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Summary

The work in this thesis is divided into two parts, an epidemiological study of the
risk markers for stroke in an Irish population and a laboratory study of the
possible association between sodium lithium countertransport (SLC) and vascular
disease. Prior to stafing this work no dedicated acute stroke service was in
existence in an Irish teaching hospital and no data had been published on the
incidence of major risk factors for stroke in an Irish population. Chapter one of
this thesis sets out the background theory to my work and I have set myself a
number of objectives in the form of questions which are summarised in chapter
two. The methodology employed, and techniques and equipment used are detailed
in chapter three.

Stroke is a devastating illness which places a huge personal burden on the patient
and carer, and a great financial burden on the health service. Approximately 2,000
new strokes occur per million of population in the western world, half of whom
will have died within one year. Identification of risk factors can explain
differences between stroke incidence in geographical areas and is fundamental in
planning effective secondary prevention strategies. In chapter four of this thesis I
present a three-year audit of a stroke service which initially looks at stroke type,
demographic pattern, outcome and length of stay trends from year to year in a
newly formed stroke service.

A number of trends emerge from this study and, in particular, 1 found an
encouraging trend towards a greater number of patient referrals to the stroke
service of similar stroke severity with reduced mortality and need for institutional
care at outcome, without increasing length of hospital stay. While some of this
trend is, perhaps, explained by a younger mean patient population from year to
year, and while chi squared analysis was not significant for differences in death or
length of stay from year to year, the results are at least encouraging and support
an organised approach to stroke care.

My study of the risk markers for stroke in this population reveals that hypertension
is the commonest risk factor for all stroke types, but that it rarely occurs in
isolation and most stroke patients have at least 2 major risk factors for their illness.
Other risk factors for stroke occur with similar frequency to data published
internationally, although some increased rates of ischaemic heart disease and atrial
fibrillation were noted. These were comparable however, to incidences reported
from other Irish centres after this work had begun.

The second part of my thesis looks at the possible association between sodium-
lithium countertransport (SLC) and vascular disease such as stroke and
myocardial infarction (MI). SLC is a cation transporter which exists across the red
cell membrane and has been shown to be independently associated with essential
hypertension. In addition some studies have shown a greater propensity towards
end-organ damage in hypertensive patients with elevated SLC activity. This may
suggest that SLC could represent a broader risk marker of vascular disease.

In chapter five of this thesis I examined the inter-assay and intra-assay variation
of the SLC assay and found it to be similar to previous work, thus verifying the
previously reported reliability and robustness of the technique even when
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performed by different operators. This chapter also looks at the potential influence
of smoking, an important vascular risk factor, on SLC. While no difference was
readily evident in SLC activity between smokers and non-smokers, there was an
acute promotory effect of smoking on the transporter. This suggests at least that
smoking may be an important variable in any large study of SLC and warrants
further work. This is the first such report of the effect of smoking on SLC.

Chapter six of this thesis looks at the potential association between SLC and
stroke, and, SLC and myocardial infarction. The opening section of the chapter
examines the potential effect that sample-timing post-stroke might have on SLC
activity and how this compares to the standard inter-assay variation. Analysis of
these results show that SLC variation is significantly greater than the normal inter-
assay in patients immediately post stroke with most patients showing a decline in
levels over a ten-day period which is mirrored by falling cholesterol levels.

The main body of the chapter focuses on the comparison of SLC activity between
normal healthy controls and hypertensive patients, and between controls and
patients with stroke (cerebral infarction) and myocardial infarction. These patients
were matched for age and sex. A significant difference in SLC activity was seen in
hypertensive patients over controls, concurring with previous reports in the
literature. Similarly significantly elevated SLC activity was noted in stroke patients
compared to controls, although no such association was noted in the myocardial
infarction group. While the numbers in this study are relatively small (limited by
the manual nature of the assay), and significant differences were not apparent
when stroke patients with a history of hypertension were removed from analysis,
the trend observed is interesting, particularly as stroke patients had similar blood
pressure levels to controls and lower cholesterol levels which would be expected to
lower SLC activity. This observation is the first reported association of SLC with
stroke and, if replicated, would imply a possible role for SLC as a broader marker
of vascular disease.
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1.1 Stroke

1.1-1: The Impact of Stroke

Stroke is the third leading cause of death after ischaemic heart disease and cancer and
represents a major burden in terms of personal suffering, disability and health
economics. Stroke disease is the leading cause of disability in adults and the second
most common cause of dementia. It has been estimated that stroke caused 4.4 million
deaths world-wide in 1990 (Murray & Lopez, 1997). Within most western countries,
2,000 new strokes occur per million of the population each year (Sudlow & Warlow,
1996), of whom half will have died or remain disabled at one year (Bamford et al.,

1991).

The economic impact of stroke is also considerable with direct costs of stroke care
accounting for 5% of the total health services budget annually in the UK (Isard &
Forbes, 1992), and over 3% of the total budget in Holland (Evers ef al., 1997). With
the prevalence of stroke survivors living with disability estimated at 6 per 1,000
population, the real cost, in terms of caring for disabled survivors, loss of earnings
where carers have chosen to take on this challenge and in personal suffering is likely
to be huge. About 6,000 new strokes occur in Ireland every year and stroke accounts
for 10% of all mortality (Central Statistics Office [Ireland] 1998). It is estimated that
30,000 people are living with some form of disability post-stroke. In personal terms
stroke is a devastating event for patient and carer, often described as the most

significant event of their lives.



1.1-2: Pathophysiology of Stroke

Stroke can be loosely defined as ‘a focal neurological deficit caused by vascular
disease which persists for longer than 24 hours’ (Bonita 1992). This however, does
not include global neurological deficits such as coma, or sudden death, which can also
have a vascular cause. A more encompassing definition is: ‘A stroke is a clinical
syndrome characterised by rapidly developing clinical symptoms and/or signs of
focal, and at times global loss of cerebral function, with symptoms lasting more than
24 hours or leading to death, with no apparent cause other than that of vascular origin’

(Hatano 1976).

The brain is an ‘end-organ’, lying at the end of the circulatory system composed of
the heart and vascular tree, from which it receives a fixed blood supply, of 50-55
mls/100g tissue. In the normal adult brain (average weight 1300-1400 g) this results in
a cerebral blood flow of 800mls/minute, representing 15-20% of the total cardiac
output. This disproportionate share of total cardiac output reflects the brain’s
relatively high metabolic rate and its reliance on glucose as the sole substrate to meet
this demand (approx. 75-100g glucose / minute). Interruption of this supply results in
cerebral dysfunction and the clinical manifestation of stroke. In pathological terms,
stroke occurs by one of two principal mechanisms, thrombosis or haemorrhage.
Thrombosis, either in-situ or by embolism accounts for approximately 90% of all
strokes, with haemorrhage (most wusually intracerebral and less commonly
subarachnoid) accounting for the rest. The brain itself is merely the ‘end-organ’ of
these processes and it is diseases of the heart and vascular tree that largely predispose

an individual to stroke.



Infarction

Historically cerebral infarction or ‘softening’ of brain tissue was first recognised
pathologically as a distinct lesion by Leon Rostan a parisien physician in the 19"
century. For many years cerebral infarction was felt to be the result of inflammation
and it was Abercrombie who first drew the analogy between gangrene of the foot and
such lesions, being caused by ‘failure of the circulation” secondary to ‘ossification of
the arteries’ (Abercrombie 1836). Virchow clarified the disease processes involved in
such circulatory failure and ossification. He clearly established fatty infiltration of
artery walls rather than primary inflammation, as being the principal pathological
process of arterial thrombosis and appled the term ‘arteriosclerosis’ to this process
(Virchow 1847). Virchow was also first to introduce the idea that such thrombi could
originate from distant sites and travel within the circulation to produce blockage,
which he termed ‘embolus’ (Virchow 1856). From analogy, again with the
gangrenous foot, he extrapolated that such a mechanism could lead to cerebral

infarction.

While the concept of cerebral embolism from the heart gained early acceptance, it was
not until relatively recently that the concept of embolism from within the arterial
system (i.e. artery to artery), and in particular from the carotid artery, has been widely
accepted. Chiari initially recognised the frequency with which atherosclerosis affected
the carotid bifurcation, and suggested that emboli from this site could account for
cerebral infarction (Chiari 1905). However, it was not until the advent of modern
imaging, initially with angiography (Seldinger 1953) and later with ultrasound, that
such lesions could clearly be demonstrated in vivo. More recently the aorta has been

recognised as an important site of atherosclerotic lesions causing cerebral embolism
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where no clear source has been found in the heart or neck vessels (Soloway &

Aronson 1964; Amarenco ef al., 1994).

Thus it is disease of the heart and arterial tree rather than any inherent disease of the
brain, that results in most strokes. In terms of cerebral infarction, risk markers for
stroke are essentially those conditions that result in, accelerate, or are the end product
of athero- and arteriosclerosis of the coronary and cerebral circulation leading to
atherothrombo-embolic disease. This process begins at a young age with insults to the
endothelial lining of the vessel, breaching its’ integrity and leading to the
accumulation of a lipid pool within the arterial intima, (“lipid streaks”), and smooth
muscle proliferation. This process aggravated by hypertension, diabetes,
hyperlipidaemia, smoking and alcohol excess, results in thickening of the arterial wall
and narrowing of the lumen. The arterial wall initially repairs itself, through the action
of fibroblasts forming a fibrous cap but this can result in platelet adherence and
thrombus formation causing further narrowing of the lumen and predisposition to
embolus. Lipid within the arterial wall also excites inflammation with chemotactic
and cytokine release and the migration of macrophages to the intima resulting in
oedema, haemorrhage, platelet activation and thrombosis and leading to eventual
ulceration of the overlying fibrous cap (Warlow et al, 1996a). This promotes both
further thrombus formation in-sifu which can lead to occlusion in an already critically
stenosed artery, or the subsequent embolism of either lipid or thrombus material to
occlude a more distal vessel. Ischaemic stroke therefore generally occurs by one of
three mechanisms, the formation of thrombus in situ occluding the involved vessel,
embolisation of material from a cardiac source or embolisation from within the

arterial tree.
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In terms of risk markers for ischaemic stroke some are causal factors of
atherosclerosis, while others are stigmata of this process, but all increase the odds
ratio of stroke. While this in itself may be important in individual settings, the full
significance of any given risk factor depends on 1) the relative risk of the factor; 2)
the prevalence of the risk factor in the population; and 3) the effect of therapeutic
intervention. Differences in risk markers amongst populations have been shown to be
important in explaining differences in incidence of stroke (WHO MONICA project
1997). A knowledge of risk markers for stroke in a given population would be helpful
both in terms of predicting the likely future incidence of stroke and therefore the level
of resource needed, and in formulating better primary and secondary prevention

strategies.

Risk markers associated with atherosclerosis are hypertension, hyperlipidaemia,
diabetes mellitus, smoking and excess alcohol intake. Such factors also cause disease
in the coronary arteries and ventricular muscle resulting in a compromised coronary
circulation and often left ventricular dysfunction. This may manifest itself
symptomatically as angina or actual myocardial infarction, and more insidiously as
atrial fibrillation. Both are important risk markers for stroke, partly because the
relative health of the coronary arteries reflects the state of the arterial system as a
whole, and also because left ventricular dysfunction and atrial fibrillation both
predispose to thrombus formation within the heart chambers, substantially increasing
the risk of embolism and stroke. Carotid artery stenosis is similarly the end result of
atherosclerosis, but an important risk marker for stroke, as it is a common site of

origin of emboli and surgical treatment reduces risk of further stroke. Similarly other



‘indirect’ risk markers for ischaemic stroke are age and previous stroke or transient

ischaemic attack (TIA).

Ischaemic stroke occasionally may result from a primary vasculitis where auto-
antibodies are directed against components of the arterial wall resulting in
inflammation, thrombosis and occlusion of the involved vessel. This process can
occur in a variety of medical conditions such as giant-cell arteritis, rheumatoid
arthritis or systemic lupus erythematosis, and in general such vasculitides tend to
affect medium to smaller arteries. The resultant strokes are therefore often localised
producing isolated motor or cranial nerve deficits, but, because of the underlying
disease process, are also likely to be progressive and recurrent without appropriate
immunosuppressive therapy. Alternatively a coagulopathy such as an inherited protein
C or S deficiency, factor V leiden etc. can result in a disordered coagulation cascade
and recurrent venous and arterial thrombosis (Bushnell & Goldstein, 2000). Perhaps
becoming increasingly recognised as a risk factor, is elevated homocysteine levels in
coronary and cerebral thrombosis (Stampfer ef al., 1992; Pery et al., 1995). While not
common, these conditions are occasionally the primary risk factor in an individual
stroke. Though their presence would increase the odds ratio of ischaemic stroke
significantly in the individual, they are encountered infrequently (i.e. low prevalence)

and as such not important in the attributable risk to the population as a whole.

Cerebral Venous Thrombosis

Rarely a venous thrombosis can be the cause of stroke, resulting in congestion of
brain tissue and a haemorrhagic infarct. Such thrombosis, of the sagittal sinus for
example, can result from hypercoaguable states (referred to above), or systemic
disorders such as dehydration, infection or non-metastatic complication of a

8



malignancy. In clinical terms the resulting strokes have a presentation characterised
by headache, cranial nerve palsies and seizures, consequent on the increased

intracerbral pressure generated (Bousser e7 al. 1985) and typical CT appearances.

Intracerebral Haemorrhage

Extravasation of blood into brain tissue (intra-cerebral haemorrhage), causing death
had been recognised much earlier than cerebral infarction (Wepfer 1658; Morgagni
1761). While its aetiology remained unclear at the time, it is interesting to note one
early post-mortem series of patients with brain haemorrhages and chronic renal
disease. In it, Kirkes demonstrated hypertrophy of the heart in 17/22 patients,
suggesting blood pressure as the common aetiological factor but long before blood
pressure was measurable or understood (Kirkes 1855). Later work was to demonstrate
the importance of miniature aneurysms in the small blood vessels of the brain as a
post-mortem finding in cases of cerebral haemorrhage (Charcot & Bouchard 1868).
While their observations were subsequently disputed, they were later confirmed and
the important link between such abnormalities, hypertension and age in cases of

cerebral haemorrhage was discovered (Russell 1963; Cole & Yates 1967).

In terms of cerebral haemorrhage, stroke is generally caused by one of two main
mechanisms, haemorrhage from deep small perforating arteries resulting in an intra-
cerebral and occasionally intra-ventricular haemorrhage, or by haemorrhage from
arteries in the sub-arachnoid space. The former is strongly associated with
hypertension, lipohyalinosis of the arterial wall and the development of micro-
aneurysms (“Charcot-Bouchard” aneurysms). Current theories suggest leakage from
lipohyalinotic vessels produce a ‘false’ aneurysm which under the influence of
hypertension can subsequently rupture (Takebayashi & Kaneko 1983).

9



Amyloid deposition in the adventitia and media of small leptomeningeal and
superficial cortical vessels, is becoming increasingly recognised as a factor in
intracerebral haemorrhage, so-called cerebral amyloid angiopathy (Vinters 1987). The
resulting deposition of amyloid causes fibrinoid degeneration, segmental dilatation
and aneurysm formation. The pattern of haemorrhage is usually characteristic and
identifiable in such cases, producing multilobar peripheral haemorrhages particularly

in the parietal and frontal lobes.

The taking of antiplatelet agents such as aspirin or anti-coagulants such as warfarin
can also result in intracerebral haemorrhage (Juvela et al, 1995; Swedish Aspirin
Low-Dose Trial Collaborative Group 1991.), particularly if there is co-existent,
uncontrolled hypertension or where the prothrombin time is prolonged above
therapeutic range. Less commonly a primary bleeding disorder such as that associated
with deficiency of clotting factor viii (haemophillia A), or deficient von Willebrand
factor may be the precipitant risk factor, although these are not common causes of
cerebral haemorrhage in the population as a whole. Other rarer causes of intracerebral

haemorrhage include arteritis, neoplasm and arterio-venous malformations.

Sub-Arachnoid Haemorrhage

Arterial aneurysms known as ‘berry’ aneurysms are the chief aetiological factor in
sub-arachnoid haemorrhage. Although the exact aetiology of their origin is unknown
they are generally considered to be acquired. Histologically the aneurysm is
composed of a thin layer of connective tissue covered by normal endothelium, but the
normal muscle and elastic layer are absent. The majority arise at the points of arterial
division in the vessels that form the circle of Willis, with most occurring in the

10



distribution of the internal carotid artery (anterior circulation) and only 15% occurring
in the vertebrobasilar territory. Important contributory factors are age, atherosclerosis
and hypertension (Crompton 1966). Ironically, such haemorrhages are not
infrequently proceeded by arterial spasm and subsequent infarction, usually involving

the vessel close to the aneurysm at day 4-7 post onset (Crompton 1964).

Occasionally a larger aneurysm may form in the internal carotid or basilar artery as a
result of severe atherosclerosis in elderly people. Replacement of smooth muscle by
fibrous tissue due to atherosclerosis results in stretching and dilatation of the vessel, in
turn producing a tortuous aneurysm. These aneurysms rarely rupture but may calcify

or thrombose.

1.1-3: Risk factors and prevention of stroke.

A number of important advances in stroke prevention have been made in the 1990’s,
principally as a result of a series of randomised controlled trials. Principles of primary
and secondary prevention of stroke have been clarified through a better understanding
of the nature and significance of risk factors, and sound evidence for therapeutic
strategies. Traditionally age, history of previous transient ischaemic attack (TIA) or
stroke, hypertension, diabetes mellitus, ischaemic heart disease and atrial fibrillation,
and smoking have been regarded as the principle risk factors for cerebral infarction,
and hypertension and use of anticoagulant / antiplatelet agents as the major risk
markers for cerebral haemorrhage. Recent large population studies and therapeutic
trials have uncovered new potential risk factors such as hyperlipidaemia,
homocysteine and oestrogen therapy. Identifying new risk markers is not only

important in terms of increasing our undertsanding of the aetiology of stroke, but also
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in terms of prevalence of such risk markers and the possibility of therapeutic
intervention in stroke prevention. The more important advances in this regard are

reviewed here.

Hypertension

Hypertension is an important modifiable risk factor for both ischaemic and
haemorrhagic stroke, increasing the relative risk by a factor of 2. Epidemiological
evidence from the Framingham study has described the logarithmic relationship
between diastolic blood pressure and risk of stroke (Wolf ef al., 1991.b). Furthermore
the variation in stroke incidence among different populations can at least in part be
explained by differences in diastolic blood pressure (WHO MONICA project.1997).
Our understanding of what is an acceptable level of diastolic blood pressure has
greatly increased from recent work, showing the benefit and safety of reduction of

pressure to approximately 80 mmHg (Hansson et al., 1998).

Less was known about the importance of systolic blood pressure as a risk factor, until
evidence of efficacy of treatment of isolated systolic hypertension in stroke
prevention was published (SHEP Cooperative research group 1991). There is clear
unequivocal evidence from these and other trials to suggest treatment of hypertension,
both diastolic and systolic prevents stroke. In addition, while the relative risk of stroke
is increased by a factor of 2 in hypertensive patients, the attributable risk to the
population, as a whole, is far greater given the high prevalence of hypertension in the
population. (Whisnant 1997). In terms of intracerebral haemorrhage, hypertension is
the single most important risk factor, with up to 50% of cases directly related to it in

one study (Hsiang et al, 1996). Among known hypertensive patients, poor
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compliance with treatment and inadequate control of blood pressure has been
attributed to 20% of cases of intracerebral haemorrhage (Hsiang ef al., 1996). and up

to a quarter of all incident strokes (Klungel ef al., 1999).

Diabetes Mellitus

Epidemiological evidence from the Framingham Study and others (Kannel & McGese,
1979; Barrett-Connor & Khaw, 1988) has long established diabetes as an independent
risk factor for cardiovascular disease and stroke. As with hypertension the odds ratio
of stroke with diabetes is approximately 2-3 (Sacco 1995; Currie ef al, 1997), and
both would appear synergistic in terms of vascular risk with dramatic reductions in
major cardiovascular events observed with aggressive blood pressure control in
diabetic patients (Hansson ef al.,, 1998). Diabetes is not as prevalent as hypertension
however in most populations, and so the attributable risk to the population as a whole
is somewhat lower (Whisnant, 1997). But this risk would appear to be modifiable
making diabetes an important target in primary preventative strategies, particularly as
its true prevalence in the community is probably underestimated. The exact
pathophysiology of this risk is still poorly understood but important associations
between diabetes, hypertension, microalbuminuria and accelerated atherosclerosis
have been recognised. In addition there is evidence of a greater prevalence of carotid
artery disease among diabetics, and a positive relationship with the duration of illness,
higher insulin levels and poor glycaemic control has been established (Wagenknecht

etal, 1997; Bonora et al., 1997).

Good diabetic control reduces the incidence and progression of long-term

microvascular complications in patients with insulin dependent diabetes mellitus —
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IDDM (type 1 diabetes), (Diabetic Control and Complications Trial Research Group,
1993). This finding was confirmed in a study of non-insulin dependent diabetes
mellitus - NIDDM (type 2 diabetes) recently, when tight control of blood sugar levels
by diet and oral hypoglycaemic agent, or diet and insulin significantly reduced
microvascular complications (UK Prospective Diabetes Study [UKPDS] Group,
1998). A specific extrapolation that good diabetic control would reduce
macrovascular complications was unsupported however. Subsequent work with the
oral hypoglycaemic agent metformin in obese patients however, did show significant
reductions in diabetic endpoints, including stroke and myocardial infarction (UK
Prospective Diabetes Study [UKPDS] Group, 1998.b). Again this was related to better
control and lower haemoglobin A;c levels. This suggests, at least, that the mode of
action by which blood sugar is reduced and the effect on baseline insulin levels may
also be important, given that metformin reduces fasting insulin levels and results in

less weight gain than other oral hypoglycaemic agents.

Atrial fibrillation

Atrial fibrillation has long been recognised as a very significant risk factor for
ischaemic stroke. While it may occasionally result from previous rheumatic heart
disease, cardiomyopathy (hypertrophic and dilated), or de novo, it is usually
associated with underlying coronary artery disease. For this reason and the risk of
intra-atrial thrombosis with subsequent embolism, it is very strongly linked with
cerebral infarction. Our knowledge of stroke prevention in the setting of atrial
fibrillation has been greatly improved by a number of clinical trials examining the
effect of aspirin versus warfarin in stroke prevention (Stroke Prevention in Atrial

Fibrillation Study Group 1991; European Atrial Fibrillation Trial Study Group 1993).



T'he accumulated results from these studies demonstrate a 60-70% risk reduction with
warfarin versus a 20-35% reduction with aspirin in patients with atrial fibrillation. In
addition these trials have also determined the therapeutic range (in terms of
Internationalised prothrombin Ratio [INR]) over which warfarin is effective and at
which side effects of haemorrhage are at an acceptable level. This has been one of the
most important advances in our approach to the clinical management of atrial

fibrillation in both primary and secondary prevention of stroke.

Carotid Artery Disease

The effectiveness in treating symptomatic carotid artery stenosis in primary and
secondary prevention of stroke was clearly established in the 1990’s. While its role in
the aetiology of ischaemic stroke was postulated in the early part of the century
(Chiari 1905), its importance as a risk factor could not be fully appreciated until the
efficacy of treatment by surgical endarterectomy was demonstrated. What is clear
from the clinical trials to date, is that treatment of a symptomatic moderate or severe
stenosis (defined as a 50-69% and 70-99% stenosis respectively), with surgery results
in significant reduction in stroke over medical management alone (North American
Symptomatic Carotid Endaerterectomy Trial Collaborators, 1991; Barnett ef al., 1998;
European Carotid Surgery Trialists Collaborative Group, 1998). The beneficial effect
is greatest with higher grades of stenosis (absolute risk reduction of 17% at 2 years),
the number needed to treat to prevent one stroke during a five-year period being half
that of lower grade stenosis. Benefit is also dependent on good surgical technique
with low post-operative complication rates. Indeed, at a 2% perioperative mortality
and stroke rate, any benefit accruing to surgical intervention of symptomatic 50-69%

stenosis would disappear.



Hyperlipidaemia

Unlike the situation with coronary artery disease, strong correlation between plasma
levels of cholesterol, low-density lipoprotein (LDL) and the risk of stroke have
remained unsubstantiated. Indeed lower total cholesterol levels have been linked to an
increased risk of cerebral haemorrhage (Yano ef al, 1989). Furthermore, there is
dispute as to an inverse relationship between high-density lipoprotein (HDL) levels
and the risk of stroke, as is the case with coronary artery disease. While such a
relationship in stroke was thought not to exist initially (Prospective studies
collaboration 1995), more recent work has claimed an association between low HDL

and risk of non-fatal stroke (Wanmathee ef al., 2000).

Our understanding however, of the role of cholesterol and its interplay with ischaemic
heart disease and risk of stroke has been dramatically increased through a series of
large secondary prevention trials of lipid-lowering therapy with 3-hydroxy-3—
methylglutaryl-co-enzyme A (HMG-CoA) reductase inhibitors (or ‘statins’) in
patients with coronary artery disease (Scandinavian Simvastatin Survival Group [4S]
1994; Long-term Intervention with Pravastatin in Ischaemic Disease [LIPID] Group
1998). A meta-analysis of these trials indicate a consistent reduction in risk of stroke
by about 30% when LDL levels are reduced in patients with coronary artery disease,
although the benefit does not extend to stroke mortality (Herbert e al, 1997; Blauw

etal. 1997)

Treatment aimed at reducing LDL levels may have a further role in stroke prevention
where disease of the carotid artery can be substantiated. A number of ultrasonography

studies have clearly established carotid artery intimal thickening as a predictor of

16



stroke risk (O’Leary ef al., 1999). Trials of statins to produce lowering of LDL levels
by at least 25% in both asymptomatic patients and those with coronary artery disease,
have shown benefit in prevention of progression of such thickening and the
development of new lesions (McMahon er al., 1998). There is also increasing
evidence that statins may have important neuroprotective, anti-inflammatory and anti-
oxidant properties, and have been shown to limit infarct size in animal models of

acute ischaemia (Vaughan & Delanty 1999).

It seems sensible from this evidence to recommend lipid lowering therapy to all
hyperlipidaemic patients with a history of ischaemic heart disease or where there is
proven carotid artery disease, in primary and secondary prevention of stroke. Future
research may well expand such therapeutic recommendations for statin therapy both

in the treatment and prevention of stroke, independent of lipid levels.

Oral contraception and hormone replacement therapy

Case controlled analysis has established an increased risk of ichaemic stroke with oral
contraceptive (OCP) use with an odds ratio of 1.5 adjusted for smoking (Hannaford ez
al., 1994). This increased risk was directly related to the oestrogen dose per pill, and
disappeared in former users when adjusted for smoking habits. A similar increased
risk of haemorrhagic stroke with current OCP use, independent of previous use, dose
or type of preparation, has been found in developing countries in women over 35
years, where both hypertension and smoking are strong synergestic factors (WHO
Collaborative Study of Cardiovascular Disease and Steroid Hormone Contraception,
1996). Other studies of current versus never users of low dose contraceptive

preparations have failed to find amy such association, although when a history of
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migraine was considered, current use of OCP did increase the risk of both ischaemic
and haemorrhagic stroke in this subset of patients (Schwartz ef al, 1998). A recent
meta-analysis of case controlled studies confirms an association between current OCP
use and risk of ischaemic stroke, adjusting for age, hypertension and smoking habits
(Gillum ef al, 2000). The observed increased risk is lower with low-oestrogen

preparations.

A similar diversity of results has been reported with post-menopausal hormone
replacement therapy (HRT). Some cohort studies have reported an increase risk of
non-fatal ischaemic stroke with HRT (Fung ef al., 1999; Hart ef al., 1999). Meta-
analysis of the issue has also found conflicting evidence that HRT reduced risk of
fatal stroke but may have increased risk of non-fatal stroke and subarachnoid
haemorrhage (Paganini-Hill 1995), although most reviews of the evidence have found
no compelling association either way (Kittner & Bousser, 2000; Tavani & La Vecchia
1999). Some of this disparity in results may be explained by interaction with other
risk factors and selection bias in studies of HRT (women on HRT are likely to be
more health conscious). The recently observed neutral effect of oestrogen replacement
on cardiac events in women with coronary artery disease, contradicting previously
positive results in observational studies, may be an example of the latter phénomemon

(Hulley et al., 1998).
Smoking & Alcohol

Smoking, both active and passive exposure to environmental tobacco smoke (ETS), is
an important risk factor for stroke. Active smoking is associated with a four-fold
increase in the risk of of ischaemic stroke and this risk is even greater if ETS exposure
is also a factor (Bonita ef al., 1999). Passive ETS exposure to spousal smoking in non-
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smokers is also associated with a doubling of the risk of stroke (You ef al, 1999).
Smoking accelerates athersclerosis and may be even a more potent risk factor in
carotid occlusion models of cortical ischaemia (You ef al, 1993). Nicotine has also
been shown to increase endothelial expression of, the pro-thrombotic, plasminogen
activator inhibitor-1 in cultures of human brain endothelial cells, thus theoretically at
least, promoting in-situ thrombosis (Zidovetzki et al., 1999). Smoking cessation
reduces the excess risk of ischaemic stroke, with a similar risk to life-long non-

smokers being observed after 10 years cessation in the above studies.

Moderate alcohol consumption appears to be protective although heavy usage (> 7
drinks a day) is associated with significantly increased risk of ischaemic stroke (Sacco
et al., 1999). Other investigators have similarly found trends to reduced ischaemic
stroke mortality with moderate alcohol intake, particularly in women, although no
such association was observed in relation to haemorrhagic stroke (Hansagi e al.,
1995). Several studies have implicated heavy alcohol as a risk factor for intracerbral

haemorrhage (Juvela et al., 1995; Monforte ef al., 1990).

Homocysteine

Much interest has surrounded the role of homocysteine in the development of
atherosclerosis and coronary artery disease. Its role as a vascular risk factor is still not
fully understood, but may be significant given that levels of homocysteine can be
reduced by folate therapy (Homocysteine Lowering Trialists’ Collaboration, 1998)
and as such would be amenable to treatment. Positive associations have been reported
between elevated homocysteine levels and risk of myocardial infarction (Stampfer et

al., 1992) and stroke (Pery et al., 1995), though other studies have failed to find such



a relationship (Evans et al, 1997, Alfthan ef al, 1994). Such disparity probably
reflects differences in trial design and homocysteine assays used (Hankey &
Eikelboom, 1999) and while, lowering homocysteine has been shown to retard
atherosclerosis progression (Peterson & Spence, 1998), its effect on vascular end-

points remains unproven.

1.1-4 Recent Advances in treatment of acute stroke

Stroke-Units

Perhaps the most important advance in the management of stroke has been the
evidence that organised stroke unit care reduces mortality and morbidity following a
stroke (Langhorne et al., 1993; Stroke Unit Trialists Collaboration 1997). Although
trials of stroke unit care tend to be heterogenous in their design, the latter, a meta-
analysis of all available data provides compelling evidence for their effectiveness. The
core principal of stroke unit care is a specialist led multidisciplinary team
management of all stroke patients from admission to discharge. Locating stroke
patients within a geographical ward area could be beneficial, by developing local
skills and ensuring the rehabilitation needs of stroke patients are not overlooked in
favour of more acutely ill patients, but other patterns of organised stroke care based

on the mobile team may also be effective (Woods-Daupinee e al., 1984; Stone 1987).

Why stroke unit management is more effective than general medical care is probably
multifactorial. The use of standardised protocols by stroke teams, ensuring the
administration of aspirin (where appropriate), avoidance of detrimental hypoxaemia,
hyperglycaemia and pyrexia, and prevention of early fatal complications (e.g.

pulmonary embolus, aspiration pneumonia) would have obvious benefit. Indeed
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examination of the mortality figures from the stroke unit meta-analysis shows
divergence in rates between controls and stroke unit management beginning to occur
at one week after the index event when many of these complications would occur
(Langhorne & Dennis 1998). In addition there is also evidence that recognition of
neuro-medical complications and rehabilitation needs might be enhanced by such a
special interest service (Kalra ef al. 1995; Collins & O’Neill 1998), and this may
explain the improved outcome of stroke unit care in terms of reduced dependency and
need for institutional care. While impressive results were observed in many trials
(Stevens et al., 1984; Kaste et al., 1995) others were less convincing in this regard. A
summary result of an odds ratio of 0.75 % (95% Cl1 0.65-0.87 2p<0.0001), was
reproducible, however, when both a random effects model of statistical analysis was
used to assess the different trials, and when only trials including a long term follow-

up (six months to one year) were analysed (Langhorne & Dennis 1998).

Much concern has focused on organised stroke care increasing length of hospital stay
and costs. Clearly a reduction in those needing long-term institutional care is of
economic benefit and a reduction in mortality and dependency also serve to reduce
the indirect costs of stroke to society e.g. lost working days, earnings etc. Many health
managers however are likely to focus on the direct cost of an acute stroke and this will
be inextricably linked to length of stay. The evidence on length of hospital stay is
inconclusive. A pooled analysis of all the trials suggested a relative reduction of 8%
with stroke unit management but in absolute terms a non-significant reduction of 0.3
days (Langhorne & Dennis 1998). It would seem reasonable to conclude, however,
that stroke unit management does not increase length of hospital stay on the available
evidence, and may even reduce it. This compelling evidence that stroke unit care
reduces death and dependency and is likely to have long-term economic benefits to
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both patient and society, should encourage this model of management of stroke in all

hospitals where acute stroke patients are admitted.

Cerebrovascular Thrombolysis

The recannulisation of occluded coronary arteries with thrombolytic therapy has
revolutionised the treatment of acute myocardial infarction in terms of reduced
mortality (GISSI-1 1986; ISIS-2 1988), and it has long been hoped that similar acute
treatment would improve outcome in cerebral infarction. Initial trials with
streptokinase were all unsuccessful however, and abandoned due to excess
intracerebral haemorrhage and early mortality (Donnan er al, 1995, Multicentre

Acute Stroke Trial-Italy [MAST-1], 1995).

The demonstration that treatment within three hours with tissue plasminogen activator
(t-PA) improved global outcome with similar mortality to placebo at six months, has
renewed hope in thrombolysis as a potential effective early treatment for cerebral
thrombosis (National Institute of Neurological Disorders and Stroke rt-PA Stroke
Study Group, 1995). The treatment has substantial limitations however, as defined
thus far, as the time of onset to treatment must not exceed three hours and there is still
an excess of intracerebral haemorrhage and death in the treated group in the early

stages.

A similar trial has shown equitable mortality at six months between treatment and
placebo when the therapeutic window was extended to six hours, though without
demonstrating clear benefit in the primary end-point (European Cooperative Acute
Stroke Study II Group, 1998). It has been shown that a secondary analysis of death

and dependency versus independence in the two groups lends support to the efficacy
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of t-PA up to six hours post stroke, and if further verified may make thrombolysis
more available as an acute treatment for cerebral infarction. Ethical and practical
difficulties will still remain however for doctor, patient and family in teasing out the

early risk versus delayed benefit with such treatments.

Antiplatelet Agents

The role of aspirin as an effective treatment in acute myocardial infarction has been
well demonstrated (ISIS-2, 1988). In this trial aspirin produced a 23% odds reduction
in death over placebo and when used in conjunction with thrombolysis doubled the
odds reduction of vascular death from 25% to 42% over placebo. The theory that
aspirin might fulfil a similar role in cerebral infarction was vindicated by two large
randomised controlled trials, the International Stroke Trial (International Stroke Trial
Collaborative Group 1997) and the Chinese Acute Stroke Trial (Chinese Acute Stroke
Trial [CAST] Collaborative Group 1997). Both trials, including over 30,000 patients
with acute cerebral infarction and aspirin started within 48 hours of onset, were
associated with significant reductions in recurrent events and death compared to
placebo. Although the number needed to treat (NNT) is high, at 100 patients treated to
prevent one excess death over placebo, aspirin is an inexpensive and easily
administered treatment and as such has an everyday relevance in the treatment of
stroke. While other antiplatelet agents such as Dipyrimadole (ESPS 2 Group, 1997)
and Clopidogrel (CAPRIE Steering Committee 1996)) have demonstrated benefit in
the secondary prevention of stroke their benefit in the acute setting has yet to be

demonstrated.
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1.2 Sodium-Lithium Countertransport (SLC)

1.2-1: Ion Transport systems in the Human Erythrocyte:

The human erythrocyte membrane is a semi-permeable, complex organisation of
phospholipids and cholesterol within which operates a number of well-defined
physiological ion transport systems, which maintain cell volume and pH. The
membrane is unique not only for it’s bi-concave morphology (which serves to
increase it’s surface area, a factor vital in the primary red cell function of binding and
releasing oxygen), but also in it’s apparent internal fluidity and ability to alter cell
shape as it passes through capillaries and splenic sinusoids. The membrane allows for
the diffusion of oxygen and transport of both anions and cations in and out of the red

cell.
Cation Transport
The major cation pathways in the human erythrocyte are summarised in Fig 1.a and

are briefly outlined here.

Sodium-Potassium (Na -K') ATPase pump

As with any semi-permeable membrane, ions small enough to pass through, will
freely move along their concentration gradient from one side to the other. However
clearly there is another factor at work in the case of the red cell membrane. Given the
normal plasma levels of potassium (K') range from 3.3 —5.0 mMol/L and those of
sodium (Na") 133-150 mMol/L, one would expect similar values within the red cell as
ions diffuse along their concentration gradient across the semi-permeable membrane.

This is not the case however, as the average intracellular level of K’ is some 20 times
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greater at 102.4 mMol/L and the level of Na' only 6.2 mMol/L in healthy subjects
(Fortes-Mayer & Starkey 1977). Some factor obviously opposes the simple diffusion
gradient to maintain this imbalance on both sides of the membrane and that is the
Na'-K" ATPase pump. Originally described in 1975, the transporter consists of an
intramembranous protein which transports Na' and K' against their concentration
gradients (Glynn & Karlish 1975). To achieve this, hydrolysis of adenosine
triphophate (ATP) by the magnesium-dependent enzyme, adenosine triphosphatase,
occurs to provide a source of energy, thus the “ATPase” in the transporter name. The
characteristics of this transport mechanism have been well defined. An unequal
movement of Na' and K’ ions occurs, so that two K" ions are transported inwards to
the three Na' ions extruded. In addition the ATPase enzyme can be inhibited by the
cardiac glycoside ‘ouabain’. For this reason it is sometimes referred to as the ‘ouabain

sensitive pump’.

This unequal movement of ions creates an electrical imbalance as there is a net cation
loss from the red cell membrane, and normal stoichiometric considerations dictate that
there must be a corresponding flow of anions from the red cell to maintain
‘neutrality’. This net loss of ions from the erythrocyte would be accompanied by
osmotically driven water and hence result in loss of cell volume. This does not occur
in the normal physiological setting however as the Na -K~ ATPase pump is balanced
in it’s activity by a range of other ion fluxes and transporters such as sodium-
hydrogen (Na'-H') exchange, sodium-sodium countertransport (Na'-Na'), sodium-

potassium (Na'-K") co-transport and calcium -hydrogen (Ca'"-H") exchange.



These transport mechanisms are not influenced by the effect of ouabain and have been
referred to as the ‘ouabain-resistant fluxes’. These fluxes essentially serve as a ‘brake’
on the activity of Na'-K" ATPase so that electric neutrality is maintained without

undue loss of cell volume.

Sodium-proton (Na'-H") exchange

Na'-H' exchange was only recently identified as being present in the human
erythrocyte (Escobale & Canessa 1986), although it’s presence on other nucleated
human cells was well known (Siebens & Kregnow 1978). The transporter exchanges
sodium for hydrogen ions and appears to be only intermittently active, being
stimulated in particular by intracellular acidosis. Conversely it can be inhibited by
suspension in an acidic medium (Parker, 1986) and therefore would appear to be

important in regulation of cell pH.

A number of inhibitors of the transporter have being identified including, the anti-
platelet agent dipyrimadole and pyrazine diuretic amiloride. However complete
inhibition with either agent is not achievable raising the possibility of two separate
Na'-H' exchange mechanisms. In addition the Na'-H' transporter in other non-
erythroid human cells has being linked with renal tubular re-absorption of sodium,
and cellular response to insulin and angiotensin (Seifter & Aronson, 1986;
Mahnensmith & Aronson 1985). This would suggest a possible multi-faceted role for
this transporter, being involved in different, important homeostatic cellular responses

in different cell-lines.
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Sodium-potassium (Na'-K') co-transport

The Na -K' co-transport mechanism, which co-transports sodium and potassium in
the same direction, was first demonstrated on human erythrocytes by Wiley & Cooper
(1974). They demonstrated the interdependence of the influx of these two cations in
ouabain containing media (thus effectively blocking the Na'-K"~ ATPase pump), and
that the co-transporter is inhibited by frusemide, as it is by other loop diuretics.
Animal models suggest that this mechanism is involved in the regulation of cell
volume as in birds, for example (Brand & Whittam, 1984) but its’ role in human red
cell function is unclear. The co-transporter is dependent on chloride ions, which not
only stimulate the transporter carrier protein, but whose concurrent movement is also
essential in order to maintain electric neutrality. In addition, the co-transporter is
dependent on the functional integrity of the Na'-K' ATPase mechanism, as the
concentration gradients generated by the latter provide the driving force for the former
(Porzig, 1983). Its’ activity can be measured experimentally as the fraction of

ouabain-insensitive Na' and K" movement that is inhibited by loop diuretics.



Fig 1a. Cation transport systems in the human erythrocyte.
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Calcium (Ca'") transport.

Calcium is the only divalent cation for which a specific transport mechanism has been
established on the erythrocyte membrane. The red cell is normally permeable to
extracellular calcium, but uncontrolled cellular uptake from plasma would not only
result in an electric imbalance across the membrane, but would also lead to a
compensatory massive potassium ‘leak’ with consequent disruption of red cell and
membrane function (Chiu ez al., 1983). To counterbalance this permeability an ATP-
magnesium-dependent calcium extrusion pump exists which exchanges one Ca'" ion
for two H' ions, thus effectively acting as a neutral Ca++/H+ countertransporter.
Indeed the activity of this transport system would appear to be double of the rate of
calcium uptake (1-10 mMol/L cell.hr. versus. 20 mMol/L cell.hr.) (Schatzman, 1983),
thus suggesting the importance of regulation of uncontrolled passive uptake of
calcium for cell function and integrity. The transporter is stimulated by Na' , K" and a
Ca''-Calmodulin complex and can be inhibited by lanthanum (Szaz et al., 1978), or

by inducing a state of ATP or magnesium depletion.

Anion transport systems

The transport of monovalent ions such as bicarbonate (HCOj3") and chloride (CI') is
fundamental for the respiratory function of the human erythrocyte, whereby carbon
dioxide (CO,) is transported from the tissues to the lungs for excretion. CO; is not
carried in the gaseous state but rather as an anion, through binding with water initially
to form carbonic acid and subsequent (almost immediate) dissociation into a proton

and bicarbonate ion:-

CO,+ H,O0 <> H,COz > H + HCOy
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The bicarbonate ion is then transported passively along its concentration gradient
through the anion channel into the red cell and transported to the lungs, where the
reverse process occurs and the CO; is expired. Fundamental to this process is the
transport of CI” ions in the opposite direction to maintain electric neutrality. In
addition to this very essential function the anion channel serves to maintain electro-
neutrality in the face of net cation fluxes which are continuously occurring. This anion
channel is governed by an integral membrane glycoprotein, capnophorin which
occurs abundantly on the red cell membrane. It can be identified on sodium
dodecylsulphate polyacrymide gel electrophoresis (SDS-PAGE), (Cabantchik ef al.,
1978). Once charged by an anion its binding sites can move freely from one side of
the membrane to the other. While chiefly and most rapidly transporting small
monovalent anions the transporter also transports phosphate (PO, and sulphate

(SO4 %) to a lesser and slower degree. It is also probable that cations are carried
through this channel, particularly at a higher pH. In this setting, bicarbonate ions

dissociate making carbonate ion available in solution i.e.

HCO; <> CO; > +H'  (at high pH).

In this scenario highly hydrated cations such as sodium and lithium can bind with the
carbonate ion forming a negatively charged ion-pair and be transported through the

anion channel i.e.

Na'(or Li") + COs* <> Na'(or Li")CO;5".
This hypothesis would not apply theoretically to less hydrated cations such as K'.

Some experimental evidence for this mechanism does exist however, with the
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demonstration of increased Na' and Li' fluxes in the red cell in the presence of
bicarbonate ions (Wieth 1970), and, as I shall discuss later (see section 3.2-2), in the

mechanism of lithium-loading red cells.

Section 1.2-2: Pathways of lithium transport in human erythrocytes.

Pathways of lithium transport in the human erythrocyte are summarised

diagramatically in Fig.1b

Influx

Lithium is transported in and out of the human erythrocyte by a number of
mechanisms. In the first instance influx of lithium occurs by passive diffusion of the
ion along its concentration gradient. This is probably the most important in terms of
quantity and what normally happens in vivo. Furthermore, by complexing with
bicarbonate ion to form LiCOs’, lithium can be transported passively as a monovalent
anion through the erythrocyte anion channel (Funder & Wieth 1974). This can
account for up to 25% of lithium uptake when suspended in bicarbonate-rich medium
(Pandey ef al., 1978) and is technically important in the method of lithium loading of
erythrocytes used in this thesis to assay SLC. In experimental processes this

mechanism can be inhibited by the anti-platelet agent dipyrimadole.

Lithium uptake can also occur through the Na'-K" ATP ‘pump’ when erythrocytes
are suspended in a Na" and K* free medium. This process has a maximum activity of

approximately 0.5 mMol Li'/Litre cells/hour. Electroneutrality is maintained by



exchange for either efflux of a Na" or K' ion, and again like the original Na'-K"

exchange mechanism this process can be inhibited by ouabain (Pandey e al., 1979).

Efflux

Lithium-loaded cells will allow passive diffusion of lithium ions along their
concentration gradient if suspended in lithium-free media, a so-called passive ‘leak’
of ions. However a ouabain sensitive efflux mechanism has also been recognised and
it is generally accepted that the ouabain sensitive Na'-K' ATP pump can move
lithium ions in a bi-directional fashion across the erythrocyte membrane (Pandey et
al., 1978). This mechanism favours lithium efflux in ‘loaded’ cells however, given the
affinity at the external binding site favours K" > Li" > Na' and at the internal site
favours Na' > Li" >K'. This arrangement also means that at normal physiological
conditions or where intracellular sodium levels are at least equal to lithium levels, that
lithium efflux would be negligible. This i1s indeed the case, and in patients taking
lithium therapeutically where concentrations of lithium in the plasma range between
0.5-1.2 mMol/l, the result is negligible movement of lithium ions in the normal

physiological operation of the Na'-K" ATP pump (Pandey et al.,1978).

However there is also a ouabain-insensitive lithium efflux pathway originally
described by Haas ef al. (1975), where lithium appears to be extruded against its
concentration gradient in exchange for an external Na' ion. Indeed the process is
stimulated by external sodium ions and inhibited by internal sodium in lithium-loaded
cells. This discovery resulted from the key observation earlier by Mendels & Frazier

(1973), that in patients taking lithium for treatment of manic-depression, that the

intracellular lithium level was only one third of the plasma concentration, a fact that



could not be explained by known transport mechanisms. Clearly a mechanism existed
which transported lithium against its concentration gradient. Haas’s discovery was
subsequently confirmed (Duhm et al., 1976), and forms the basis of what is now

known as sodium-lithium countertransort (SLC).

1.2-3: Characteristics of Sodium-Lithium Countertransport (SLC).

Sodium-lithium countertransport (SLC) is one of many pathways for cation transport
across the red cell membrane, which as a whole, play an important role in regulating
red cell volume and pH. The ATP-independent, ‘ouabain- insensitive’ pathway once
stimulated mediates a 1:1 stochiometric exchange of Na' and Li'. The carrier
molecule involved transports ions in a "ping-pong" manner binding a cation on one
side of the membrane and transporting it as a complex across the cell membrane,
releasing it by dissociation and then binding to the other cation to transport it in the
opposite direction. The carrier interacts with no other cations but is capable of binding
either cation (Na+ or Lit) on either side of the membrane. The affinity of the carrier
molecule is greater, however, for lithium on either side of the membrane but is
weighted in such a fashion as to favour binding of internal Li". The process is
activated by external Na', and because of the asymmetry of affinity Na' stimulated
Li' efflux is 2-3 times faster than Li" stimulated Na" efflux. The former is amenable
to more accurate measurement and referred to as sodium-lithium countertransport

(SLC).



Fig 1b. Pathways of lithium transport in the human erythrocyte.
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1.2-4: Determinants of SLC activity

SLC and hypertension

SLC has received much attention over the last twenty years or so in the medical
literature. Much of this attention has focused on the observation that SLC activity is
significantly increased in individuals with essential hypertension compared with non-
hypertensive controls (Canessa ef al., 1980). Moreover, accelerated SLC appeared to
be familial and it was elevated in normotensive first-degree relatives of hypertensive
patients (Woods ef al., 1982, Houtman et al., 1993). This effect has been shown to be
independent of gender, age, body mass and plasma lipids in a subsequent study

(Turner & Michels, 1991).

The relationship between SLC activity and hypertension is, however, by no means
clear-cut and while, higher levels of transport activity have been documented in
hypertensive patients compared to controls, an overlap in the range of values between
the two groups has been a consistent finding (Morgan et al., 1986; Diez & Arrazola,
1991). In addition considerable overlap of values have been found when secondary
hypertensives are compared with essential hypertensives (Duhm & Behr, 1986; Petrov
et al., 1994). Hence, SLC activity does not appear to be specific for essential
hypertension, and the suggestion that activity is raised in a subset of such patients
only, has found support in the observation that patients with a family history of
hypertension are most likely to have increased SLC activity (Houtman ez al., 1993,
Wilson & Meyer, 1981). However other studies have failed to show this association

(Canali et al., 1987; Turner ef al., 1987). The suggestion has been made that increased

)
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SLC activity is most likely to be found in hypertensive patients with a family history
of both hypertension and cardiac events (Wilson & Meyer, 1981) and the independent
effects of these two variables on SLC activity has been demonstrated (Carr et al.,
1989). This view is further supported by the demonstration that both hypertension and
hyperlipidaemia (both cardiovascular risk factors) are independently associated with
high SLC activity (Corrocher ef al., 1985) and that the greatest activity is found in
individuals with both conditions (Carr ef al., 1990). Hence, while SLC may not be a
specific marker for hypertension in itself, it may represent a broader marker of

cardiovascular risk.

The role of plasma lipids and erythrocyte membrane lipid composition on SLC

SLC activity has been shown to be positively correlated with plasma cholesterol,
triglycerides and very low density lippoprotein (VLDL), (Corrocher et al., 1985;
Strazzullo et al., 1986; Engelmann e al., 1993) and negatively associated with plasma
HDL and HDL: cholesterol ratio (Adragna ef al., 1985). Changes in SLC have also
been shown to correlate with alterations in plasma triglyceride and HDL levels over a
two-year period (Hunt ef al., 1990), and a fall in SLC has also been demonstrated with
alterations in plasma lipid profile induced by exercise, dietary modification or by
therapeutic means (Carr et al., 1991; Rutherford ef al, 1992). This is unlike the
situation with hypertension where there is a poor correlation between SLC and blood
pressure readings and high SLC levels in hypertensive patients have not responded to
control of blood pressure (Beuckelmann & Erdmann, 1986). SLC activity may
therefore, depend more on the patients’ lipid status rather than hypertension although

both have been shown to have independent influence.
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The mechanism by which plasma lipids influence SLC activity remains unclear. One
suggestion, is that a dynamic equilibrium exists between plasma and erythrocyte
membrane lipids and that the activity of the transport carrier molecule is influenced
by the physico-chemical properties of the membrane including its viscosity (Cooper
1977). However, while SLC activity is increased by increased plasma cholesterol, the
converse is true when the erythrocyte membrane is cholesterol enriched either
naturally or artificially (Engelmann & Duhm, 1991; Lijnen et al., 1992). SLC activity
also correlates positively with plasma triglyceride levels but triglycerides are not
normally found in the red cell membrane. The phosphatidylcholine:sphingomyelin
ratio of the red cell membrane has been shown to correlate positively with SLC
activity, however and this ratio in turn correlates with plasma triglyceride levels
(Engelmann et al., 1993). The fact that triglyceride levels may play a crucial role in
SLC activity is further supported by an association between a recessive gene and

elevated triglyceride and SLC activity (Hasstedt ez al., 1994).

SLC and Cardiovascular Disease

SLC activity has been shown to positively correlate with hypertension (particularly in
individuals with a family history of same and cardiac events) and hyperlipidaemia
both independent risk factors for cardiovascular disease. There is also strong evidence
for the role of heredity in determining SLC activity just as in risk of cardiovascular
disease (Williams ef al., 1987; Hardmann ef al., 1992). In addition important positive
correlates exist between SLC and body mass index (Trevisan & Laurenzi, 1991), and
high alcohol intake (Winocour et al, 1992), both known risk factors for
cardiovascular disease.
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Convincing evidence exists for an association between elevated SLC activity and
Type I / Type II diabetes (Canessa et al., 1992). In particular there appears to be a
subset of such patients with a propensity to hypertension and diabetic nephropathy,
who have markedly raised levels of SLC (Fujita ef al., 1994; Mangili et al., 1993;
Viberti & Earle 1992). This is an important observation, suggesting that SLC may

serve as a marker for end-organ damage in diabetic macrovascular complications.

High SLC activity is also correlated with the development of left ventricular
hypertrophy in hypertensive patients (Yap ef al., 1989), showing equally that it may
be useful as a marker of cardiac end-organ damage. One study of african-american
women found a positive association between SLC, left ventricular mass and insulin
resistence before the onset of clinical hypertension and diabetes, suggesting it might
serve as a useful predictive marker (Sherif er al. 2000). To date little has been
reported on the relationship between SLC activity and the development of actual
myocardial infarction or cerebral end-organ damage (i.e. stroke) in patients. There is
good rationale for suggesting that patients with stroke and myocardial infarction (MI)
may have higher SLC activity than controls. The relationship between SLC activity
and cardiac (in the form of hypertrophy) and renal end-organ damage in hypertensive
patients has already been established. In addition, SLC activity correlates positively
with many other vascular risk factors and displays an hereditary component, as does

the risk of stroke and MI with a positive family history.

SLC activity has also been shown to be influenced by red cell membrane lipid
composition, being increased in membranes with increased phosphatidylcholine:

sphingomyelin ratio, and increased micro-viscosity of the red cell membrane is



associated with such changes in SLC activity in hypertensive patients with a family
history (Carr et al., 1995). Other studies have demonstrated alterations in the lipid
make-up of the red cell membrane in normolipaemic hypertensives associated with
increased microviscosity and macroviscosity (Villar ef al., 1996). It seems plausible
therefore that SLC activity could theoretically at least, be associated with the
pathogenesis of MI and certain types of stroke (e.g. lacunar infarction), through

associations with altered cell membrane structure and whole blood viscosity.

However it is unlikely that SLC in itself is pathogenic. It’s accepted normal range of
activity of 0.1-0.39 mMol/L red cells /hr. is dwarfed by the magnitude of other
sodium fluxes in the red cell (take for example the Na'/H  amiloride sensitive
transporter with activity of 25-60 mMol/L red cells /hr when activated - Corry ef al.,
1993). Nevertheless however important associations between SLC activity and
vascular disease states do exist, and it may be that SLC represents a sensitive
indicator of changes in the red cell membrane structure, repeated in other cell
membranes such as the kidney or smooth muscle cell. Whether such changes in
membrane function or structure are the cause or result of vascular disease is
speculative. Nevertheless it would be useful to increase our knowledge of the effect of
environmental and medical disease states on SLC and it’s kinetics, as this will

increase our understanding of likely biochemical mechanisms at play.
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Section 2.1-1: Introduction

The title of my thesis encompasses the two main objectives of this work, which is in
part epidemiological and in part laboratory based. The two objectives have a very
different methodological approach, yet are intrinsically linked as they concern the
fundamentals of pathophysiology of stroke and how this can be better understood by
our knowledge of risk markers for vascular disease. This in turn would help identify
those at greatest risk of stroke and, through detailed individual risk factor profiling,
lead to effective secondary prevention. In this vein 1 have set myself two main

questions which are outlined below.

Section 2.1-2: Question one

“What are the risk markers for stroke amongst an Irish stroke population?”

In chapter one, 1 have already discussed why knowledge of such risk markers is
important, both in terms of predicting outcome after a stroke and planning strategies
for secondary prevention. On a population basis there appears to be differences in risk
marker prevalence which can, at least, partly explain geographic variations in stroke
incidence. In this regard it would be informative to compare prevalence of risk factors
in an Irish population with international figures. Greater knowledge of the prevalence
of risk markers in a given stroke population would also, in general, help plan for the
resources needed for ongoing stroke care and secondary prevention strategies within
that population.

It would also be informative to examine the interaction between risk markers and

different subtypes of stroke, as different stroke subtypes have different degrees of
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mortality and morbidity and are likely to have different underlying pathological
mechanisms as the primary cause. In addition it is clear from the recent advances in
stroke treatment and prevention, that best medical practice now requires detailed

individual risk factor profiling, and attention to modifiable risk.

With greater knowledge of, the effect of modification of smoking, hypertension,
hypercholesterolaemia and diabetes on vascular risk, the benefit of anticoagulation in
atrial fibrillation and the advent of successful surgical procedures for carotid artery
disease, comes a responsibility to identify these important modifiable risk markers in

all stroke patients.

Section 2.1-3: Question two

“Could sodium lithium countertransport (SLC) represent a broad risk marker of

vascular disease? .

The second aim of this thesis is to elucidate the role of sodium-lithium counter-
transport activity (SLC) as a marker in ischaemic stroke and ischaemic heart disease. I
have already discussed the potential and limitations of SLC as a useful biological
marker of vascular risk in chapter one, and have concentrated my work on adding to
our knowledge of SLC in the context of vascular disease. In this regard I proposed

two further questions:-

“Does smoking affect SLC?”
Smoking is clearly an important risk factor in the genesis of atherosclerotic arterial
disease leading to myocardial infarction and stroke. Little is known about this very
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important vascular risk factor as a variable in SLC measurement. Another important
atherosclerotic risk factor and commonly consumed environmental factor, alcohol has
been shown to affect SLC (Adebayo ef al., 1994), and it seems plausible that smoking
could have a similar effect. The higher carbon monoxide levels in smokers leading to
an increased percentage of carboxyhaemoglobin within the erythrocyte could in
theory at least, affect this membrane transporter. As this effect, could be acute and
transient like that observed with alcohol however, my study sought to determine the
rate of SLC in smokers versus non-smokers and to determine the acute effect of
smoking on the transporter. In order to limit the effect of variables extraneous to the
question at hand, I recruited smoking and non-smoking volunteers from an otherwise
“healthy” population of young male doctors working at the hospital. While these are
likely to be a select group within the normal population, such an approach is justified
in this study of smoking and SLC, given the limitations the assay imposes on the
sample size and thus the implausability of a multivariate model of analysis to control

for external factors.

“Is there a possible association between SLC activity and development of
cardiovascular disease other than hypertension, such as stroke and myocardial

infarction ? ”

As outlined in chapter one, SLC is independently associated with essential
hypertension. In addition there is some suggestion from the available literature, that
those with higher SLC rates are those most likely to sustain “end-organ” damage, at

least with regard to nephropathy in diabetic patients and left ventricular hypertrophy
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(LVH) in patients with hypertension. If this effect could be observed with regard to
patients with stroke or myocardial infarction, then SLC could represent a useful broad

marker of cardiovascular risk.

In order to answer this question, or at least observe a trend, I proposed to study four
groups of patients and volunteers matched as closely for age, sex, and environmental
factors as possible. These include patients who had suffered a stroke or MI,
hypertensive patients without such end-organ damage, and a control population of

healthy volunteers.



Section 2.1-4: Summary

e My thesis is, in part, epidemiologically based and partly laboratory based and
aimed at a better understanding of risk markers of vascular disease, and stroke in

particular, in an Irish setting.

e The first part of this thesis aims to identify the risk markers for stroke in an Irish

population.

e The second part of this thesis aims to increase our understanding of sodium-
lithium countertransport (SLC) as a potential marker of vascular disease by asking
two questions: “ Does smoking affect SLC?” and “Is SLC elevated among people
with stroke and myocardial infarction when compared with people without such

disease?”
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Section 3.1 Risk Markers for Stroke

3.1-1: Design of the Stroke Service.

Stroke unit care has been shown to be effective in reducing the mortality and
morbidity of stroke as outlined in chapter one. Organised stroke care may differ in
aspects of admission policy and geographical location but all espouse the
multidisciplinary approach to patient treatment and rehabilitation. In this regard our
stroke service, set up in 1996, is no different. It consists of a consultant-led medical
team, nurse specialist, occupational therapist, physiotherapist, speech and language
therapist and social worker dedicated to the management of stroke patients. Ideally
this team would be full-time dedicated to stroke care but as medical manpower is
limited to two consultant sessions, one full-time registrar and one half-time intern in
our case, an initial policy of accepting all acute stroke patients irrespective of age,
type or severity on 3 out of 5 nights of medical take, has been adopted. All acute
stroke patients on these nights have their care taken over by the stroke service the next
working day. This accounts on average for two-thirds of all acute stroke patient
admissions to our hospital in a year. Where possible these patients are admitted to the
Age-Related Health Care ward, which, not only helps define the service
geographically, but also ‘taps —in’ to existing rehabilitation expertise and helps to

develop new skills.

The service is under-pinned by a consultant-led weekly ward round in which each
patient is fully evaluated. Current neuro-medical issues are discussed with the patient
and medical team and therapeutic options explored. The stroke service has the full
support of radiological expertise at a weekly meeting in which all computerised
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tomography (CT) images and other relevant investigations are reviewed and discussed
with the consultant radiologist. This is important particularly, where the cause or
nature of a stroke is unclear and where further neuro-imaging, such as magnetic
resonance imaging (MRI), may be necessary. In addition important working
relationships have been established between other medical specialties, most notably

psychiatry of later life, cardiology, gastroenterology and neurology.

Essential to the ongoing treatment and rehabilitation of individual patients’, is the
multi-disciplinary meeting involving all the stroke-service disciplines, which takes
place weekly after the ward round. This meeting allows for inter-disciplinary
exchange of information and ideas, so that a holistic approach to the patients’ current
needs, future goals and discharge planning can be formulated. The timing of discharge
to home, where possible, is also an important decision taken at this meeting. Clearly
there is a balance to be made, which recognises the financial implications of
prolonged hospital stay, and the need for daily rehabilitation input to ensure the best

possible recovery.

Discharge home is facilitated, therefore, by an active community rehabilitation
programme. In this respect the stroke service has forged important links with the
District Care Unit (DCU) which operates a home-delivered physiotherapy,
occupational therapy and nursing service to the patient. The service operates primarily
for over 65’s and is contacted routinely prior to the patients discharge, often
accompanying the stroke service occupational therapist on a home visit with the
patient weeks in advance of discharge, thus anticipating the equipment and

rehabilitative needs of individual patients. We have also established an important
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working relationship with the stroke rehabilitation unit at Baggot Street Community
Hospital, which unlike the DCU, operates an all-age policy and in addition has
medical and speech and language therapy support, which are not available through the
DCU. Our service is further enhanced by a weekly out-patient session at which
patients’ progress at home can be reviewed, and ongoing investigations and results

analysed as an out-patient. Fig.3a

3.1-2: Data Collection

This was a prospective study of the risk factors for stroke in an Irish patient
population over a 3-year period from July 1, 1996 to June 30, 1999. After admission
all patients were assessed by the stroke service registrar and details regarding clinical
examination, stroke type and severity, computerised tomography (CT) of brain,
previous medical history and known risk factors were recorded on a standard pro-
forma (Appendix.1). Investigations for underlying risk factors were recorded and the
results noted. Patients were followed throughout their hospital stay and any new
neuro-medical sequelae of their stroke documented. In addition progress in

rehabilitation and eventual outcome were also recorded.

Clinical Stroke Type

Ischaemic stroke type was documented according to the Bamford classification of
clinical sub-type on initial assessment (Bamford ef al., 1991). This classification bases
identification of different clinical stroke syndromes on the likely vascular territory in
which they would occur. It divides anterior circulation (distribution of internal carotid

artery supplying the anterior and middle cerebral arteries) infarction syndromes into
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total anterior circulation infarct (TACI) and partial anterior circulation infarct (PACI),
while smaller vessel syndromes are classified as lacunar infarction (LACI). All
clinical syndromes of occipital lobe, cerebellar or brainstem involvement are

classified as posterior circulation infarctions (POCI). [Appendix 2].

The classification is useful as it can be clinically applied to all stroke patients initially,
(even those with haemorrhage as the primary event which are then subsequently
excluded), and identifies the likely anatomical site of lesion prior to availability of
CT. It also describes the functional deficit caused by the stroke and to a certain
degree, helps identify the likely underlying pathological mechanism causing the
stroke. For example a TACI is usually caused by total or near total occlusion of the
middle cerebral artery or large branch thereof, and such strokes are usually embolic in
nature, the thrombus originating in the chambers of the heart, or from an
atherosclerotic plaque in the ascending aorta or carotid artery. Conversely a LACI is
typically caused by occlusion of a small perforating artery supplying the region of the
internal capsule, and would be more in favour of hypertension or diabetes causing

small vessel disease, as the chief aetiological factor.

Radiological Imaging

CT brain (model: Toshiba; Xpress Gx) was performed as soon as possible after
admission and reviewed by a consultant radiologist in conjunction with the medical
team at a weekly radiological conference. Thus all strokes were also described
according to radiological appearance as primary intracerebral/intraventricular
haemorrhage, sub-arachnoid haemorrhage, cerebral infarction, normal or “other
cause” (such as tumour) where this was evident. All normal CTs in patients, with a
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Fig. 3a: Schematic representation of the stroke —service at
the Adelaide and Meath Hospital Dublin.
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history of an acute onset of a neurological deficit in a pattern consistent with an insult
to a vascular territory, and which lasted more than 24 hours were presumed infarcts.

This is not uncommon as the changes of infarction, particularly smaller insults, often
take several days to manifest themselves radiologically on CT and, if done “too
soon”, a CT will appear normal in the presence of evolving infarction. Several studies
have shown a greater infarct visibility on CT with larger lesions and increased interval
from stroke onset. At 48 hours post-stroke approximately half of all infarcts will be

detectable on CT (Warlow ef al. 1996.b).

A repeat examination was not undertaken unless clinically indicated by deterioration,
development of new neurological signs etc. Haemorrhage, however, will show up
acutely in almost every case of clinical stroke and is the chief reason for seeking an
early CT, as the presence of haemorrhage will greatly affect subsequent management
of the patient. In the presence of a normal scan and where a clinical doubt existed as
to the vascular aetiology of a deficit, a Magnetic Resonance Imaging (MRI) scan was

obtained.

Stroke severity and outcome

A number of scales have been validated for quantifying stroke severity. Most are
based on a combination of neurological and functional assessment. In our service,
stroke severity was quantified by using the modified Barthel index of activities of
daily living (BADL) at day 10-14. The BADL is a numerical score, which is based on
patient function in the context of everyday activities such as, washing, dressing,

feeding etc. (Appendix 3). It grades ability in each of the functional activities as



unable, able with assistance or independent. In its’ modified form, a total score of 20
indicates independence in all activities of daily living, with lesser scores indicating
mild, moderate or severe dependency ratings. It has been validated as a reproducible
index of disability and in the setting of stroke as an indicator of severity (Wade &
Collin 1988; Collin & Wade 1988)). The BADL has usually been performed in this
setting at an interval of 1-2 weeks after admission, in order to allow the patient adapt
to the new surroundings of the hospital ward, overcome the acute effect and malaise
of the stroke, and to be properly assessed in all the listed activities. For these reasons
the BADL was assessed in all patients at days 10-14 post stroke and again at 6 weeks
(or discharge from hospital if sooner) to monitor rehabilitation progress and recovery.
The BADL does have its limitations, however, and the exact nature of neurological

deficit caused by a stroke is not described.

Because of such limitation, the Scandinavian Stroke Neurological Scale (SSNS) was
introduced into our assessment from year three onwards. This was performed at
admission and discharge on all patients to supplement the BADL in describing both
initial stroke severity and final outcome after rehabilitation. The SSNS is a numerical
scale, which assesses patients’ state of awareness, cognition, limb and facial muscle
function. It gives a total score of 58 indicating normal, to zero indicating coma with
compromised brainstem function. The lower the score the more severe the stroke. It is
validated for assessing the severity of all strokes irrespective of aetiology, and is
commonly used in clinical trials of stroke treatments as a baseline measure of severity

and to monitor changes in patient condition (Scandinavian Stroke Study Group 1985).



Stroke outcome was assessed by a grading system of 1-5 approximating the Oxford
Handicap Scale itself a modification of the Rankin scale (Rankin 1957). This scale
basis degrees of handicap on patients symptoms, dependency and lifestyle and is
widely used because of its relative simplicity and reliability, even when assessed by
over-the-phone interview (Bamford ef al., 1989; Candelise et al., 1994). In this
system grade 1 indicated a return to home with independent function and grade 2 a
discharge home with need of support for some activities of daily living. Grade 3 and 4
indicated a need for long-term care with the former meaning preservation of some
mobility and functional ability (generally referred to as “light” long-term care) and the
latter implying total nursing care and bed-ridden dependency (generally referred to as
“heavy” long-term care). Grade 5 indicated mortality. While this scale was easy to use
as an outcome measure it does mix function and placement. While placement
considerations were generally based on functional outcome, other factors such as pre-
existing morbidity, social circumstances etc. could influence decisions independently
of functional recovery from stroke. Outcome applied to the index event only and

therefore was assessed as discharge grade or death.

3.1-3: Documenting Risk Markers for Stroke

The risk markers for stroke were defined on the basis of the commonly accepted
major factors that increase the relative risk of cerebral infarction and haemorrhage.
These included in the case of infarction, valvular heart disease and atrial fibrillation,
previous stroke or transient ischaemic attack (TIA), history of myocardial ischaemia
or infarction, carotid artery disease, hypertension, diabetes mellitus and smoking.
Other possible risk factors for stroke such as hyperlipidaemia and excessive alcohol
intake were also documented. In the case of cerebral haemorrhage, hypertension, a
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history of clotting disorder, concurrent use of anticoagulants and antiplatelet agents,
history of arterio-venous malformation or family history of intracerebral /
subarachnoid haemorrhage were the major risk markers sought. Where a risk marker
was already known from the patients’ history, this was documented. All subsequent
investigations were performed on the basis of clinical judgement and protocol aimed
at uncovering major factors contributing to the risk of stroke. These investigations can

broadly be grouped under routine bloods, cardiac and vascular.

Initial investigation

All patients on admission had routine bloods taken for full blood count, coagulation
screen (prothrombin time and activated partial thromboplastin time), erythrocyte
sedimentation rate (ESR), renal, liver and bone profiles. Diabetes mellitus was
excluded by two fasting blood glucose tests, a week apart, < 7.0 mMol/L. (American
Diabetes Association 1997). Where a result was equivocal a formal glucose tolerance
test (fasting < 7.8 mMol/L and two hour post-prandial < 11.1 — WHO 1980) and
haemoglobin A;. was performed to establish the diagnosis. Hyperlipidaemia was
excluded by a fasting lipid profile done within 48 hours of the event, to minimise the
possible reduction effect of a vascular event on total cholesterol levels, although such
changes post stroke are less pronounced than is the case with myocardial infarction
(Kargman ef al., 1998). Reference ranges complied with the local department of
clinical chemistry guidelines of total cholesterol < 52 mMol/L and low density
lippoprotein (LDL) < 3.6 mMol/L ((Laboratory Standardisation Panel of the National
Cholesterol Education Program 1998). This may be ‘generous’ in terms of more
recent guidelines recommending levels of total and LDL cholesterol to be below 5

and 3.0 mMol/L respectively in those with co-existing cardiovascular disease
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(Recommendations of the Second Joint Task Force of the European and Other
Socities on Coronary Prevention 1998), but in practical terms this made little

difference to numbers identified as hyperlipidaemic in this study.

Apart from these routine tests, thrombophilia (e.g. Anti-phospholipid syndrome,
Factor V leiden, Hyperhomocysteinaemia) and vasculitic (Systemic Lupus
Erythematosis, Systemic Rheumatoid Arthritis etc.) screening was performed for
known risk factors where there was a clinical suspicion (usually in the case of
relatively young female patients, where a paucity of vascular risk factors to explain

the stroke existed).

On admission all patients had blood pressure and heart rate measured by nursing staff
and a chest x-ray, electrocardiogram (ECG) and cardiac auscultation performed. The
ECG was read, by stroke service registrar, for evidence of atrial fibrillation,
myocardial ischaemia or hypertrophy indicative of longstanding hypertension.
Myocardial ischaemia was defined as a history of current or previous infarction or
angina and on ECG according to the Minnesota codes, as presence of pathological Q-
waves (1.1-1.3), ST segment depression (4.1-4.4) or the presence of T-wave changes
(5.1-5.4) when compared to previous ECG’s (Prineas ef al., 1982). Ischaemic heart
disease was thus defined by ECG appearance or a history of previous or current

angina or myocardial infarction.

If the patient was in sinus rhythm a 24- hour “holter” monitor (Reynolds Pathfinder
model 213) was put in place to exclude the possibility of intermittent atrial
fibrillation. This portable device electronically records the patients heart rhythm on a

continuous basis and automatically selects variations from sinus rhythm on



subsequent computer analysis. Presence or absence of atrial fibrillation was confirmed
by analysis of the “holter” in the Department of Cardiology at the Adelaide and Meath
Hospitals Dublin incorporating The National Children’s Hospital.

In addition where a patient had an audible heart murmur, history of rheumatic heart
disease, recent myocardial infarction or significant left ventricular dysfunction
clinically or radiologically, a trans-thoracic echocardiogram (Acuson Sequoia ¢c256)
was performed by the department of cardiology, to evaluate any possible valvular

lesion or mural thrombus.

While in hospital patients had their blood pressure measured and recorded twice daily
by professional nursing staff with a calibrated mercury sphygmomanometer (Accuson
mercury sphygmomanometer). Hypertension was defined as use of concurrent anti-
hypertensive medication or where there were persistent readings of systolic pressure
> 160 mmHg or diastolic > 90 mmHg in patients, beyond the acute-phase response
readings. These values were chosen as most of our patients were elderly, clinical
evidence exists for the efficacy of treating isolated systolic blood pressure at this level
in this age group and because it is one of the most commonly cited ranges for
hypertension in studies of risk factors in stroke (WHO MONICA project 1997, ARIC
investigators1989; Kalra et al, 1998). Since commencing this study however, WHO
guidelines have recommended lower target levels for systolic blood pressure (WHO-
International Society of Hypertension, 1999), though these have not gained universal

acceptance (O’Brien & Staessen, 2000).

Where clinical suspicion existed, either from the patients’ history of a pre-existing
problem, the presence of a bruit on auscultation (though generally accepted as a poor

marker), a clinical pattern of previous strokes or TIA’s in the same vascular territory,
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or absence of any more obvious risk marker, formal carotid artery duplex doppler
examination was performed (model: ATL; HDI 5000). In practical terms this was
carried out on the majority of patients, as resources allowed, by the Department of
Radiology at the hospital. Doppler ultrasound is a non-invasive and reliable technique
for assessing the degree of stenosis, if any, in the carotid artery. Significant stenosis
was taken as stenosis > 70% of the internal carotid artery, in line with evidence
showing the benefit or operative intervention on this degree of stenosis (European

Carotid Surgery Trialists Collaborative Group 1998).

Data was compiled on the standard pro-forma, prospectively during the patients’
admission and completed on death or discharge. Initially this has been a written
exercise requiring data manipulation by hand. I have subsequently with the aid of the
Dept. of Community Health & Statistics, Trinity College Dublin, designed a database
on Microsoft Access © (Microsoft corp., USA) to allow for easier archiving and

manipulation of the on-going data collection.
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Section 3.2 Determination of Sedium-Lithium Countertransport (SLC)

A proposal outlining the study design and objectives was submitted to the Joint
Research and Ethics Committee of the Federated Dublin Voluntary Hospitals and
ethical approval was obtained before commencing work. A written consent form was
supplied to all patients and volunteers based on the standard ethical guidelines set out

by the committee.

Section 3.2-1: Patient Details and Blood Sampling:

A detailed medical history was taken from all participants with regard to personal and
family history of stroke, cardiovascular disease and hypertension. Any use of
medication was recorded and personal tobacco consumption was also noted.

Patient weight and height (where practical) was recorded. A blood pressure reading
was taken on 3 occasions, five minute apart, in a sitting position prior to phlebotomy
using a calibrated mercury sphygmomanometer (Accuson). The average reading was

recorded.

SLC activity exhibits diurnal variation and is affected by plasma lipid levels. To
standardise results, all samples were taken with the participant fasting, from midnight
the night before, and between 08.00 —10.00. A sample of venous blood (approx. 25
mls) was taken into three 7ml sodium-heparin tubes (Becton & Dickinson) for SLC
determination and one 5ml Lithium-Heparin tube (Becton & Dickinson) for fasting
lipid profile analysis. All samples were processed within 1-2 hours to determine SLC
activity at the research laboratory, Department of Pharmacology & Therapeutics,
Faculty of Health Sciences, St. James’ Hospital Dublin. Fasting lipid profile
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measurement was carried out by the Department of Biochemistry at the Adelaide and

Meath Hospital Dublin, incorporating The National Children’s Hospital.

Section 3.2-2: Sample Preparation for SLC Determination.

Washing the red cells

Blood samples was transferred to a SOml Falcon tube and centrifuged at 2,500 rev/min
at 4°C for 10 minutes in a Sorvall RT600 refrigerated centrifuge (DuPont). Plasma
and buffy coat were removed by pipetting and the sample was washed 5 times in a
NaCl-free washing solution of physiological osmolarity (290-310 mOsm) and pH (7.4
at 37°C). The aim of this procedure is to ensure that plasma and its constituents are

adequately removed from the red cells.

The washing solution comprised 140mMol Choline chloride, 10mMol glucose,
4mMol Magnesium chloride, 10mMol Tris and 10mMol MOPS. With all solutions
used in this study osmolarity was checked on an ‘Advanced Micro-Osmometer Model
3300 (Advanced Instruments Inc., USA)’ and pH on a ‘Mettler Toledo MP230 pH

meter (Mason technology).

Lithium Loading

After washing the sample of red blood cells was incubated in a Lithium loading
solution in order to achieve intracellular levels of between 6-10 mMol Li’ /L cells.
This is the generally accepted value of intracellular cation to ensure a valid assay
(Canessa, 1989). Lithium solution saturates the internal binding sites for the cation

with a Km of 0.5mMol/Lcell (Sarkadi et a/., 1978) and it is important that this value
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is exceeded by 10 fold. This is to ensure complete saturation of the transporter
binding sites throughout the kinetic experiment, as sodium-stimulated lithium efflux
will be superimposed on the passive lithium efflux along its concentration gradient.
To ensure a valid assay therefore, it is important that the internal binding site for

lithium remains saturated in the face of the unavoidable passive ‘leak’.

To achieve this adequate level of lithium-loading a number of methods have been
used. The most efficient method involves loading with lithium carbonate solution, and
intracellular levels of 5 mMol/L cells has been reported within 20 minutes (Ibsen et
al., 1982; Jensen et al., 1990). In this solution Li" ions enter the red cell passively
along its concentration gradient and also in ion pair formation as LiCO5 , through the
anion channel. The method is complicated however by the need for a thorough
washing of the red cells to ensure removal of the carbonate ion and avoid a change in
intracellular pH that would otherwise result. Such a change would affect the
transporter activity, being stimulated by extracellular alkalosis and inhibited by
acidosis. This occurs at lower pH due to extracellular H' competing with Na' ions for
binding sites and transporter activity falls off dramatically at pH below 7.4. The
converse is also true in that intracellular acidosis stimulates activity (Canessa et al.,

1988).

An alternative approach is to incubate red cells in a Lithium chloride solution of pH
7.4 for 3 hours at 37°C. Lithium loading occurs by passive diffusion of lithium ions
along the concentration gradient and also through the action of the Na'/K" pump. This
was the original method used by Canessa (Canessa et al., 1980), and has also been

used by many other workers (Mangili ef al., 1988; Walker et al., 1990).
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In this study lithium loading was achieved using a combined lithium carbonate and
lithium chloride solution, utilising the efficiency of the former approach without
undue pH change by encompassing the latter. This method has already proven to be
effective (Adebayo 1995). The loading solution 140mMol Lithium Chloride, 10mMol
Lithium Carbonate, 10mM glucose, 10mMol MOPS, 10mMol Tris, at physiological
osmolarity (290-310 mOsm) and pH 7.4. Approximately 7mls of washed red cells
were added to 25 mls of lithium loading solution in a falcon tube. Incubation was for
2 hours at 37°C in a water bath with gentle agitation (Grant Instruments, Cambridge

Ltd.).

After loading the lithium rich red cells were washed with washing solution and
centrifuged for 10 minutes at 2,500 rev/min at 4°C and the supernatant removed. This
step was repeated S5 times to ensure adequate removal of extracellular lithium prior to
the kinetic study. A Li" level of 30uMol/L or less in the supernatant of the final wash
has been recommended to meet this criterion (Canessa ef al., 1980). After the final
wash a 2ml sample of supernatant was kept and subsequently measured to ensure this

standard was met.

Kinetic Study

After washing a 500 pl aliquot of lithium rich red cells was deproteinised by addition
of Iml of 10% trichloroacetic acid in an eppendorf tube and vortexed. This was then
centrifuged at 990g for 3 minutes in a model 5415C Eppendorf centrifuge and the

supernatant removed for determination of intracellular cations.

Analysis of Li'/K'/Na" ions was performed by flame photometry (Instrumentation

Laboratory 943) in the Department of Biochemistry, Adelaide and Meath Hospital
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Dublin incorporating The National Childrens Hospital. A 1 ml sample of the washed
red cells was also a taken for determination of haematocrit and red cell count by the
Department of Haematology, St. James' Hospital Dublin. Calculation of intracellular

Li' /K'/Na" was by the method reported by Fortes-Meyer & Starkey (1977).

The remaining washed red cells were then made up to a 50% solution with washing
solution. From this a 1ml sample was added to Sml solutions containing zero, 35, 50,
70, 100, 140 mMol/L of Na'. The Na' free sample was of the same constitution as the
washing solution except in addition it contained 0.IlmMol ouabain to inhibit the
Na'/K' ATP pump. The constitution of the Na' rich medium was140mMol NaCl,
10mMol glucose, 4mMol Magnesium chloride, 10mMol Tris, 10mMol MOPS and
0.1 mMol ouabain. Again solutions were of physiological osmolarity (290-310
mOsm) and pH (7.4 at 37°C). The process of preparation of samples is summarised in

Fig. 3b.

The six solutions were incubated at 37°C with gentle agitation and at 20, 40, and 60
minutes 1.5 ml aliquots were drawn, cooled on ice for 2 minutes in eppendorf tubes
and then centrifuged at 990g for 2 minutes. 1 ml of supernatant was then pipetted into
fresh, labeled eppendorf tubes and stored at 4°C for lithium determination. After
kinetic sampling a 1.5 ml sample was taken from the efflux media and the red cell
count and haematocrit determined. This value was used in later calculations to express

the SLC value per litre of red cells.

Determination of lithium concentration

Final determination of Lithium levels in the supernatant of the final wash and kinetic

samples was carried out on a Model 1L257 Atomic Absorption spectrophotometer in
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the Department of Geology, Trinity College Dublin. The machine was set at a suction
rate of 5.0 ml per minute with a current of SmA. Lithium content of the supernatants
was determined at a wavelength of 670.4 nm and a bandwidth of 0.5. Potassium
chloride (KCl) was added to all standards and samples to achieve a concentration of
2mg/ml prior to analysis, to prevent the ionisation of lithium. To prevent unnecessary
dilution of the samples this was achieved using a highly concentrated solution of KCl
(160mg/ml), so that SOuL of KCL solution added to the Iml samples would provide

the required K ions.

The machine was firstly calibrated with standards of 14.5, 29, 58 and 87 umol Li'/L
in efflux media. From this a standard curve was obtained and all subsequent readings
were translated into lithium ion concentration by reference to this standard curve.
After each five samples the standard solutions were re-read to minimise the effect of

‘machine drift’. Throughout these experiments the maximum observed drift was 5%.
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Fig. 3b: Schematic representation of sample preparation for SLC

assay.
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Section 3.2-3: Calculation of SLC

Fundamentally SLC is the difference in lithium concentration at 60 minutes, between
the sodium free and sodium rich (140mMol/L) efflux media. Expressed another way,
it is the difference between passive diffusion and passive diffusion + sodium

stimulated lithium efflux at 60 minutes.

Conventionally it is expressed in mMol Li~ per litre cells per hour (mMol Li'/l
cells/hour), thus relating the rate of lithium efflux to the volume of red cells from
which it was extruded. Two principal methods exist by which this calculation is
achieved. The original method of Canessa & Tosteson (1979) and the method used in
all these experiments, involved a correction factor (Fa) based on direct measurement
of the volume of red cells from which the Li" was extruded. Thus the value of lithium
in the supernatant at each time point in pMol/l solution is converted into uMol/l cells

by multiplying with this factor Fa.

Fa = (1 -Hctx d/c) / (Het x d/c)

Where Hct. is the haematocrit of the washed lithium-loaded red cell suspension added
to each efflux medium, ‘c’ its’ haemoglobin concentration and ‘d’ the haemoglobin
concentration of the lithium-loaded red cell suspension in each efflux medium.

This can be calculated as such or alternatively “Hct x d/c” in the above equation
actually represents the haematocrit of the lithium-loaded red cell suspension in each
efflux medium and can be measured directly in the laboratory. This is what was done

in all these experiments.
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Values of lithium concentration multiplied by Fa were then plotted against the time
points 20, 40, and 60 minutes and the value at 60 minutes determined from the
equation of the line obtained. This in turn was converted into mMol/l cells /hour by
dividing by 1000. The difference in values so obtained between the sodium free and

sodium rich (140 mMol/1) solutions represents the SLC value for that experiment.

There is another principal method (Smith ef al., 1982) which seeks to estimate the
final red cell volume, given a known volume of washed lithium-loaded red cells of
known haematocrit, added to a known volume of efflux medium. In<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>