow was increased 

accordingly. Both study groups had a significantly higher SSVP following DHCA. In the 

nimodipine group, but not in the nicardipine group, there was no significant drop in PssOi 

after DHCA compared to the pre-DHCA level. Although this might suggest a reduction in 

oxygen usage in the brain it does not necessarily mean that oxygen extraction is reduced. 

Other factors such as the content of oxygen in arterial blood and the CBF are also 

important in determination of cerebral oxygen extraction. In fact there was no difference 

in CEO 2 between the groups following DHCA. The sagittal sinus venous samples were 

more acidotic with higher carbon dioxide tensions and lower SssO: than before DHCA, 

which as in the control animals reflects a period of cerebral ischaemia.

Following DHCA the CBF was significantly greater in the calcium channel blocker 

groups compared to the control group in all brain regions. Recovery occurred to such an 

extent in the cerebellum and brain stem o f both groups and also in the basal ganglia of the 

nicardipine group, that there was no significant difference in regional CBF in these 

regions before and after DHCA. An increase in CBF following treatment with the calcium 

channel blockers nimodipine and nicardipine is now well established (Kanda and Flaim, 

1986; McCalden et al., 1984; Takenaka and Handa, 1979).

A significant improvement in CBF has been demonstrated using the xenon clearance 

technique following oral nimodipine in patients with SAH (Gaab et al., 1985) and 

following both intrathecal and intra-aiterial nimodipine injection in baboons (Sahlin et al.,

1986). Transcranial-doppler ultrasonography has shown an increase in CBF velocity with 

sublingual nifedipine (Payen et al., 1984) and a reduction o f vasospasm with intravenous 

nimodipine in patients following SAH (Harders and Gilsbach, 1987; Seiler et al., 1987).
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The use of nicardipine is also accompanied by increased CBF in both animal models and 

in humans (Salom et al., 1991; Takenaka and Handa, 1979).

The improvement in CBF with the use of calcium channel blockers in spite o f a decrease 

in blood pressure suggests that they reduce CVR (Kanazawa et al., 1990; Kanda and 

Flaim, 1986; McCalden et al., 1984; Salom et al., 1991). Following DHCA in the current 

study the CVR was significantly lower in both calcium channel blocker groups than the 

control group. This suggests that calcium channel blockers act directly on the cerebral 

arteries leading to vasodilatation. It has been known since 1974 that the calcium ion is the 

final common requirement for the contractile process in smooth muscle cells o f the 

cerebral arterioles (Smigiel and Sundt, 1974). Interestingly the decrease in vertebral, 

carotid and coronary resistance with nicardipine is significantly greater than the drop in 

total peripheral resistance (Takenaka et al., 1985). This is probably related to the density 

o f the L-type calcium channels in these vessels.

The improvement in CBF resulted in a significantly increased CDO2 in the calcium 

channel blocker groups compared to the control. Recovery of CMRO2 was significantly 

higher than the control group in both study groups. In the nicardipine group recovery 

occurred to such an extent that there was no significant difference from the pre-DHCA 

level. The use o f nimodipine in baboons and nicardipine in dogs have also demonstrated 

an improvement in CMRO2 (Sahlin et al., 1986; Tanaka et al., 1990).

There is considerable direct and circumstantial evidence that attests to the neuroprotective 

effects of both nimodipine and nicardipine following cerebral ischaemia, independent of 

improvement in CBF. The following discussion is vitally important for the understanding 

of the potential benefit that calcium channel blockade could provide in the context of 

DHCA over and above the improvement in CBF, CDO2  and CMRO2 that this study has 

demonstrated. A greater appreciation of the potential benefits of calcium channel blockers
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in the context o f DHCA comes with an understanding o f the key role o f calcium in 

ischaemic cerebral injury and the effects of treatment with nimodipine or nicardipine in 

models o f cerebral ischaemia.

The neuronal damage that follows global cerebral ischaemia is often delayed and when 

ischaemia is followed by prompt resuscitation three consecutive stages can be discerned: 

the initial events, the free interval, and the phase o f secondary cell death (Siesjo et al., 

1995). Initially adenosine triphosphate (ATP) stores are rapidly depleted and ion 

homeostasis is lost. There is a massive efflux of K+ from cells and influx o f Ca^^, Na^ 

and C r, the last two being accompanied by osmotically drawn water (Erecinska and 

Silver, 1994; Hansen, 1985). Depletion o f high-energy phosphates results in arrest of 

macromolecular synthesis. The rise in free cytosolic calcium (Silver and Erecinska, 

1990), activates enzymes that degrade phospholipids, proteins and deoxyribonucleic acid 

(Choi, 1988; Siesjo, 1988). Activation o f phospholipases with hydrolysis o f 

phospholipids leads to accumulation o f free fatty acids, including arachidonic acid.

In the free interval ATP production is resumed, membranes are repolarised, synaptic 

activity can be resumed and neuronal activity can even be resumed in cells that will 

eventually die. Recirculation results in the triggering of a cascade o f reactions which 

result in oxidation or nitrosylation of proteins, formation of chemoattractants, activation of 

adhesion molecules for neutrophils and free radical damage to key cellular structures. 

Delayed cell death is characterised by secondary depletion in energy suggesting 

mitochondrial failure (Deshpande et al., 1987; Pulsinelli and Duffy, 1983; Siesjo, 1992; 

Siesjo, 1993). As cell death seems to be preceded by mitochondrial accumulation of 

calcium it has been proposed that the initial insult results in a sustained change in 

membrane function with a slow rise in Câ "̂  and ultimate mitochondrial failure. As cell 

damage can be ameliorated by free radical scavenging (Pahlmark et al., 1993) increased
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cycling o f calcium may result from membrane dysfunction as a result o f protein oxidation 

by free radicals.

Calcium entry into neuronal cells is regulated by various gates, which include receptor- 

operated calcium channels and voltage-sensitive calcium channels. The N-methyl-D- 

aspartate (NMDA) type of glutamate receptor is a receptor-operated channel. The use of 

the selective NMD A receptor antagonist dizocilpine (MK-801) has been shown to both 

accelerate recovery o f cerebral high-energy phosphates (Aoki et al., 1994c) and to reduce 

neuronal injury in the brain following DHCA (Redmond et al., 1994). The 

dihydropyridine calcium channel blockers act via the L-type o f voltage-sensitive channel. 

A massive influx of Ca^^ occurs via these channels which are opened by generalised 

neuronal depolarisation during ischaemia (Harris et al., 1981). Although these channels 

have been a target for neuroprotectants the current study is the first in the context of 

DHCA to investigate the effects o f their blockade.

Both nimodipine and nicardipine have been shown to result in improved cerebral recovery 

following ischaemic injury. Nimodipine has been shown to reduce calcium entry into 

ischaemic neuronal cells and reduce histological damage (Uematsu et al., 1989). In 

addition a remarkable improvement in neurological deficit has been shown with 

nimodipine following total cerebral ischaemia (Steen et al., 1983). Furthermore an 

improvement in functional memory preservation following CPB has been demonstrated 

with its use (Forsman et al., 1990).

Prevention o f neuronal death following ischaemia in the CAl area o f the hippocampus, 

one o f the cerebral areas most susceptible to ischaemia, has been shown following 

nicardipine administration (Alps et a l, 1988). Its use has also resulted in a reduction in 

the level o f neuron-specific enolase, a specific marker for neuronal injury, and a reduction 

in cerebral oedema following ischaemia (Kittaka et a l, 1997). The CBF was not affected
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by nicardipine in this study which suggests that nicardipine may attenuate ischaemic 

cerebral injury by exerting direct neuroprotective and anti-oedematous effects independent 

o f improvement in CBF. A particular physico-chemical property o f nicardipine is the 

almost complete protonation that occurs in an acid environment (Whiting, 1987). The 

implication therefore is that the most active form of the compound is accumulated in 

ischaemic tissues (Grotta et al., 1986; Hadani et al., 1988). This probably accounts for the 

higher anti-ischaemic and neuroprotective activity that has been demonstrated with 

nicardipine compared to other calcium channel blockers including nimodipine (Alps et al., 

1988).

Dual blockade of calcium entry with both a dihydropyridine calcium channel blocker and 

an NMD A receptor antagonist may prove to be o f greater benefit following DHCA than 

either used alone. In previous separate studies o f cerebral ischaemia an NMDA receptor 

antagonist has been used in combination with nimodipine (Uematsu et al., 1991) and 

nicardipine (Hewitt and Corbett, 1992). This resulted in reduction of calcium entry into 

ischaemic neurones, enhanced recovery of the electroencephalogram and an improved 

histological outcome compared to either group on its own. A further effect of nicardipine 

and MK-801 may be via attenuation of platelet activating factor increase that follows 

cerebral ischaemia-reperfusion (Nishida and Markey, 1996).

In the current study there was a reduction in renal blood flow in the control group 

following DHCA. This has been a consistent finding in all the previous studies in this 

dissertation. In both the nimodipine and nicardipine groups, however, the RBF was 

significantly greater following DHCA than the control group. The improvement was so 

great that following DHCA the RBF was actually significantly higher than the pre-DHCA 

level. All classes o f calcium channel blockers have been shown to produce diuresis and 

natriuresis and they may also favorably influence the course o f chronic renal disease.
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Selective renal vasodilatory activity has been demonstrated with their use and may 

account for these effects (Takenaka et al., 1985).

In conclusion the use of the dihydropyridine calcium channel blockers nimodipine and 

nicardipine following DHCA significantly improve cerebral blood flow, oxygen delivery 

and metabolism. The renal blood flow is also significantly improved. The improvement 

in early cerebral recovery may alone result in a reduction in neuronal injury and 

neurological deficit that is associated with DHCA. The additional benefit o f these calcium 

channel blockers, however, is a direct neuroprotective action in the ischaemic brain. 

Neurobehavioural and neurohistological assessment of longer-term cerebral outcome will 

be necessary to further the understanding of the benefits of these drugs in the context of 

paediatric cardiac surgery.
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Table 9.1

Haemodynamic data in the control and calcium channel blocker groups before and

following DHCA.

Group Pre-DHCA Post-DHCA

MAP (mmHg) CON 60.7 ± 0.9 60.4 ± 0.7
NICARD 60.0 ± 1.5 59.7 ± 1.9
NIMOD 58.8 ± 1.6 57.0 ±2 .3

RAP (mmHg) CON 0.5 ±0 .2 0.5 ± 0.2
NICARD 0.5 ±0.1 0.4 ±0.1
NIMOD 0.4 ±0.1 0.5 ±0.1

SSVP (mmHg) CON 8.8 ±0 .8 9.4 ±0 .6
NICARD 8.6 ± 0 .4 10.7 ± 0 .6 *
NIMOD 8.3 ±0 .6 9.7 ± 0 .4  *

CPP (mmHg) CON 51 .9± 0 .7 51.0 ± 0 .4
NICARD 51.4 ± 1.2 49.0 ± 1.6
NIMOD 50.6 ± 1.3 47.3 ± 2.5

Pump Flow (ml.kg'.min'’) CON 1 I 7 ± 8 I 3 9 ± 8 *
NICARD 139 ± 9 228 ± 12 * t
NIMOD 130 ± 8 239 ± 2 2 *  t

SVR (mmHg.IOOgm.min.ml’') CON 0.53 ± 0.04 0.44 ± 0.02 *
NICARD 0.44 ± 0.04 0.27 ± 0.02 * t
NIMOD 0.45 ± 0.03 0.25 ± 0.02 * t

Temperature (°C) CON 35.8 ±0 .2 36.4 ±0 .2
NICARD 35.8 ± 0 .2 36.3 ±0.1
NIMOD 36.1 ±0 .2 36.2 ±0 .2

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

■f significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 9.2

Arterial and sagittal sinus venous blood gases in control and calcium channel blocker

groups before and following DHCA.

Group Pre-DHCA Post-DHCA

PaO] (mmHg) CON 206 ± 4 206 ±5
NICARD 2 0 0  ± 2 195 ±3
NIMOD 213±6 199 ±5

PaCOz (mmHg) CON 42.2 ± 1.5 40.5 ± 0.4
NICARD 43.7 ±0.8 42.2 ± 1.1
NIMOD 41.0± 1.0 39.5 ± 1.0

BE (mmol/L) CON — 0.7 ± 0.6 -0 .6  ±0.9
NICARD -0 .8  ±0.9 -0 .1  ±0.4
NIMOD -0 .6  ±0.5 -0 .5  ±0.5

ART pH CON 7.37 ±0.01 7.38 ±0.01
NICARD 7.39 ± 0.02 7.37 ±0.01
NIMOD 7.40 ±0.01 7.37 ±0.01

Sa0 2 (%) CON 99.8 ±0.0 99.7 ±0.0
NICARD 99.7 ±0.0 99.6 ±0.1
NIMOD 99.7 ±0.0 99.7 ±0.0

Hct(%) CON 27.5 ± 1.0 27.7 ±0.8
NICARD 26.7 ± 1.0 27.5 ±0.6
NIMOD 28.0 ± 1.4 26.2 ± 0 . 8

Hb (g/dL) CON 9.1 ±0.2 9.6 ±0.3
NICARD 9.7 ±0.2 9.8 ±0.2
NIMOD 9.5 ± 0.4 9.5 ±0.6

PSSO2 (mmHg) CON 27.8 ± 1.7 22.3 ± 1.1 *
NICARD 28.7 ± 1.9 20.8 ± 1.3 *
NIMOD 28.5 ±3.1 2 2 .0 ± 1 . 1

PSSCO2 (mmHg) CON 66.7 ±3.7 78.8 ±6.0
NICARD 65.0 ±3.9 76.5 ±3.9*
NIMOD 58.7 ±2.9 75.8 ±5.2*

SS pH CON 7.27 ±0.01 7.17 ±0.03 *
NICARD 7.27 ± 0.02 7.18 ±0.02 *
NIMOD 7.27 ± 0.02 7.17 ±0.02*

SSSO2 (%) CON 38.0 ±4.0 23.3 ±2.0*
NICARD 41.6 ±3.2 24.1 ±2.7*
NIMOD 37.7 ±2.7 24.9 ± 1.5 *

* significant difference from pre-DHCA value within group, paired t-test p<0.05
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Table 9.3

Cerebral and renal blood flow in control and calcium channel blocker groups before

and following DHCA.

Group Pre-DHCA Post-DHCA

Global CBF CON
NICARD
NIMOD

49.0 ±3.5 
48.6 ±2.0 
51.0±2.2

23.1 ±1.2*
33.3 ± 1.8 * t
34.4 db 2.4 * t

Hemispheres CON
NICARD
NIMOD

51.6±2.5
50.7 ±3.4
53.8 ±4.3

18.7 ± 1.4*
28.0 ± 1 . 1  * t  
26.4 ± 1.9* t

Cerebellum CON
NICARD
NIMOD

51.4 ±2.6 
47.1 ±2.0 
47.0 ±3.7

37.1 ± 1.2* 
48.6 ± 1.7 t  
43.5 ± 2.6 t

Basal Ganglia CON
NICARD
NIMOD

41.3 ±3.6 
41.7 ±2.9
40.3 ±5.9

2 1 .6 ± 1 .0 *
35.2 ± 3 .1 1
34.2 ±5.1 * t

Brain Stem CON
NICARD
NIMOD

39.1 ±4.0 
40.8 ±3.4 
38.4 ±3.9

26.4 ± 2.3 * 
39.8 ± 2.7 t
35.5 ± 3.3 t

Renal CON
NICARD
NIMOD

119.1 ±4.9 
101.5 ± 13.5 
98.7 ±8.5

87.5 ± 8.0 * 
139.5 ± 20.4 * t  
127.0 ± 13.8* t

All values in units of ml. lOOgm ’ .min '

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 9.4

Global cerebral oxygen handling and cerebral vascular resistance in control and

calcium channel blocker groups before and following DHCA.

Group Pre-DHCA Post-DHCA

CDO2 (ml. 1 OOgm’'.min'') CON
NICARD
NIMOD

6.31 ± 0 .39  
6.67 ± 0.22 
6.91 ±0.43

3 .1 3 ± 0 .1 4 *  
4.63 ± 0.30 * f  
4.55 ± 0.21 * t

CMRO2 (ml. 1 OOgm’'.min"') CON
NICARD
NIMOD

3.96 ± 0 .30  
3.99 ± 0 .32
4.34 ±0 .20

2.41 ± 0 .1 2 *  

3 .5 0 ± 0 .1 4 t  
3.45 ± 0.22 * t

CEO2 (%) CON
NICARD
NIMOD

63.1 ± 3 .8  
59.5 ±3 .1  
63.4 ± 2 .7

77.2 ± 2 .0 *  
76.4 ± 2 .6 *  
75.6 ± 1.5 *

CVR (mmHg. lOOgm.min.ml ') CON
NICARD
NIMOD

1.09 ±0 .08  
1.07 ±0.05  
1.00 ±0.05

2.25 ±0.11 * 
1.50±0.11 * t  
1.40 ± 0.11 * t

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Figure 9.1

Percentage recovery of cerebral blood flow following DHCA in control, nicardipine 

and nim odipine groups.
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* significantly greater percentage recovery than control group, unpaired t-test p<0.05 

T no significant difference from pre-DHCA value within group, paired t-test p<0.05
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Figure 9.2

The effects of infusions of normal saline, nicardipine and nim odipine on 

cerebrovascular resistance following DHCA.
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Figure 9.3

Changes in cerebral oxygen handling before and following DHCA.
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* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA. unpaired t-test p<0.05
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* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, impaired t-test p<0.05
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Figure 9.4

Renal blood flow in control, nicardipine and nimodipine groups.
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CHAPTER 10

THE EFFECTS OF THE FREE RADICAL SPIN TRAP 

a-PH ENY L-tert-BU TY L NITRONE (PEN) ON CEREBRAL RECOVERY

FOLLOW ING DHCA
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INTRODUCTION

Free radicals are chemical species with one or more unpaired electrons in their outer 

orbital. This makes them unstable and highly reactive with nearby molecules. As a result 

free radicals are potentially dangerous to living tissue. They are formed during normal 

cerebral metabolism but only cause injury when they exceed the antioxidant defenses of 

the tissue.

The extreme reactivity o f free radicals means that they never accumulate to concentrations 

sufficient to allow direct observation. Addition of a free radical to a nitrone, however, 

yields a nitroxide species, which can be detected by electron spin resonance (ESR) 

spectroscopy. The nitrones were developed in the 1960s specifically for the indirect 

detection of short-lived free radical species. One such nitrone is a-phenyl-teft-butyl 

nitrone or PEN, which has been used extensively in both in vitro and in vivo experimental 

models. Chemicals that can combine with free radicals to allow detection by ESR are 

known as spin traps and the combination o f the free radical with the nitrone is termed a 

“spin adduct” . PEN was first described in the context o f free radical spin trapping in 1968 

(Janzen and Blackburn, 1968).

Although nitrone spin traps have been used to detect free radicals since the 1960s it was 

not until 20 years after this that consideration was given to their therapeutic potential. In 

the mid 1980s the first reports emerged showing that PEN administration could improve 

the outcome in various experimental models. PEN was found to be highly effective in 

both preventing and reversing traumatic damage in rats (Novelli et al., 1986). 

Subsequently PEN resulted in a reduction in endotoxin-induced mortality (Hamburger and 

McCay, 1989; McKechnie et al., 1986). It was suggested that the reduction in mortality 

was related to the well-established capacity o f spin-trapping agents to capture reactive free 

radicals generated in response to endotoxin, that would otherwise react with cell
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components and produce tissue injury. This observation was followed in the early 1990s 

by several similar findings regarding the neuroprotective properties o f nitrones (Carney 

and Floyd, 1991; Clough-Helfman and Phillis, 1991; Floyd, 1990; Oliver et a l, 1990).

There are at least three chemical species, superoxide (O2”), hydrogen peroxide (H2 O2 ), and 

hydroxyl (OH) free radicals, which are involved in oxygen free radical damage in 

biological systems. Oxygen free radicals have been shown to play key roles in the 

pathological processes induced by cerebral ischaemia and the OH radical is the most 

important of the oxygen free radicals in this context. It is highly reactive and capable of 

producing damage to almost all components of living cells. Ischaemia-reperfrision injury 

induces OH radical formation in brain microvessels (Grammas et a l, 1993). Subsequent 

free radical damage to the cerebral vasculature causes an increase in permeability o f the 

blood brain barrier (Chan et a l, 1984; Wei et a l, 1986), altered membrane ion transport 

activity (Elliott and Schilling, 1992) and enhanced neutrophil adhesion to the vascular 

endothelium (Gasic et a l, 1991).

In addition to cerebral vascular injury, oxygen free radicals induce membrane lipid 

peroxidation (Ginsberg et al., 1988). Neuronal membranes are particularly susceptible to 

free radical attack because they are rich in polyunsaturated fatty acids. Potential 

consequences o f damage to membrane lipid include changes in fluidity and permeability 

and in the orientation of proteins embedded in the bilayer of the plasma membrane and in 

other cellular endomembranes (Schmidley, 1990). Other important targets for free radical 

attack are proteins, amino acids, nucleic acid bases, carbohydrates, neurotransmitters and 

DNA (Siesjo et a l, 1989). The resulting alterations in morphology and function are 

potentially lethal, causing neuronal death.

The generation of free radicals following cerebral ischaemia would appear to be central to 

the subsequent vascular and neuronal damage. Scavenging of these free radicals could
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offer enormous therapeutic benefit. The aim o f this study was to use PBN to indirectly 

assess the role o f free radicals in the impairment of cerebral recovery that is known to 

follow a period o f deep hypothermic circulatory arrest (DHCA) in children (Greeley et al., 

1989b). The null hypothesis is that free radicals are not involved in the post-DHCA 

impairment in cerebral blood flow (CBF) and cerebral metabolism (CMRO2 ) and that 

PBN given before CPB will have no effect on cerebral recovery following 60 minutes of 

DHCA in the neonatal piglet.

MATERIALS AND METHODS 

Experimental Preparation and Conditions

Twelve neonatal De Kelb piglets were anaesthetised and prepared as described in Chapter 

3. The animals were randomised into two groups with six animals in each group. The 

control group received 5 mis normal (0.9%) saline intravenously at induction plus 10 ml 

in the pump. The study group received 100 mg.kg'^ PBN (Sigma Chemical Company, St 

Louis, MO) in 5 ml normal saline intravenously at induction plus an additional lOmg.kg"^ 

in 10 ml normal saline in the pump. All animals were cannulated for CPB and 

normothermic perfusion was commenced at 1 2 0  m l.kg '\m in '\

Once the animals were stabilised, the pump flow rate was adjusted to provide and 

maintain a constant cerebral perfusion pressure (CPP) o f 50 mmHg for 15 minutes. 

Baseline CBF measurement was performed, the pump flow rate was returned to 120 

mg.kg'\min'^ and the mean arterial pressure (MAP) was allowed to drift. All the animals 

were cooled to a nasopharyngeal temperature o f 16-18°C over 2 0  minutes using the alpha- 

stat strategy. The circulation was arrested and the animal drained. Following 60 minutes 

of DHCA, circulation was recommenced at 120 mg.kg'\min'^ and the animal rewarmed.
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After 45 minutes of rewarming, the pump flow rate was again adjusted to maintain a CPP 

of 50 mmHg. When the animal had been rewarmed for a total o f 60 minutes the second 

CBF measurement was performed.

The chemical formula of a-phenyl-/er/-butyl nitrone (PBN) is C 11H 15NO (MW 177.2). It 

was supplied as a white powder, 99% pure by gas chromatography, by the Sigma 

Chemical Company (St. Louis, MO, USA). Prior to administration it was dissolved in 

isotonic saline.

Throughout the study period in all animals, PaC 0 2  was kept between 35-45 mmHg, PaO] 

between 150-250 mmHg, pH between 7.35-7.45 and haematocrit between 23 and 28%. 

When necessary, an appropriate dose of sodium bicarbonate was administered to correct 

for metabolic acidosis.

Data Collection

CBF measurements were made with radioactive micro spheres using the reference blood 

sample technique for calculations o f global and regional CBF (Chapter 3). All injections 

o f microspheres were made during normothermic CPB at a CPP of 50 mmHg. Arterial 

and sagittal sinus venous blood samples were taken just prior to each microsphere 

injection for estimation of PO 2 , PCO2 , pH, base excess and oxygen saturation. 

Haemoglobin and haematocrit levels were measured from arterial blood samples. Mean 

arterial pressure (MAP), right atrial pressure (RAP), sagittal sinus venous pressure 

(SSVP), nasopharyngeal temperature and pump flow rate were also recorded at these 

times. Upon completion of the experiments, the animals were euthanised. The brain and 

kidneys were removed and processed for analysis o f regional radioactivity in a gamma 

counter together with the reference blood samples.
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DATA ANALYSIS

All the results were entered into an ‘IBM compatible’ Excel 97 spreadsheet (Microsoft® 

Corporation, Redmond, Washington) for further analysis as described in Chapter 6 . 

Repeating formulae were set up to calculate the mean and standard error o f the mean for 

all the data collected in each animal. Further repeating formulae were programmed for 

calculation of the CBF, CDO2 , CEO2 , CMRO2 and the percentage change between these, 

before and after DHCA for all animals.

A two tailed paired samples t-test was used to compare means at different time points 

within a group. An unpaired (independent samples) t-test was used to compare means 

between the groups. A p value less than 0.05 was considered statistically significant.. 

The full results for every animal are included in an Excel spreadsheet file (PBN.xls), 

which is saved on the 3.5-inch diskette located in the pocket on the inside cover at the 

back o f this dissertation.

A summary o f the full results from the spreadsheet is given in Tables 10.1 to 10.5. All the 

results in the tables are reported as the mean ± one standard error of the mean.

RESULTS

The mean weight o f the piglets was 2.4 ± 0.2 kg in the control group and 2 . 6  ±0.1 kg in 

the PBN group. The difference was not statistically significant (p>0.4). No difference 

was detected in nasopharyngeal temperature between the groups at either time point.
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Haemodynamic data

All the haemodynamic data are summarised in Table 10.1. No difference was detected in 

mean arterial, right atrial, and cerebral perfusion pressure either within or between the two 

groups.

The SVR in the control group fell from 0.43 ± 0.03 mmHg. lOOgm min.ml'^ pre DHCA to 

0.35 ± 0.02 mmHg.lOOgm.min.mT^ post DHCA. This difference did not reach statistical 

significance (p=0.06). In the PBN group the SVR rose after DHCA from 0.37 ± 0.02 to 

0.56 ± 0.04 mmHg.lOOgm min.ml'^ (p=0.0005). Although the SVR was lower in the PBN 

group than the control before DHCA this difference was not statistically significant. The 

change in SVR in the control and the PBN group in opposite directions following DHCA 

resulted in a highly significant difference between the groups (p=0.0004).

In the control group the mean pump flow was 137 ± 8  ml.kg'\min'^ on CPB and rose to 

170 ± 10 ml.kg'\min'^ following DHCA (p=0.04). In the PBN group the mean pump flow 

dropped from 157 ± 8  to 107 ± 1 ml.kg'\min'^ after DHCA (p=O.OOI). These changes in 

pump flow after DHCA reflect maintenance o f the preset level o f CPP at 50 mmHg 

despite changes in the SVR. The change in pump flow in opposite directions following 

DHCA, resulted in a highly significant difference between the two groups (p=0.001).

In the control group the SSVP was 7.9 ± 0.8 mmHg on CPB rising to 10.0 ± 0.6 mmHg 

following DHCA (p=0.01). No significant difference in SSVP was detected in the PBN 

group.
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Blood Sample Analysis

The results of all blood sample analysis are listed in Table 10.2. Arterial blood gases were 

within preset limits at all times. In the control group SssO: fell from 43.0 ± 3.4% to 31.9 

± 4.5% (p=0.03). PggOi was also lower after DHCA but the drop did not reach 

significance. Following DHCA the PssCO] increased from a mean o f 53.7 ±2 .8  mmHg to 

65.2 ± 3.9 mmHg (p=0.04) and the SSpH fell from 7.27 ± 0.02 to 7.22 ± 0.03 (p=0.03).

In the PBN group although the PssO: and the SssO: were both lower after DHCA the 

difference was not significant. The PssCOi was significantly higher (p=0.002), however, 

and the SSpH significantly lower (p=0.002), following DHCA.

Cerebral Blood Flow

CBF results are summarised in Table 10.3 and Figure 10.1. No significant difference was 

found in CBF between the control and the PBN group before DHCA.

In the control group, there was a significant reduction in blood flow to all regions of the 

brain following DHCA (p< 0.009). Different brain regions were affected to different 

degrees. Recovery of blood flow was lowest in the cerebral hemispheres (45.9 ± 3.9% of 

pre DHCA level) and greatest in the cerebellum (73.0 ± 6.3% of the baseline).

In the PBN group recovery o f cerebral blood flow following DHCA was significantly 

greater than the control group in all brain regions (p<0.05). Recovery of regional flow to 

the cerebellum, brain stem and basal ganglia occurred to such an extent that there was no 

significant difference between the regional blood flow determined before and after DHCA 

in these regions (Figure 10.1).
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Cerebral Vascular Resistance

No difference in CVR was found between groups before DHCA. In the control group the 

CVR rose from 1.1 ± 0.1 mmHg. lOOgmmin.ml'^ before DHCA to 2.0 ± 0.2 

mmHg. lOOgm min.ml'^ following DHCA (p=0.001). In the PBN group the CVR also 

rose following DHCA. Although the increase was not as great as in the control, the 

difference was still just significant (p=0.053). Following DHCA the difference between 

the groups did not quite reach significance (p=0.09). When the percentage change from 

the pre-DHCA level value was compared between the control (191 ± 7.1%) and the PBN 

group (134 ± 12.3 %) the difference was highly significant (p=0.002).

Cerebral Oxygen Delivery

The results are summarised in Tables 10.4 and 10.5a and Figures 10.2a and 10.3. There 

was no significant difference in global CDO2 between the two groups before DHCA.

In the control group the mean CDO2 dropped from 6 . 2  ± 0 . 6  ml.lOOgm'\min'^ before 

DHCA to 3.2 ± 0.2 ml.lOOgm'\min'^ following DHCA (p=0.0003). This represents a 

mean reduction o f 52.2 ± 3.2% of the baseline CDO2 The post-DHCA CDO2 in the 

control group was lower than the pre-DHCA CMRO2 . In the PBN group the CDO2 was 

lower, but not significantly so, after DHCA (p=0 . 1 ). The CDO2 fell to 84.3 ± 8.4% of the 

pre DHCA level. This was significantly higher than the recovery to 52.2 ± 3.2% of the 

baseline in the control (p=0.005).

Analysis o f the regional CDO2 demonstrated that, in accordance with the CBF, there was a 

regional variation. The results are summarised in Table 10.5a and Figure 10.2a. In the 

control group there was a significant difference in CDO2 before and after DHCA in all

261



CHAPTER 10

regions (p<0 .0 2 ). The recovery in CDO2 varied from 73.2 ± 5.6% o f the baseline in the 

cerebellum to only 45.9 ± 3.2% o f the baseline in the cerebral hemispheres. In the PBN 

group following DHCA, recovery o f CDO2 was significantly greater compared to the 

control in all brain regions (p<0.05). In fact, only in the cerebral hemispheres was there 

was a significant difference in CDO2 compared to the pre DHCA level. In both the 

cerebellum and the brainstem the percentage recovery was greater than 1 0 0 % of the 

baseline.

Cerebral Metabolic Rate of Oxygen

The results are summarised in Tables 10.4 and 10.5b and Figure 10.2b and 10.3. There 

was no significant difference in global CMRO2 between the two groups before DHCA.

In the control group the mean CMRO2  dropped from 3.5 ± 0 . 2  ml.lOOgm'\min'^ before 

DHCA to 2.2 ± 0.2 ml.lOOgm'\min'^ following DHCA (p=0.0002). This represents a 

mean reduction to 61.4 ± 3.4% of the pre DHCA level. In the PBN group, there was no 

significant difference in the CMRO2 before and after DHCA (p= 1 .0 ). The global CMRO2  

recovered to 99.5 ± 1 1.7% of the pre DHCA level.

The recovery in CMRO2 following DHCA varied between the brain regions. There was 

no significant difference in CMRO2 between the control and the PBN group before DHCA 

in any o f the regions. In the control group the CMRO2 was significantly lower after 

DHCA in all brain regions compared to the pre DHCA level. In the PBN group following 

DHCA the CMRO2 was significantly higher in all brain regions compared to the controls 

(p<0.02). Recovery occurred to such an extent in the PBN group that there was no 

significant difference in the CMRO2 before and after DHCA in any region. The percentage
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recovery was significantly greater in all brain regions compared to the control group 

(p<0.04).

Cerebral Oxygen Extraction

There was no significant difference in global CEO2 between the two groups before 

DHCA. The CEO2 was significantly higher in both the control and the PBN group 

following DHCA (p<0.03). No difference in CEO2 was detected between the groups at 

either time point (Figure 10.3).

Renal Blood Flow

No significant difference was found in RBF between the control and the PBN group 

before DHCA. In the control group, after DHCA, the renal blood flow was significantly 

lower, falling to 80.1 ± 6.2% o f the flow before DHCA (p=0.04). Although the RBF was 

also lower in the PBN group after DHCA, it was not significantly lower, falling to 93.3 ± 

3.0% of the pre DHCA level (Figure 10.4).

DISCUSSION

The brain is probably the organ most susceptible to damage by oxygen free radicals. One 

of the reasons for this is that the brain is particularly enriched in highly peroxidisable fatty 

acids. In addition certain regions of the brain have a higher iron content than other tissues 

(Hallgren and Sourander, 1958) which is important because the rapid generation o f OH
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radicals from H 2 O2 during the Fenton reaction is dependent on iron (or copper) as a 

catalyst. Furthermore the brain does not contain high levels o f the protective enzymes 

superoxide dismutase, catalase, or glutathione peroxidase. Finally the levels o f ascorbate 

in the brain are high which is relevant because iron can only catalyse the formation of OH 

radicals after it has been reduced by ascorbate from the ferric to ferrous forms. In all, this 

is a rather bad combination o f factors which leads to promotion o f oxidative damage in the 

brain if  disorganisation of the tissue occurs (Zaleska and Floyd, 1985).

The OH radical is the most important o f the oxygen free radicals following cerebral 

ischaemia. Following generation, OH radicals react at diffusion limited rates with almost 

any molecule within a few atomic collisions of where it is formed. Molecular oxygen will 

often add to the reaction products with the generation o f further free radicals. This 

process o f chain propagation or amplification is one of the reasons why oxygen free 

radicals cause damage far in excess of their initial reaction products. It is somewhat 

paradoxical that although oxygen is the absolute requirement for life it is also extremely 

toxic under certain conditions.

The bonding of proteins, membranes, nucleic acids, and other biomolecules to metal ions 

plays a key role in determining the extent and nature of the oxygen free radical-mediated 

damage because of the essential role of these metal ions in generating free radicals. 

Reduction o f bound iron in the presence o f oxygen at specific sites may itself sometimes 

be sufficient to cause damage in mechanisms not yet understood. In most cases, however, 

the reduced metal must then react with H 2 O2 The enhanced propensity o f cerebral tissue 

to peroxidise, the fact that it is intricately and highly organised and carries out central 

information processing, plus the fact that neurones are post-mitotic cells combine to make 

free radical damage a particularly serious problem in the brain.

264



CHAPTER 10

Free radicals are generated not so much during the ischaemic period itself but during 

reperfusion when the supply o f oxygen-containing blood is restored to the ischaemic area 

(Oliver et a l, 1990). The levels o f  free radicals increase dramatically at the onset of 

reperfusion (Cao et a l, 1988; Kirsch et a l, 1987; McCord, 1985; Sen and Phillis, 1993). 

Free radical formation seems to peak at 5 minutes of reperfusion. Both the peak level of 

free radicals and the degree of lipid peroxidation are related to the duration o f ischaemia. 

It is thought that lipid peroxidation is the direct consequence of the action o f free radicals 

and that free radicals may be the triggering factor of membrane damage in ischaemia- 

reperfiision injury (Sakamoto et a l, 1991). More recent studies would suggest that 

following cerebral ischaemia a substantial part of the secondary damage is caused by free 

radical-mediated injury at the mitochondrial level with the enzyme cytochrome c oxidase 

being a likely target (Almeida et a l, 1995; Kuroda et a l, 1996b).

In the current study, following 60 minutes of DHCA at 18°C and 60 minutes rewarming 

the SVR fell and the pump flow was increased in the control group to maintain a constant 

CPP. The SSVP was significantly higher after DHCA. The drop in the SssOi and sagittal 

sinus pH and the rise in PssCO] following DHCA reflect the increased oxygen extraction 

and the build up o f metabolites of anaerobic metabolism during ischaemia. A rise in CVR 

and drop in CBF followed DHCA. The reduction in CBF may be due to the production of 

free radicals during reperfusion. Damage by oxygen free radicals during cerebral 

reperfusion has been shown to be important in the aetiology of both the reduced CBF and 

CMRO2 abnormalities that result following ischaemia (Rosenberg et al., 1989). It is also 

of interest, and o f possible relevance, to note that the production o f lipid peroxides 

following subarachnoid haemorrhage are thought to be responsible for the subsequent 

vasospasm (Sano et a l, 1980).

During cerebral hypoxia-ischaemia mitochondrial oxidative phosphorylation is impaired, 

causing ATP degradation and accumulation of hypoxanthine (Betz, 1985; Hagberg et al,

265



CHAPTER 10

1987). Hypoxanthine is metabolised by xanthine oxidase to xanthine and uric acid in 

reactions that produce the O2 and H 2 O2 free radicals (McCord, 1985). Xanthine oxidase is 

concentrated precariously within the endothelial cell lining o f the cerebral 

microvasculature, (Betz, 1985) and the blood brain barrier is therefore targeted for 

oxidative attack. Oxygen-derived free radicals damage endothelial cells o f the blood-brain 

barrier; the brain injury is characterized by oedema and by structural damage o f neurones 

and glia (Chan et al., 1984). The amount of brain oedema has been shown to be related to 

the amount of xanthine oxidase (Chan et al., 1984). Furthermore free radicals can result in 

abnormal arteriolar activity (Leffler et al., 1990), enhance neutrophil (Gasic et al., 1991) 

and platelet adhesion to endothelium, promote phospholipase A2 activation, PAF 

production and thereby contribute to post ischaemic hypoperfusion.

There was a regional variation in CBF, with recovery being lowest in the cerebral 

hemispheres and greatest in the cerebellum. As the arterial oxygen content was 

maintained at a constant level, the reduction in CBF was primarily responsible for the 

drop in CDO2 which was present in all brain regions after DHCA. The combination of 

reduced CBF and increased CEO2 resulted in a fall in the CMRO2  in all regions. The 

finding of impaired CMRO2 is consistent with studies o f normothermic global cerebral 

ischaemia-reperfusion injury (Rosenberg et al., 1989).

In the animals that received PBN the S V R  rose significantly following DHCA. The 

increase in S V R  compared to the control group suggests that in the control group the drop 

in S V R  was due to vasodilatory effects of free radicals. The pump flow in the PBN group 

was reduced to maintain the preset level o f CPP at 50 mmHg. The period o f ischaemia 

resulted in the drop in sagittal sinus pH and the rise in PgsC02 following DHCA. No 

significant difference in either PssÛ2 or S s s 0 2  was detected before and after DHCA, 

however, the cerebral oxygen extraction was still significantly higher. Following DHCA 

the CBF and CDO2 were significantly greater in the PBN group than the control group in
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all brain regions. This suggests that the reduction of CBF in the control group was, at least 

in part, due to an increase in free radical activity as a result o f DHCA.

Previous experimental evidence has shown that PBN results in improvement in CBF 

following cerebral ischaemia reperfusion injury (Inanami and Kuwabara, 1995; Schulz et 

al., 1997). A study by Inanami et al showed that PBN increased CBF in a dose dependent 

manner. Furthermore inhibition o f nitric oxide synthase, an enzyme which produces nitric 

oxide, resulted in attenuation of the PBN effect. This suggests that the PBN-induced 

increase in CBF is strongly associated with nitric oxide related vasodilatation (Inanami 

and Kuwabara, 1995). Schulz et al suggested that the vascular endothelium was a primary 

target for the damaging action o f free radicals (Schulz et al., 1997).

Recovery o f CDO2 occurred to such an extent both globally and in all areas o f the brain 

except the cerebral hemispheres, that there was no significant difference before and after 

DHCA. This reflects the improvement in post-DHCA CBF with PBN. Following DHCA 

there was no significant difference in CMRO2 compared to the pre-DHCA level. 

Therefore when PBN is given prior to CPB a normal cerebral metabolic recovery results 

following 60 minutes o f DHCA. PBN has been shown to result in a pronounced recovery 

of energy state with both ATP and lactate contents approaching normal following focal 

ischaemia (Folbergrova et al., 1995). The improvement in metabolic recovery with PBN 

following cerebral ischaemia is thought to be due to the effect o f the spin trap at the 

mitochondrial level (Kuroda et al., 1996a).

The dose o f PBN in the current study was 100 mg.kg*^ i.v. In most studies on cerebral 

ischaemia in which PBN has been used the animal models has been either a gerbil or a rat. 

Usually 100 mg.kg'^ PBN has been administered via the intraperitoneal (i.p.) route (Cao 

and Phillis, 1994; Phillis and Clough-Helfman, 1990). It is not surprising that the only 

available pharmacokinetic study o f PBN is following i.p. injection in rats (Chen et al.,

267



CHAPTER 10

1990). In this study the peak plasma level o f PBN following i.p. injection was at 15 

minutes and decreased steadily over the subsequent 12 hours, with a half-life o f 2-3 hours. 

Intravenous administration will clearly result in an increased peak level, which would be 

expected to occur immediately after injection. The concentration of PBN in the brain 

peaked at 30-45 minutes and then declined over the next 8 hours.

The brain concentration of PBN is significantly higher than the blood (Cheng et al., 1993). 

The increased brain distribution o f PBN is attributed to its greater lipophilicity and its 

ability to penetrate the blood brain barrier. PBN improves cerebral recovery following 

ischaemia whether given before or after the insult (Cao and Phillis, 1994; Phillis and 

Clough-Helfman, 1990; Zhao et al., 1994). It was decided to give the PBN prior to the 

period of ischaemia as there is some evidence to suggest that improvement in recovery 

may be greater (Cao and Phillis, 1994).

PBN has been shown to improve the histological and neurobehavioural recovery in both 

focal and global models of cerebral ischaemia. The size o f the infarct is reduced 

following both permanent and transient middle cerebral artery occlusion (Cao and Phillis, 

1994; Schulz et al., 1997). In addition a reduction in cerebral oedema, attenuation of 

neuronal damage in the CAl area of the hippocampus and improvement in neurological 

behaviour tests has been demonstrated with PBN following cerebral ischaemic injury (Cao 

and Phillis, 1994; Phillis and Clough-Helfman, 1990; Yue et al., 1992). In one study a 

significant improvement in neurobehavioural score was seen even when PBN was given 

12 hours after the ischaemic episode (Cao and Phillis, 1994). In combination these 

findings demonstrate that PBN has a strong neuroprotective effect and supports the 

hypothesis that free radicals play an important role in brain injury following cerebral 

ischaemia.
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The mechanism o f PBN protection is not completely delineated but appears to go beyond 

the relatively straightforward concept of spin adduct formation and subsequent prevention 

o f free radical-induced damage. PBN certainly attenuates OH radical production in 

cerebral ischaemia-reperfrision injury and the neuroprotective effect of PBN is partly 

related to its ability to form spin adducts (Sen and Phillis, 1993). As oxidative damage 

consists of a series o f events, free radical production probably continues for a considerable 

time after the onset o f reperfrision and partly explains the benefit of PBN even when it is 

given a number of hours after the insult (Cao and Phillis, 1994). The lipophilicity of PBN 

may enable efficient scavenging o f free radicals generated within cells.

The mechanism of PBN protection is also related to antagonism of glutamate related 

neuronal damage. Free radical neuronal injury (also known as oxidative stress) and 

glutamate excitotoxicity appear to be distinct but inter-related mechanisms, which may 

cooperate to produce neuronal degeneration (Bondy and LeBel, 1993; Coyle and 

Puttfarcken, 1993). Glutamate is the main excitatory amino acid neurotransmitter in the 

central nervous system. Excessive stimulation o f glutamate receptors, of which the N- 

methyl-D-aspartate (NMDA) receptor is the predominant type however, results in a 

sequence of events leading to neuronal death. This is known as the excitotoxic theory of 

neuronal cell death and, as discussed in Chapter 9, intracellular calcium influx is one of 

the most important features.

PBN treatment significantly prevents free radical-mediated protein oxidation and protects 

from the loss of glutamine synthetase activity, an enzyme very sensitive to oxidative 

damage. (Carney and Floyd, 1991; Oliver et al., 1990). The loss o f glutamine synthetase 

would be expected to increase the levels o f brain glutamate. Glutamate has been shown to 

increase formation o f hydroxyl radicals and cause extensive neuronal necrosis (Ferger et 

al., 1998; Lancelot et al., 1997). PBN protects neuronal cells from glutamate-induced 

toxicity in vitro (Yue et al., 1992) and can also attenuate both the increased level of OH
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radicals and reduce the neuronal damage induced by glutamate in vivo (Ferger et al., 1998; 

Lancelot et a l, 1997).

Finally, the mechanism o f PBN neuroprotection may relate to suppression o f gene 

induction following ischaemia. Cerebral ischaemia results in induction of a number of 

genes including the c-fos gene as well as heat shock protein-70, both of which can be 

blocked by PBN (Carney et al., 1994). In addition both the inducible form of nitric oxide 

synthase (NOS) and the calcium-dependent isoform of the enzyme are also up-regulated in 

the brain following ischaemia (ladecola et a l, 1995a; Nagafuji et a l, 1994). PBN has 

been shown to down regulate inducible NOS expression in endotoxaemia (Miyajima and 

Kotake, 1995) which may be relevant because inhibition of NOS can significantly reduce 

cerebral infarct size (ladecola et a l, 1995b; Nagafuji et a l, 1995). Bearing in mind that 

there is considerable evidence for the role of nitric oxide in ischaemic cerebral injury, 

PBN suppression o f inducible NOS may account for some of the neuroprotective effect.

In addition to the benefit of PBN that has been demonstrated in models o f cerebral 

ischaemia its’ use would also suggest a protective effect in other organs. It has been 

shown to protect the rat heart from ischaemia-reperfusion injury and arrhythmias 

(Bradamante et al., 1992; Hearse and Tosaki, 1987), to prevent free radical mediated lung 

injury in guinea pigs (Sata et a l, 1992) and to reduce acute renal failure caused by 

ischaemia-reperfusion injury in rats (Pedraza-Chaverri et a l, 1992). In the current study 

an improvement in renal blood flow resulted in the PBN group following DHCA. This 

effect is probably diie to the free radical scavenging effects of PBN and one might also 

subsequently expect a reduction in the incidence of acute renal failure following the use of 

DHCA. This alone could have very important implications in paediatric cardiac surgical 

practice.
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Free radicals are known to contribute to the tissue injury in a wide variety of pathological 

conditions including trauma, ischaemia, Parkinson’s disease, arthritis, carcinogenesis, 

ionising radiation, ozone damage and ageing. In addition there is now considerable 

evidence that oxygen free radicals are responsible for the cell damage in the course of 

cerebral ischaemia. This study has demonstrated that free radicals are involved in the 

impairment in cerebral recovery that follows a period of DHCA and the null hypothesis 

stated previously can be rejected. This is the first study in the context o f CPB to directly 

implicate free radicals in cerebral damage. A remarkable improvement in CBF and 

CMRO2 following DHCA was demonstrated with the use o f PBN in the neonatal piglet. 

This suggests that free radical scavengers may have enormous potential as cerebral 

protectants in children undergoing repair of congenital cardiac lesions.
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Table 10.1

Haemodynamic data in the control and PBN groups before and following DHCA.

Group Pre-DHCA Post-DHCA

MAP (mmHg) CON 57.8 ± 1.0 58.8 ± 0 .6
PBN 58.3 ±0 .7 59.3 ±0.5

RAP (mmHg) CON 0.4 ±0.1 0.5 ±0.1
PBN 0.4 ±0.1 0.3 ±0.1

SSVP (mmHg) CON 7.9 ±0 .8 10.0 ± 0 .6 *
PBN 8.6 ±0.5 9.5 ±0.3

CPP (mmHg) CON 49.9 ± 0 .4 48.8 ±0 .6
PBN 49.7 ±0.5 49.9 ±0 .5

Pump Flow (ml.kg'.mm"') CON 137 ± 8 170 ± 10*
PBN 157 ± 8 107 ± 7* t

SVR (mmHg. 1 OOgm.mm.ml ' ) CON 0.43 ± 0.03 0.35 ± 0.02
PBN 0.37 ± 0.02 0.56 ± 0.04 * t

Temperature (°C) CON 36.2 ±0.3 36.3 ±0 .2
PBN 36.0 ±0.1 36.5 ± 0 .2

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 10.2

Arterial and sagittal sinus venous blood gases in control and PBN groups before and

following DHCA.

Group Pre-DHCA Post-DHCA

PaOj (mmHg) CON 2 1 1 ± 6 207 ± 6
PBN 205 ± 6 200 ± 4

PaCO^ (mmHg) CON 39.8 ± 1.3 40.8 ± 2 .8
PBN 40.7 ± 0.9 40.0 ± 0 .4

BE (mmol/L) CON -  0.7 ± 0.6 0.1 ± 0 .6
PBN 0.4 ± 0 .5 - 0 .3  ± 0 .4

ART pH CON 7.38 ±0.01 7.40 ± 0.02
PBN 7.39 ±0.01 7.40 ±0.01

SaOz (%) CON 99.7 ± 0 .1 99.6 ±0.1
PBN 99.7 ± 0 .0 99.7 ± 0 .0

Hct(%) CON 27.0 ± 1.4 26.3 ± 1.2
PBN 26.3 ± 0.7 27.3 ± 0 .7

Hb (g/dL) CON 8.9 ± 0 .5 9.0 ± 0 .5
PBN 8.7 ± 0 .2 9.3 ± 0.2

PSSO2 (mmHg) CON 27.8 ± 1.8 25.5 ±2.1
PBN 26.8 ± 1.9 22.5 ± 1.3

PSSCO2 (mmHg) CON 53.7 ± 2 .8 65.2 ± 3 .9 *
PBN 59.8 ± 2 .3 66.5 ± 2 .0 *

SS pH CON 7.27 ± 0.02 7.22 ± 0.03 *
PBN 7.28 ±0.01 7.23 ±0.01 *

SSSO2 (%) CON 43.0 ± 3 .4 31 .9 ± 4 .5  *
PBN 37.7 ± 4 .8 27.8 ±3.1

* significant difference from pre-DHCA value within group, paired t-test p<0.05

273



CHAPTER 10

Table 10.3

Cerebral and renal blood flow in control and PBN groups before and following

DHCA.

Group Pre-DHCA Post-DHCA

Global CBF CON
PBN

48.4 ±3.6 
46.9 ±3.0

25.1 ±2.4*
37.2 ± 4.9 * t

Hemispheres CON
PBN

50.1 ±2.7 
46.9 ±2.5

2 2 . 6  ± 1 .2 * 
31.0±3.3 * t

Cerebellum CON
PBN

55.2 ±2.5 
50.4 ±2.8

39.9 ±3.0*
50.9 ± 2.8 t

Basal Ganglia CON
PBN

47.1 ± 1.1
40.2 ±3.5

27.3 ± 1.3 * 
34.7 ± 3.0 t

Brain Stem CON
PBN

40.6 ±2.3 
36.5 ±2.1

26.1 ±1.3*
36.1 ±2.3 t

Renal CON
PBN

108.8 ±7.1 
121.1 ±5.8

86.5 ±7.9* 
113.2 ± 7.2 t

All values in units of ml. lOOgm ’ .min '

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 10.4

Global cerebral oxygen handling and cerebral vascular resistance in control and

PBN groups before and following DHCA.

Group Pre-DHCA Post-DHCA

CDO2 (mI.100gm'’.min ‘) CON 6.15 ±0.55 3 .1 9 ± 0 .3 0 *
PBN 5.79 ±0.43 4.97 ± 0.72 t

CMRO2 (ml.lOOgm''.min'’) CON 3.53 ±0 .22 2.17 ± 0 .20  *
PBN 3.61 ±0 .29 3.60 ± 0.50 t

CEO2 (%) CON 58.3 ± 3 .4 68.9 ± 4 .3  *
PBN 62.9 ±4.1 72.8 ± 3 .0 *

CVR (mmHg.lOOgm.min.ml'') CON 1.06 ±0.08 2.03 ± 0.20 *
PBN 1.08 ±0 .07 1.48 ± 0 .22  *

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Table 10,5

Regional cerebral oxygen handling in the control and PBN groups before and 

following DHCA.

(a) Cerebral Oxygen Delivery

CDÜ2 Group Pre-DHCA Post-DHCA

Global CON 6.2 ± 0 .6 3.2 ±0 .3  *
PBN 5.8 ± 0 .4 5.0 ± 0.7 t

Hemispheres CON 6.3 ±0 .3 2.9 ± 0 .2 *
PBN 5.8 ±0 .3 4 .1 ± 0 .4 *  t

Cerebellum CON 7.0 ± 0 .2 5.2 ± 0 .4 *
PBN 6.2 ± 0.4 6.7 ± 0.3 t

Basal Ganglia CON 6.0 ± 0 .4 3.5 ±0 .3  *
PBN 5.0 ± 0 .5 4.6 ± 0.4 t

Brain Stem CON 5.1 ± 0 .5 3.5 ±0 .3  *
PBN 4.5 ± 0 .2 4.8 ± 0.4 t

(b) Cerebral Metabolic Rate of Oxygen

CMRO2 Group Pre-DHCA Post-DHCA

Global CON 3.5 ± 0 .2 2.2 ± 0.2 *
PBN 3.6 ± 0.3 3.6 ±0 .5  t

Hemispheres CON 3.7 ± 0 .2 1.9±0.1  *
PBN 3.7 ± 0 .3 3.0 ± 0.4 t

Cerebellum CON 4.0 ±0 .1 3.5 ± 0 .2 *
PBN 3.9 ± 0 .4 4.9 ± 0.3 t

Basal Ganglia CON 3.4 ±0 .1 2.4 ± 0 .2 *
PBN 3.1 ±0 .3 3.3 ± 0.3 t

Brain Stem CON 3.0 ± 0 .2 2.3 ±0.1  *
PBN 2.9 ±0 .3 3.5 ± 0.3 t

All values in units of ml. lOOgm'^.min’’

* significant difference from pre-DHCA value within group, paired t-test p<0.05 

t  significant difference from control value post-DHCA, unpaired t-test p<0.05
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Figure 10.1

Percentage recovery o f cerebral blood flow following DHCA in the control and PBN  

groups.
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Figure 10.2

Percentage recovery of (a) cerebral oxygen delivery and (b) cerebral metabolic rate 

of oxygen following DHCA in the control and PBN groups.
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Figure 10.3

Changes in cerebral oxygen handling before and after DHCA.
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* significant difference from pre-DHCA value within group, paired t-test p<0.05 
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Figure 10.4

Renal blood flow in control and PBN groups.
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DHCA -  THE PAST AND THE PRESENT

Introduction

One the most significant events in cardiac surgical practice since the first clinical report of 

use of cardiopulmonary bypass (CPB) (Gibbon, 1954), occurred in 1960 when the 

technique of deep hypothermic circulatory arrest (DHCA) was introduced by Weiss et al 

in Paris (Weiss et al., 1960). DHCA involves cooling the temperature of the patient down 

to 18°C over a period of 20 minutes with the use of a heat exchanger in the CPB circuit. 

The perfusate is drained from the patient and the arterial and venous cannulae can then be 

removed. This provides unparalleled surgical exposure in a bloodless operative field 

during repair of congenital heart defects in small children. Following the repair the 

cannulae are replaced, CPB is recommenced and the child is rewarmed to 37°C.

As a large proportion o f the early work in cardiac surgery was carried out for the 

correction of congenital cardiac anomalies, it soon became clear that the many deleterious 

effects of CPB were magnified in the very young. The duration o f exposure to CPB was 

clearly a risk factor for morbidity (Kirklin et al., 1983). Total circulatory arrest provided a 

means of minimizing the duration of patient exposure to CPB while whole body 

hypothermia afforded some degree of organ protection from ischaemic injury during the 

circulatory arrest period.

Hypothermia affords neurological protection during ischaemia but only for a limited 

period of time. Metabolic activity is reduced during hypothermia, but never completely 

stops and this explains the finite nature of the safe duration o f DHCA. The brain is the 

organ most sensitive to ischaemia and therefore limits the maximal duration of circulatory 

arrest. In order for a period of circulatory arrest to be termed safe there should be no 

detectable structural or functional abnormality in either the short or long term. Both
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histological and neurobehavioural studies have been used to determine the length of safety 

(Fisk et al., 1976; Treasure et a l, 1983). Considerable variation exists between some of 

these studies (Almond et a l, 1964; Johnston et al., 1966), however the assumption that 

DHCA is essentially safe for 30 minutes at 18°C would seem to be correct.

Concerns Regarding The Use Of DHCA

Although the use of DHCA resulted in a remarkable improvement in the mortality of 

children undergoing cardiac surgery, studies began to emerge which suggested that the use 

o f DHCA was associated with impaired neurobehavioural and intellectual development 

(Wells et al., 1983; Wright et a l, 1979). These suggestions remained contentious as other 

studies found that the risk o f neurological morbidity was not increased (Blackwood et al., 

1986; Miller et a l, 1994). Concerns regarding the safety o f DHCA resulted in a 

prospective randomised study undertaken at the Boston Children’s Hospital. The study 

found that a perfusion strategy of predominantly DHCA was associated with a higher 

incidence o f seizures and release of the BB isoenzyme o f creatine kinase in the early post

operative period (Newburger et a l, 1993). Furthermore a delayed motor development 

and higher risk o f neurological abnormality were found at one year (Bellinger et al, 

1995).

Cerebrovascular Response To DHCA

Following commencement o f CPB after a period o f DHCA there is an reduction of 

cerebral blood flow (CBF) and oxygen metabolism (CMRO2) (Greeley et a l, 1991b; 

Greeley et a l, 1989b) which are directly proportional to the duration o f DHCA (Mault et 

a l, 1993). These changes are associated with impairment in intracellular brain
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oxygenation (Greeley et al., 1991a). The reduction in CBF can last up to eight hours and 

may result in further ischaemic injury because of an apparent imbalance in oxygen supply 

and demand (Mezrow et al., 1994; Mezrow et al., 1992). The impairment in CBF and 

CMRO2 are often used as markers o f the cerebral injury caused by DHCA.

Im proving The Safety O f DHCA

The technique of DHCA can be divided into four different phases; cooling, circulatory 

arrest, rewarming and recovery. The greatest risk o f cerebral injury occurs during the 

arrest period when the surgical repair is being performed and most surgeons therefore try 

to limit this to as short a time as possible. A number of different strategies have been 

suggested and studied which have aimed to reduce the impairment o f cerebral recovery 

following DHCA and thereby reduce the potential for neurological damage. Topical 

cooling of the brain by packing the head with ice, for example, during the circulatory 

arrest period has been shown to ameliorate some o f the metabolic impairment (Mault et 

al., 1993).

Research focused on the cooling phase has identified a number o f factors, which may 

influence outcome. These include blood gas management (alpha-stat versus pH-stat) 

which is discussed below, the rate and duration of cooling and the target temperature for 

hypothermic circulatory arrest (Greeley et al., 1993b). Cooling times less than 2 0  minutes 

have been shown to result in a reduction in subsequent developmental score in children 

(Bellinger et al., 1991). With regard to the target temperature for circulatory arrest there is 

some evidence that very low temperatures may confer additional protection. A profoundly 

hypothermic group of dogs were found to have reduced histological and neurological 

injury following two hours o f arrest at 6-7°C compared to a group at 18°C. Unfortunately 

the relevance of this study is reduced by the fact that the time period of two hours
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circulatory arrest is over twice that considered safe by even the most ardent supporters of 

DHCA (G illinovetal., 1993).

A number o f studies have begun to elucidate the mechanism of injury to the brain that 

follows DHCA. Contributory mechanisms o f injury include an alteration of the balance of 

various endothelial vasodilating and vasoconstricting factors such as impairment of nitric 

oxide production (Hiramatsu et al., 1996; Tsui et al., 1996) and overproduction of 

thromboxane A: (Tsui et al., 1997). The mechanism is certainly more complicated than 

this, however, as evidenced by the improvement in cerebral recovery following DHCA 

following treatment with a number o f different pharmacological agents. These include the 

use o f aprotinin (Aoki et al., 1994b), infusion of the excitatory neurotransmitter antagonist 

MK-801 (Aoki et al., 1994c), and the use of a monoclonal antibody to the leukocyte 

adhesion integrin CD 18 (Aoki et al., 1995) which have all been shown to improve cerebral 

recovery.

ULTRASTRUCTURE OF THE CEREBRAL VASCULATURE AFTER DHCA

By definition, the abnormal cerebral perfusion that follows a period of DHCA must be a 

vascular phenomenon. The electron microscopy study in Chapter 4 focused on the 

changes in morphological structure of the cerebral microcirculation after DHCA. The 

results from this study suggest that the microvascular injury was maximal immediately 

following the arrest period and improved with reperflision. The damage was characterised 

by perivascular, intracellular and organelle oedema and vascular collapse irrespective of 

the blood gas strategy used during the cooling phase before DHCA. This is a particularly 

interesting and important finding because the strategy for management o f arterial blood 

gases has become one o f the most controversial and keenly discussed issues in paediatric 

cardiac surgery over the past few years.
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Influence Of Arterial Blood Gas Management Strategy

The alpha-stat strategy is used in the clinical situation almost exclusively. This strategy 

does not compensate for the natural shift in pH at lower temperatures (temperature 

uncorrected) and the pH remains at 7.4 as measured at 37°C. Advantages o f the alpha-stat 

strategy are that CBF is appropriate for the cerebral metabolism i.e. there is preservation 

of flow-metabolism coupling (Murkin et al., 1987) and that the function o f intracellular 

enzymes is optimised (Reeves, 1972). A theoretical disadvantage includes an increased 

oxygen affinity for haemoglobin.

In the pH-stat strategy carbon dioxide is added to the gas mixture to compensate for the 

alkaline shift that occurs at lower temperatures (temperature corrected). The resulting 

respiratory acidosis causes the pH to remain constant at 7.4 at the patient’s hypothermic 

temperature. The pH stat strategy results in carbon dioxide induced cerebral vasodilatation 

which may provide greater suppression of cerebral metabolism (Skaryak et al., 1993; 

Skaryak et al., 1995a) due to improved cooling o f the brain especially in patients with 

large aortopulmonary collaterals (Kirshbom et al., 1996). A disadvantage o f the pH stat 

management is that the excessive blood flow may increase embolic material to the brain 

and increase cerebral oedema. Furthermore, intracellular acidosis is increased (Watanabe 

et al., 1989).

Influence Of CPB Perfusion Strategy

A number of previous studies have focused on various perfusion strategies in an attempt to 

improve the cerebral recovery following DHCA. There is conflicting evidence regarding 

the benefit o f pulsatile perfusion following DHCA. Improvement in the recovery o f CBF 

following a 60 minute period of DHCA has been demonstrated in mongrel dogs (Onoe et
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al., 1994). A more recent study however, in a neonatal piglet model failed to show an 

improvement compared to non-pulsatile flow (Lodge et al., 1997). Unfortunately no 

cerebral metabolic data was obtained in either of these studies. The intermittent perfusion 

o f blood during DHCA may enhance neurological recovery, although experimental studies 

have produced conflicting results. Improved recovery of CMRO2 after two sequential 30- 

minute periods of DHCA separated by 30 minutes of reperfusion was demonstrated by 

Mault et al (Mault et al., 1994). An earlier study had shown no improvement in metabolic 

recovery after two separate 60 minute periods of DHCA separated by 30 minutes of 

hypothermic reperfusion.

Two further studies have shown a significant improvement in metabolic recovery when 

intermittent perfusion is used in a period o f DHCA (Mault et al., 1992; Miura et al., 1996). 

Both studies used an immature piglet model of DHCA. In the study by Miura et al 

intermittent perfusion during 100 minutes of DHCA was also associated with improved 

neurological recovery, however histological injury was still apparent (Miura et al., 1996). 

As in the case o f the profound hypothermic circulatory study by Gillinov et al (Gillinov et 

al., 1993) referred to above, the period o f arrest time is well in excess of time periods 

considered to be “safe” and a shorter period of DHCA may show less injury.

The EM studies o f Chapter 4 demonstrated that when 60 minutes o f DHCA is interrupted 

by 2  minutes o f intermittent perfusion every 2 0  minutes the microvascular ultrastructural 

morphology is normal. In a previous study intermittent perfusion has also been shown to 

result in normal recovery o f CMRO2 (Mault et al., 1992). This perfusion strategy is 

clinically practical and in addition the correlation between normal brain structure and 

CMRO2 suggests that monitoring the CMRO2 in the operating theatre may be an 

outstanding way of managing brain protection and predicting damage during infant heart 

surgery.
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DHCA AND THE NO-REFLOW PHENOMENON -  FACT OR FICTION

In 1968 the presence of cerebral vascular occlusion following an ischaemic insult was 

termed the no reflow phenomenon (Ames et al., 1968). Periods o f total cerebral ischaemia 

at normothermia in rabbits followed by perfusion with colloidal carbon resulted in 

vascular filling defects, which were visible as pale areas following coronal section o f the 

brain. The concept o f the no reflow phenomenon has been a somewhat controversial issue, 

however, with one study concluding that the no-reflow phenomenon was purely a post 

mortem artifact observed in the presence of cardiopulmonary failure (de la Torre et al., 

1992). The only study on this subject in the context o f CPB (Norwood et al., 1979) 

concluded that deep hypothermia prevents the no-reflow lesion from appearing even 

though none o f the animals in the study actually underwent DHCA.

The results from the experiments in Chapter 5 demonstrated that areas o f no-reflow 

developed following 60 minutes of DHCA and subsequent perfusion with carbon black. 

The no-reflow areas were maximal immediately after DHCA and decreased in size with 

increasing reperfusion time. The size o f the no-reflow areas were quantitated using digital 

planimetry. Linear regression analysis determined a 1.2% improvement in percentage 

area that was carbon perfused per minute of reperfusion. A particularly interesting finding 

from the regression curve was that after 20 minutes o f reperfiision almost 50% of the brain 

was still not perfused, and 20% was still not perfused after 40 minutes. There appear to be 

large areas o f the brain that are not immediately reperftised following DHCA. The 

duration of circulatory arrest therefore extends beyond the planned time period in those 

areas o f the brain that take longest to perfuse. How this correlates with potential for 

neurological injury needs further investigation.

The findings in the EM studies that comprise Chapter 4 suggest that microvascular injury 

was maximal immediately following the arrest period and improved with reperfusion. A
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similar situation would seem to exist with regard to areas of no-reflow. Although 

vasogenic oedema is clearly a prominent feature following DHCA one cannot assume that 

areas o f no-reflow are purely due to this. Furthermore although the no-reflow 

phenomenon may partly account for the impaired CBF that follows DHCA, again it is not 

possible to make this assumption. As discussed earlier the mechanisms involved in 

causing impaired cerebral recovery are far from completely defined. The experiments in 

the subsequent chapters were undertaken in order to attempt to elucidate additional 

mechanisms that may contribute to the cerebral impairment that follows DHCA. The 

specific strategies used were chosen to allow a relatively easy transition to clinical 

investigation should a significant improvement be detected with any particular strategy.

POSSIBLE MECHANISMS OF CEREBRAL IMPAIRMENT

The aim o f the studies in Chapters 6 - 1 0  was to attempt to elucidate additional mechanisms 

that may contribute to the cerebral impairment that follows DHCA. There is considerable 

previous experimental evidence to suggest that the five different mechanisms investigated 

in this dissertation are involved in ischaemic cerebral injury. The use o f leucocyte 

depletion, ginkgolide B, high-dose methylprednisolone, dihydropyridine calcium channel 

blockers and a-phenyl-^er/-butyl nitrone have all been associated with reduced cerebral 

impairment following normothermic ischaemia and therefore all can be classified as 

neuroprotectants. In addition these specific strategies were chosen as future transition to 

clinical use could be effected with relative ease.
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1. Leucocyte Activation

It is well established that neutrophils accumulate in the brain following ischaemia and that 

the increase in neutrophils is associated with increased neurological damage (Caceres et 

al., 1995). Leucocyte activation and adhesion to vascular endothelium with subsequent 

degranulation is central to ischaemia-reperfusion injury. Neutrophil secretion o f oxygen 

free radicals, cytokines, proteases, platelet activating factor (PAF) and lipid derived 

mediators such as arachidonic acid and leukotrienes cause serious molecular and 

biochemical disturbances, which can result in cell death.

The results of leucocyte depletion with the LeukoGuard 6  filter failed to show a 

significant improvement in cerebral recovery following DHCA. The results in the LG 6  

filter group were consistently better than the control with respect to all the blood flow and 

metabolism variables measured, but failed to reach statistical significance at the 

predetermined level of p < 0.05. However, this does not necessarily preclude a cerebral 

protective effect with leucocyte depletion. The accumulation o f neutrophils in ischaemic 

cerebral tissue and the subsequent damaging effects o f neutrophil activation continue for 

many hours following reperfusion. Neurobehavioral and histological studies in survival 

models o f  DHCA will be necessary to determine these longer-term effects.

2. Platelet Activating Factor

PAF is an extremely potent phospholipid, which is released from inflammatory cells. 

Excessive production of PAF occurs in pathological states of the nervous system and the 

effects o f PAF receptor activation are both complex and incompletely defined. Some of 

the known harmful effects o f PAF receptor stimulation include increasing cytosolic 

calcium concentration and stimulation of phospholipase A2 with the subsequent release of
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arachidonic acid and its vasoconstrictive metabolites (Maclennan et al., 1996). In addition 

it is well established that PAF increases vascular permeability, thereby contributing to 

cerebral oedema.

Ginkgolide B, a naturally occurring specific PAF receptor antagonist, had been used in a 

number of clinical trials (Dhainaut et al., 1994) and numerous experimental models to 

investigate the effects of PAF antagonism (Nogami et al., 1997; Zablocka and Domanska- 

Janik, 1994). The incidence o f unwanted complications with its use is extremely low. 

The study in Chapter 7 demonstrated that the impaired CBF and cerebral metabolism that 

follows DHCA could be significantly improved with the use of ginkgolide B before CPB 

This suggests that PAF is at least partly responsible for the impaired cerebral recovery. 

Potentially PAF antagonism could also prevent initiation of some of the complex 

pathways and mechanisms that lead to ischaemic neuronal damage.

3. Lipid peroxidation

Early evidence for the role o f methylprednisolone (MPRED) as a direct neuroprotectant 

came in the 1980s when it was shown that a single large i.v. dose (30 mg.kg'^) protected 

neural tissue against lipid peroxidation in vitro (Hall and Braughler, 1981). High dose 

MPRED has consistently been shown to inhibit lipid peroxidation (Anderson et al., 1985) 

This is relevant because the principal molecular basis for post-traumatic neuronal 

degeneration is oxygen free radical-induced lipid peroxidation (Demopoulos et al., 1980). 

Additional benefits o f MPRED include reduction of cerebral oedema (Bremer et al., 

1980), reduction in cerebral vasospasm (Hall and Travis, 1988), reversal o f intracellular 

calcium accumulation and improvement in local CNS blood flow following ischaemia 

(Young and Flamm, 1982).
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In the experiments in Chapter 8  two antioxidant doses of MPRED (30 mg.kg'^) were given 

at 8  and 2 hours before a 60 minute period o f DHCA. Two doses were given because of 

evidence to suggest that de novo protein synthesis is involved in the mechanism of 

cerebroprotection by corticosteroids (Temesvari et al., 1984). Following DHCA there was 

a significant improvement in percentage recovery of CBF, CDO2  and CMRO2 compared 

to the control group. This suggests that lipid peroxidation is in part responsible for the 

cerebral impairment that follows DHCA and that high-dose MPRED given at 8  and 2 

hours preoperatively can significantly improve cerebral recovery.

4. C erebral vascular constriction

Calcium channel blockers cause arterial vasodilatation by preventing calcium entry into 

vascular smooth muscle cells. Nimodipine and nicardipine are both calcium channel 

blockers o f the 1,4-dihydropyridine category and considerable knowledge about their use 

in cerebrovascular disorders has come from studies o f subarachnoid haemorrhage (SAH). 

The leading cause of death following SAH is cerebral vasospasm with secondary 

infarction. Calcium channel blockers can reduce this vasospasm and the associated 

morbidity and mortality (Harders and Gilsbach, 1987; Seiler et al., 1987). In addition to 

reducing cerebral vascular spasm, calcium channel blockers can reduce calcium influx 

into ischaemic neurones. This is important because calcium is a mediator o f ischaemic 

brain damage and a rise in intracellular levels results in the death o f neurones associated 

with cerebral ischaemia (Deshpande et al., 1987). The blockade of calcium entry into 

cells can therefore protect against many of the harmful effects o f ischaemia.

When an intravenous infusion of either nimodipine or nicardipine was given following 60 

minutes o f DHCA the CVR was significantly reduced and the CBF, CDO2  and CMRO2  

were all significantly improved compared to the controls. This suggests that
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cerebrovascular constriction is responsible for some o f the impairment in cerebral 

recovery following DHCA and that the improvement with nimodipine and nicardipine is 

caused by cerebral vasodilatation. This effect alone may result in a reduction in 

subsequent neuronal injury and neurological deficit that is associated with DHCA. The 

additional benefit o f these calcium channel blockers, however, is their direct 

neuroprotective action in the ischaemic brain.

5. Oxygen free radical release

Oxygen free radicals play a key role in the pathological processes induced by cerebral 

ischaemia and the hydroxyl (OH) radical is the most important o f the oxygen free radicals 

in this context. It is highly reactive and capable o f producing damage to almost all 

components o f living cells. Ischaemia-reperfusion injury induces OH radical formation in 

brain micro vessels (Grammas et al., 1993) and the level o f free radicals increases 

dramatically with reperfusion (Cao et al., 1988; McCord, 1985). Free radical induced 

damage causes an increase in permeability o f the blood brain barrier (Chan et al., 1984; 

Wei et al., 1986), altered membrane ion transport activity (Elliott and Schilling, 1992) and 

enhanced neutrophil adhesion to the vascular endothelium (Gasic et al., 1991). In 

addition, oxygen free radicals induce membrane lipid peroxidation (Ginsberg et al., 1988). 

Neuronal membranes are particularly susceptible to free radical attack because they are 

rich in polyunsaturated fatty acids. Other important targets for free radical attack include 

proteins, amino acids, nucleic acid bases, carbohydrates, neurotransmitters and DNA 

(Siesjo et al., 1989).

The nitrone a-phenyl-^er/-butyl nitrone (PBN) is a free radical spin-trapping agent with a 

strong neuroprotective effect, as evidenced by a reduction in cerebral oedema and 

improvement in both histological and neurobehavioural recovery with its use in various
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models o f cerebral ischaemia (Cao and Phillis, 1994; Phillis and Clough-Helfman, 1990). 

Administration o f PBN before DHCA in the studies in Chapter 10 resulted in a significant 

improvement in the CBF and CDO2 compared to the control group in all brain regions. 

Following DHCA there was no significant difference in CMRO2 compared to the pre- 

DHCA level. The use o f PBN therefore results in a normal cerebral metabolic recovery 

following 60 minutes of DHCA. These results suggest that the impairment in CBF, CDO2 

and CMRO2  that usually follow DHCA are due to an increase in free radical activity. Free 

radical scavenging would therefore appear to be neuroprotective in paediatric patients 

undergoing cardiac surgical procedures with the use o f DHCA.

CEREBRA L PRO TECTIO N  DURING DHCA

Introduction

There are currently no effective strategies for cerebral protection during DHCA. This is 

perhaps surprising when one considers that DHCA was first introduced almost 40 years 

ago. The main problem, however, is that the mechanisms that result in cerebral injury are 

incompletely understood. At a molecular level very little basic science research has been 

undertaken to investigate the effects o f cerebral ischaemia during hypothermia. 

Nevertheless, a vast body of research has been undertaken in models o f both focal and 

global cerebral ischaemia at normothermia. Entire journals such as “Stroke” and “The 

Journal o f Cerebral Blood Flow and Metabolism” are entirely based on this subject. As 

cardiac surgeons we should perhaps pay more attention to the neuroscience literature, 

which represent an enormous driving force in the elucidation of mechanisms o f cerebral 

ischaemia.
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One of the problems associated with brain research is that immediate outcome measures 

are much more difficult to define compared to other organs where injury can be assessed 

by organ impairment or loss of function. The ultimate goals o f cerebral protection are the 

avoidance of neuromotor and neuropsychiatrie dysfunction and the preservation of 

intellectual potentials. These determinants, however, are difficult to assess and quantify 

accurately in an animal model. Furthermore, the long waiting period before these 

outcome measures can be assessed in children means that the results are likely to be 

affected by numerous factors other than DHCA.

Markers Of Cerebral Injury

The work undertaken in this dissertation has used previously validated methods for the 

determination of CBF and CMRO2 . The changes in these parameters can be detected 

immediately after DHCA and are therefore often used as markers for cerebral injury. 

Other techniques are also available for investigation of cerebral oxidative metabolism and 

haemodynamics. These include magnetic resonance spectroscopy (MRS) and near 

infrared spectroscopy (NIRS). MRS allows determination of cerebral high-energy 

phosphates including inorganic phosphate, creatine phosphate, and (^-nucleoside 

triphosphate. Changes in adenosine triphosphate can be determined from the p-nucleoside 

triphosphate levels. The chemical shift o f inorganic phosphate relative to creatine 

phosphate can be used to calculate the intracellular pH of the brain (Aoki et al., 1993). 

NIRS can determine relative concentration changes in HbO:, Hb and oxidised cytochrome 

aa .̂ The technique is based on transmission and detection o f laser light at near-infrared 

wavelengths and analysis in a spectrophotometer. Changes in HbOi reflect changes in 

intravascular oxygenation, whereas changes in cytochrome aa  ̂ reflect mitochondrial 

oxygen availability. The total Hb reflects changes in blood volume (Miura et al., 1996).
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Whether changes in any of these parameters actually relate to long term neurological 

outcome remains to be tested.

There are a variety o f serum markers that have been used in an attempt to estimate 

neurological injury in the context of CPB. These include the brain specific B isoenzyme 

of creatine kinase, neuron-specific enolase (NSE) and Sangtec 100 (S-100) protein. Both 

NSE and S-100 are more sensitive indicators of cerebral injury than creatine kinase. S- 

100 has the distinct advantage that the levels are not affected by haemolysis. NSE is also 

present in red blood cells which can lead to inaccuracies following cardiac surgery due to 

haemolysis caused by CPB whereas S-100 is not affected by haemolysis (Gao et al., 

1997). The level o f the pp isoform of S-100, a specific astroglial protein, increases after 

cerebral injury. Elevated serum levels have been detected in adults following cardiac 

surgery complicated by neurological injury (Westaby et al., 1996).

Additional information may be gained from the use o f a variety of cerebral monitoring 

techniques which each has advantages and disadvantages. Electroencephalography (EEG) 

is noninvasive, portable, provides continuous data and is easy to set up, however, the 

efficacy in determination of cerebral injury is unproven. Transcranial Doppler (TCD) is 

inexpensive, noninvasive, portable and is able to reveal the flow velocity in real time, 

however it is not quantitative, its use has not been validated during hypothermia and there 

may be difficulty finding a signal in 10% of patients. Positron emission tomography (PET) 

enables non-invasive, continuous, region specific quantitative analysis of cerebral blood 

flow, metabolism, oxygen extraction ratio and cranial blood volume. The major 

disadvantages are that it is not portable and requires a cyclotron on site. Finally magnetic 

resonance imaging (MRI) can be used and this is currently the best imaging technique 

available for identifying cerebral oedema, gliosis, micro-infarction, subacute parenchymal 

and extra-axial haemorrhages. The disadvantage is that it is neither portable nor dynamic.
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it is expensive, and is anatomic rather than metabolic. In addition it may involve patient 

handling at critical times.

Future Avenues O f Research

There is an increasing body of experimental evidence regarding both the mechanisms of 

early impairment o f cerebral blood flow and metabolism following DHCA and strategies 

that might improve cerebral recovery. There is much less evidence, however, on the 

effect of these strategies on both histological and neurobehavioural outcome. It is 

clearly important to assess these, because the ultimate aim o f a strategy for cerebral 

protection is the complete preservation o f neurological structure and function. Neuronal 

necrosis or infarction can occur after a delay o f hours or days following cerebral 

ischaemia. This secondary damage often reflects the maturation of cell injury incurred at 

the time o f the primary insult. Survival studies in animals following DHCA are therefore 

essential to determine the effects of various strategies on histology and behaviour.

One should be aware that improvement in early cerebral recovery does not mean that a 

normal histology will be preserved. The use of University o f Wisconsin cerebroplegia for 

example showed improved recovery of CBF and metabolism following DHCA (Aoki et 

al., 1994a). Subsequent survival studies revealed higher neurological deficit scores and 

increased histological damage in the cerebroplegia group (Forbess et al., 1995). It is 

perhaps relevant to note that experimental histological evidence regarding the 

neuroprotective effects of cerebroplegia is minimal. In contrast the specific strategies 

studied in this dissertation were all chosen based on a wealth o f previous histological and 

neurobehavioural evidence suggesting a neuroprotective effect.
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There are a numerous other mechanisms and strategies that may be involved in the 

impaired cerebral recovery following DHCA that deserve formal testing in the animal 

model used for the studies undertaken in this dissertation. There is evidence that cerebral 

vasodilatation elicited by hypoxia is normally mediated by adenosine (Laudignon et al., 

1990) and that adenosine has neuroprotective actions in the CNS (Jiang et al., 1997). 

Inhibition of the enzyme adenosine kinase by iodotubercidin increases adenosine levels 

and thereby may have beneficial effects in DHCA.

More specific targeting o f leucocyte-endothelial interactions may reduce neutrophil 

activation and prevent the damaging cascade of that leads eventually to neuronal death. 

Monoclonal antibodies to P-selectin and ICAM-1 have shown promising results in other 

models o f cerebral ischaemia. The mechanism and actions of PAF can be further 

investigated with additional PAF antagonists such as Sch37370, CV-3988, apafant or 

monoclonal antibody to PAF.

Considerable potential lies in prevention of lipid peroxidation with new classes of 

antioxidant tissue protective steroids, which lack the glucocorticoid receptor-based 

actions. Tirilazad mesylate, a 21-aminosteroid of the “lazaroid” group, for example, 

combines fi-ee radical scavenging and membrane stabilising properties (Hall et al., 1994). 

More recently the pyrrolopyrimidines have been discovered which are equal or even better 

antioxidants than tirilazad but with significantly improved ability to penetrate the blood 

brain barrier and gain direct access to neural tissue (Hall et al., 1997). Both these classes 

o f drugs have exciting potential in the future management of cerebral ischaemia and 

deserve formal experimental assessment in models o f CPB and DHCA.

Finally there are many drugs other than tirilazad whose free radical scavenging properties 

may be beneficial. Pretreatment with allopurinol for example reduces fî ee radical 

generation and subsequent ischaemia-reperfusion injury to the myocardium during CPB
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(Movahed et a l, 1996). There is considerable evidence to suggest that similar strategies 

may be o f benefit in reducing cerebral injury.

Animal experiments designed to study cerebral protection have used numerous end points 

such as metabolic changes, electrical recordings, CBF, and histopathology. All of these 

measures have limitations, and the relevance of these measures to functional recovery is 

frequently unknown or incompletely understood. Even full functional reserve in animal 

models may be inadequate because of the difficulty o f evaluating higher intellectual 

functions such as memory and learning. Furthermore one needs to be constantly aware 

that results obtained from animal studies may not be directly applicable to humans 

because of inter-species variation Only when formal clinical testing is undertaken in 

paediatric patients will the true o f strategies designed for cerebral protection during 

DHCA be fully realised.

CONCLUSION

Cerebral ischaemia-reperfusion is a very complex reaction. The cerebral vascular 

endothelium is certainly a critical organ and plays a significant role in both the reparative 

processes leading to recovery of the cerebral function and destructive processes that lead 

to neuronal death. The potential sites for therapeutic interventions involving the 

endothelium at the cellular and molecular levels for controlling ischaemia-reperfusion are 

immense, but the options o f broad versus targeted responses are difficult. If  one paralyses 

the neutrophil, in a broad sense, systemic infection becomes a major concern. Specific 

targeting of the injured endothelium may be more attractive.

The results of improved cerebral recovery after DHCA with high-dose 

methylprednisolone, PAF antagonism and free radical scavenging indicate that these
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strategies have enormous potential as cerebral protectants for children undergoing cardiac 

surgical procedures. In addition the use o f calcium channel blockers following DHCA 

significantly improves cerebral recovery. Calcium channel blockade has a potential role 

following an unplanned period o f DHCA or perhaps as an adjunct to a preoperative 

strategy. A strategy that prevents cerebral injury from developing, however, clearly has 

distinct advantages over one that attempts to improve recovery after the injury had 

occurred.

It is essential that a systematic approach is adopted in the continued investigation of 

cerebral injury during paediatric cardiac surgery. It must begin with laboratory based 

studies and include detailed histological and neurobehavioural outcome measures. 

Subsequently, when sufficient evidence has accumulated prospective randomised trials 

must be organised to formally test these hypotheses clinically. It will only be through a 

structured approach that the injury mechanisms causing cerebral injury will be more 

completely understood. This in turn will allow development o f effective strategies for 

cerebral protection in children undergoing corrective cardiac surgery with the use of 

DHCA.
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APPENDIX 1 

SPECIFICATION OF MICROSPHERES USED

Manufacturer:

Diameter:

Concentration:

Medium:

DuPont de Nemours & Co.

15.5 ± 0.1 |im

1 million microspheres per millilitre 

10% Dextran, 0.01% TWEEN 80

Isotope Labels:

ISOTOPE HALF-LIFE PRINCIPAL PHOTONS RADIATION

Ruthenium-103

Niobium-95

Scandium-46

39.3 days 

34.9 days

83.3 days

497, 610 keV 

765 keV 

889, 1120 keV

175 mR/hr/mCi 

200 mR/hr/mCi 

300 mR/hr/mCi

Note: When there is more than one principal photon, energy level of the predominant photon is
shown in bold
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APPENDIX 2 

CHEMICALS AND EQUIPMENT USED TO MAKE KARNOVSKY’S FIXATIVE

Chemicals
Paraformaldehyde:
PELCO® Grids & Electron Microscopy Supplies, Ted Pella Inc. P.O. Box 492477, 
Redding, California 96049

IN Sodium hydroxide:
‘Baxter Analyzed’ Reagent. JT Baxter Chemical Co.® Phillipsburg. New Jersey 08865 

50% Glutaraldehyde:
Eastman Kodak Company. Rochester, New York 14640 

Calcium chloride:
‘Baxter Analyzed’ Reagent. JT Baxter Chemical Co.® Phillipsburg, New Jersey 08865

0.2M Sodium cacodylate buffer:
Ernest Fullam Inc. Schenectady, New York

Equipment
pH meter:
Fisher Accumet® Model 325 Expanded Scale Research pH Meter. Fisher Scientific 

Company. Fair Lawn. New Jersey 07410

Osmometer:
5100 Vapor Pressure Osmometer. Wescor Inc. 459 South Main St. Logan. Utah. 84321

Other supplies
Filter paper:

Whatman no.4. Whatman®, W &RBalston Ltd. England
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APPENDIX 3

DRUGS EMPLOYED IN EXPERIMENTS

Fentanyl Fentanyl citrate injection, USP CII. Potent narcotic analgesic used for 

induction and maintenance of anaesthesia. Manufactured by Elkins-Sin, 

Inc., Cherry Hill, NJ. 08034 USA.

Heparin Heparin sodium injection, USP. Glycosaminoglycan with anticoagulant 

properties. It inhibits reactions that lead to clotting of blood and the 

formation of fibrin clots. Routinely used for CPB. Manufactured by 

Elkins-Sin, Inc., Cherry Hill, NJ. 08034 USA.

Ketaset Ketamine hydrochloride injection, USP. A rapid acting, non-narcotic, 

non-barbiturate anaesthetic agent for induction. Distributed by Aveco 

Co., Inc. 800 Fifth St. N.W. Fort Dodge, Iowa. 50501 USA.

Ringer’s Lactate Intravenous volume replacement. (273 osmol/L, pH 6 .0-7.5, NaCl 

600mg/dl, KCl 30mg/dl.) Manufactured by Abbott Laboratories, North 

Chicago, IL. 60064 USA.

Methylprednisolone Sodium succinate for injection. Anti-inflammatory agent routinely used

in paediatric cardiac surgery prior to CPB. Upjohn Co, Kalamazoo, MI. 

49001 USA.

Normasol Normasol R solution, pH 7.4; Normal saline supplemented with sodium 

bicarbonate to normalise pH. Manufactured by Abbott Laboratories, 

North Chicago, IL. 60064 USA.

Pavulon Pancuronium bromide is a long acting, non depolarising, neuromuscular 

blocking agent. Competes with acetylcholine for binding sites on the 

post-junctional receptor; depolaraisation does not occur and paralysis 

ensues. Gensia Laboratories Inc, Irvine, CA. 92718 USA.
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Potassium (i.v.) Potassium chloride. American Regent Laboratories, Inc. Subsidiary of 

Luitpold Pharmaceuticals Inc, Shirley, NY. 11967 USA.

Promace Acepromazine maleate injection. A potent neuroleptic agent with a low 

toxicity and rapid action. Manufactured by Ayerst Laboratories, Inc., 

New York, NY. 10017 USA. Distributed by Aveco Co., Inc. 800 Fifth St. 

N.W. Fort Dodge, Iowa. 50501 USA.

Sodium Bicarbonate 8.4% sodium bicarbonate for injection. Used intravenously in slow bolus

injection for correction of acid-base deficits caused by metabolic acidosis. 

Manufactured by Abbott Laboratories, North Chicago, IL. 60064 USA.
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APPENDIX 4 

EQUIPMENT LIST AND MANUFACTURERS

ANAESTHETIC, VENTILATION AND MONITORING

Quik-Cath® Teflon intravascular cannula

Baxter Healthcare Corporation, Deerfield, IL 60015. USA.

PrecisionGlide® needle

Becton Dickinson & Co., Franklin Lakes, NJ 07417. USA.

Gould Disposable Transducer Model TDN for arterial pressure line 

Gould Inc., Oxnard, CA 93030. USA.

482 CO-Oximeter for haematocrit

Instrumentation Laboratory Corporation, Lexington, MA 02173. USA.

GEM-Stat Blood Gas/Electrolyte Monitor

Mallinckrodt Sensor Systems, Inc., Ann Arbor, MI 48108. USA.

Cuffed Tracheal Tube®

Mallinckrodt Medical Inc., Mallinckrodt Anaesthesiology Division, St Louis, MO 63042. 

USA.

ECG monitor

Mennen Medical Inc., 10123 Main Street, Clarence, NY 14031. USA.

Millar Mikro-Tip Catheter Transducers, Model SPC-33A

Millar Instruments Inc., 6001-A Gulf Freeway, Houston, Texas 77023. USA.

Sechrist Infant Ventilator Model IV-IOOB

Sechrist Industries Inc., 2820 Greta Lane, Anaheim, CA. USA.
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T201 ultrasonic bloodflow meter

8 mm perivascular ultrasonic flow probe. Model 8 SS

Transonic Systems, Ithaca, NY. USA.

SurgiStat solid state electrosurgery

Valleylab, 5920 Long Bow Drive, Boulder, CO 80301. USA.

Nasopharyngeal temperature monitoring -  Probe YSI402, Model 43 ID 

Yellow Springs Inc., Ohio 45387. USA.

CARDIOPULMONARY BYPASS

DC Defirillator Model 2015

American Optical, Medical Division, Bedford, MA 01730. USA.

Warming water cushion. Model K-20

American Pharmaseal Company, Valencia, CA 91355. USA.

BIO-CAL 370 Cardiopulmonary Bypass Temperature Controller 

Biomedicus, Minneapolis, MN. USA.

Medtronic® Mimimax PLUS™ hollow fibre membrane oxygenator 

Medtronic® Inc., Anaheim, CA, USA.

DLP infant arterial cannula ( 8 F) and 20F venous cannula 

DLP Inc., Grand Rapids, MI, USA

Sechrist Air-Oxygen Mixer

Sechrist Industries Inc., 2820 Greta Lane, Anaheim, CA. USA.

Sams non-pulsatile roller pump 

Sams Inc., Ann Arbor, Michigan, USA
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MICROSPHERE EQUIPMENT

SQP Vortex Mixer

Baxter Healthcare Corp., McGaw Park, IL 60085. USA.

Sonicator, Model 8850, Frq 47 kHz, Output 81W 

Cole-Parmer Instrument CO., Chicago, IL 60648. USA.

Geiger counter

Ludlum Measurements Inc., Sweetwater, TX. USA.

Auto-Gamma® 5530 multi-microprocessor based gamma counting system for analysis 

Packard Instrument Co., One State Street, Meriden, CT 06450. USA.

Liquid scintillation vials

Research Products International Corp., 410 N. Business Center Drive, Mt Prospect, IL 60036. 

USA.

Digital microbalance Model L420S

Sartorius Corp., 140 Wilbour Place, Bohemia, NY 11716. USA.

Harvard Aspiration and infusion pump

Harvard Apparatus, South Natick, MA 01760. USA.
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