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ABSTRACT

The macrolide immunosuppressant FK506 has potent neuroprotective properties in
focal and transient global cerebral ischaemia and improves motor performance
following middle cerebral artery occlusion. In this thesis I seek to identify those

actions of FK506 responsible for its neuroprotective properties.

These neuroprotective properties have been attributed to a calcineurin- mediated
inhibition of nitric oxide synthase (NOS) activity. In cerebellar prisms from neonatal
rats N- methyl D-aspartate (NMDA) induces a rapid rise in NOS activity which in
turn stimulates the enzyme guanylate cyclase and leads to the accumulation of
c¢GMP. I demonstrate that cGMP accumulation begins within a minute of NMDA
stimulation and is inhibited by the NMDA receptor antagonist MK-801 and the broad
spectrum NOS inhibitor L-NAME. The nitric oxide (NO) donor SNP also stimulates
c¢GMP production, and this is not inhibited by either MK-801 or L-NAME. These
results are consistent with NMDA inducing accumulation of c¢cGMP through
stimulation of NOS. Following NMDA stimulation FK506 augments protein
phosphorylation in cerebellar prisms consistent with calcineurin inhibition. However,
FK506 was entirely without effect on NMDA stimulated ¢cGMP production,
suggesting that its neuroprotective actions may not be mediated through NOS
inhibition. Recent evidence supports the view that the neuroprotective effect of
FK506 is not dependent on inhibition of neuronal NOS (nNOS) activity. In neuronal
cultures lacking nNOS FK506 retains neuroprotective efficacy, and nNOS activity is
not reduced by neuroprotective treatment with FK506 following middle cerebral

artery occlusion in rats.

If FK506 is exerting its neuroprotective effects through other mechanisms, what
might these be? FK506 is known to inhibit activation- induced apoptosis in T
lymphocytes, and apoptosis is now recognised as an important mode of neuronal
death in cerebral ischaemia. FK506 might therefore be reducing infarct size in focal

cerebral ischaemia by inhibiting the apoptotic contribution to neuronal death.
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To examine the role of FK506 in neuronal apoptosis I have examined apoptotic cell
death in the SHSY-5Y neuroblastoma cell line. Initial experiments used
differentiated SHSY-5Y cells at high passage. Neither their morphology nor their
response to various toxins was constant. I therefore identified a source of low
passage SHSY-5Y cells and compared their behaviour with high passage cells under
differentiating conditions. Treatment of low passage cells with retinoic acid and
serum reduction for 7 days resulted in the development of neuron- like morphology,
with stabilisation of cell number and the development of immunopositivity for the

neuronal marker MAP2 and the cell cycle G, marker p21+.

In terminally differentiated SHSY-5Y cells the calcium ionophore ionomycin caused
rapid and simultaneous loss of mitochondrial respiratory activity and membrane
integrity (determined using the MTS and LDH assays respectively) and had no effect
on endogenous (PARP) or synthetic (Ac-DEVD-amc) Caspase 3 substrate cleavage.
FK506 had no effect on ionomycin induced death. The broad spectrum protein kinase
C inhibitor staurosporine also caused death in SHSY-5Y cells in a concentration
dependent fashion, but the onset of the death was slower than with ionomycin. This
was associated with increased cleavage of the synthetic caspase 3 substrate Ac-
DEVD-amc. The decline in viability determined using the MTS assay, an index of
mitochondrial function, was more pronounced than that seen using the LDH assay, a
measure of membrane integrity. FK506 had no effect on staurosporine- induced
death. Serum withdrawal caused the apoptosis of a proportion of SHSY-5Y cells, as
evidenced by characteristic nuclear changes, caspase activation and cleavage of
caspase substrates. FK506 partially reduced the decline in viability seen following

serum withdrawal, but was without discernable effect on caspase activation.

In conclusion, I have demonstrated that FK506 can be without effect on NOS activity
in brain tissue. Secondly, I describe the terminal differentiation of SHSY-5Y cells. In
these cells both serum withdrawal and staurosporine cause a decline in viability that
has some of the features of apoptosis; the effect of serum withdrawal, but not

staurosporine, is partially reversed by FK506. These findings, interpreted along with

o



the published work of others, suggests that the neuroprotective effect of FK506 is not
mediated through an effect on nNOS activity. While the neuroprotective actions of
FK506 may involve inhibition of apoptosis, other mechanisms such as its reported

neurotrophic properties may also be involved.

=17 =



CHAPTER 1

INTRODUCTION

Acute ischaemic stroke is the most common neurological cause of death and
disability in the world. In 1998 over 5 million persons around the world died from
cerebrovascular disease, making stroke responsible for almost one in every ten

deaths on the planet (WHO, 1999).

Stroke presents a potentially attractive target for neuroprotective drugs. It is a
common and disabling disease, and a drug that had even a small effect on outcome
would have significant public health benefits. The natural history of stroke is of
sudden disease onset, with brain damage that evolves over subsequent hours and
days. In consequence, treatments might be effectively given for this limited period.
This contrasts with chronic neurodegenerative diseases where pathological processes
are ongoing and therefore longer term treatment would be required. Finally, in some
centres most patients are already admitted to hospital within a few hours of stroke
onset (Harper et al., 1992) and so are in an environment where potentially dangerous

treatments might be given under close medical supervision.

In this chapter I set the clinical context by discussing the epidemiology and
classification of stroke. Then, I review the pathophysiology of acute ischaemic
stroke, in particular the role of excitotoxicity, nitric oxide and free radical
production, reperfusion injury and apoptosis. After reviewing the outcome of trials of
different therapeutic strategies I discuss the neuroprotective properties of the
macrolide immunosuppressant FK506 and outline the approach that I have taken to
investigating the fundamental mechanism(s) subserving the neuroprotective effects
of FK506.
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EPIDEMIOLOGY AND CLASSIFICATION

In the Oxford Community Stroke Project, one year after a first stroke 23% of patients
were dead and a further 28% were disabled (Bamford et al., 1991). Generalising
these results to the UK as a whole, stroke can be expected to result in 40,000 deaths
and 60,000 newly disabled persons each year. The average general practitioner can
expect to see 6 patients with acute stroke per year, of whom one will die and two will
become dependent on others. Stroke therefore represents a considerable burden on

individuals, carers, the health service and on society as a whole.

The clinical manifestations of ischaemic stroke depend on the location and the extent
of brain injury. These clinical features can be used to classify the stroke and give
some predictions about likely outcomes. The Oxford Community Stroke Project
Classification (Bamford et al., 1991) is a well validated system of classification
(Anderson et al., 1994) which is based on clinical evaluation and which correlates

well with neuroradiological findings at CT scanning (Wardlaw et al., 1996):-

Total anterior circulation syndromes (TACS) result from occlusion of an internal
carotid or middle cerebral artery and lead to a triad of [1] contra- lateral weakness of
the face, arm and leg with or without disturbance of sensation, [2] homonymous
hemianopia, and [3] dysphasia and/ or neglect (dominant hemisphere) or visuo-
spatial disturbance and/ or neglect (non- dominant hemisphere). Conscious level is
often impaired early in the course of the illness. TACS are associated with a poor
prognosis, with 56% of patients being dead at 6 months and only 4% of survivors

being independent (Modified Rankin Handicap Score 0-2) (Bamford et al., 1991).

Partial anterior circulation syndromes result from a branch occlusion of the middle
cerebral artery and lead to two out of three of the components of a TACS described
above or dysphasia, visuospatial disturbance, or neglect occurring in isolation. The
prognosis is markedly better, with 10% of patients dead at 6 months and 45% of

survivors being independent (Bamford et al., 1991).

Lacunar syndromes occur following occlusion of small perforating vessels supplying

-19 -



the brain stem, pons, thalamus, basal ganglia and internal capsule. The clinical
consequences depend on the structure affected, but can include pure motor stroke,
pure sensory stroke, mixed sensory- motor stroke and ataxic hemiparesis. The
prognosis is good, with only 7% of patients dead at 6 months and 67% of survivors

being independent (Bamford et al., 1991).

Posterior circulation syndromes affect the territory supplied by the vertebral arteries
and can cause cerebellar signs, brain stem signs, homonymous hemianopia and/ or
cortical blindness. The prognosis is intermediate, with 14% of patients dead at 6

months and 68% of survivors independent (Bamford et al., 1991).

PATHOPHYSIOLOGY OF HUMAN STROKE

Beyond the Circle of Willis, cerebral blood supply travels through end arteries with
limited distal anastomosis. Occlusion of one such blood vessel therefore results in a
rapid and almost complete interruption of blood flow to a volume of brain. This
ischaemia deprives tissues of oxygen, glucose and other nutrients and leads to the
accumulation of toxic metabolites that would otherwise be removed via the venous

drainage to the systemic circulation.

The consequences of occlusions to cerebral end arteries depend on the duration of
ischaemia and the extent of any residual flow. In primates, the amplitude of
somatosensory evoked potentials falls dramatically when blood flow falls below
20mls per 100g brain tissue per minute (Symon, 1980), and such reductions in flow
might result in, for instance, paralysis of a limb or loss of the power of speech. If
flow is restored within a short period function returns to normal and the clinical
syndrome is known as a transient ischaemic attack. However, sustained reductions in
blood flow result pathologically in irreversible brain damage and clinically in stroke;
Jones et al measured blood flow and subsequent infarction in awake monkeys and
estimated thresholds for infarction of 3 hours at 12ml/ 100g brain/ min, 2 hours at
6ml/ 100g/ min and 1 hour at 2ml/ 100g/ min (Jones et al., 1981).
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The cause of the blood vessel occlusion that leads to ischaemic stroke varies with
patient age and with geographical and environmental factors. In the Western world,
ischaemic stroke in middle- aged to elderly patients is commonly the result of extra-
cranial (particularly carotid bifurcation) vascular disease with thrombo-embolism of
platelet thrombi to the intra- cranial arterial arbourisation. Other sources of emboli
include thrombotic or infected vegetations formed on damaged heart valves,
intracardiac thrombus formation occurring as a result of cardiac rhythm
abnormalities (e.g. atrial fibrillation) or of local wall motion abnormalities (e.g. left
ventricular aneurysm following myocardial infarction), and paradoxical embolism of

systemic deep venous thrombosis through a patent foramen ovale.

In younger patients other causes are relatively more common and include dissection
of the carotid or vertebral arteries; inherited tendencies to thrombus formation such
as deficiency of Protein C, Protein S or antithrombin III; and vasculitis affecting the
intracranial vasculature. In the Far East, intra- cranial vascular disorders such as
Moya-Moya disease are a more common cause of stroke than extra- cranial vascular
disease, while in the developing world causes such as the vasculitis associated with

syphilis infection are more common than elsewhere (Warlow et al., 1996).

EXPERIMENTAL MODELS OF STROKE

The study of the fundamental biological processes that subserve acute ischaemic
stroke is based on the establishment of experimental paradigms using animal or cell
culture models that are held to reflect certain features of human stroke. In addition to
providing a means to study the mechanisms subserving pathophysiological
processes, such models allow the testing of the efficacy of various agents that are
imputed to have therapeutic properties. Clearly such models have their limitations,

but they provide an important tool for the study of stroke.

Animal models of the focal ischaemia that occurs in stroke generally involve large

vessel occlusions in the anterior cerebral circulation, thereby providing models
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imitating total anterior circulation rather than lacunar syndromes. Particular benefits
from the use of such animal models include the ability to determine precisely the
time of onset of, and hence the duration of, ischaemia and to reinstate blood flow
after variable defined periods of ischaemia; to reproducibly create infarcts of
consistent size and distribution in a homogenous population of animals to test the
efficacy of candidate drugs; to do so with close control of physiological variables
such as body temperature, blood pressure and arterial oxygen saturation and avoiding
the potentially confounding effects of diabetes, hypertension and aging; and the
provision of post mortem material at various time points for histological and

biochemical analysis.

However, it may be inappropriate to generalise from a homogenous population of
young rats with standard sized infarcts to humans of all ages where there is huge
variation in infarct size. Furthermore, such experiments require the use of significant

numbers of laboratory animals, with the attendant ethical concerns.

While the cerebral circulation of primates closely reflects that in humans, resource
and ethical concerns militate against their widescale use. The cerebral circulation of
other large animals such as cats, dogs, pigs and sheep includes an extensive network
of anastomotic arteries, veins and sinuses involving the terminal carotid artery
termed the carotid rete mirablis which is not present in humans and this restricts their
suitability in models of focal ischaemia. Among the rodents, gerbils do not possess
vertebral arteries, and therefore rely on two carotid arteries for the entirety of their
cerebral blood flow, and infarction can be induced relatively easily by the ligation of

vessels in the neck.

Rats and humans both possess paired carotid and vertebral arteries that join within
the cranium in a structure called the Circle of Willis from which the major
intracerebral blood vessels arise. However, rats differ from humans in that their
Circle of Willis is generally incomplete, with no anterior communicating artery, and
the posterior communicating artery is larger relative to the other components. Rats

also lack gyrification of the cortical mantle. However, in spite of these differences
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the rat remains the animal most suited to the experimental modelling of human focal

cerebral ischaemia.

In the experimental modeling of stroke it is important to distinguish between the
effects of ischaemia alone and those of ischaemia followed be reperfusion.
Experimental paradigms for the study of focal ischaemia may therefore be classified
according to whether they cause permanent or temporary ischaemia. A number of
methods have been described including (1) permanent occlusion of the intracranial
middle cerebral artery by its surgical exposure and subsequent transsection,
photocoagulation or diathermy (Tamura et al., 1981a; Tamura et al.,, 1981b); (2)
permanent or reversible middle cerebral artery occlusion by the passage of an
intralumenal thread of known caliber (Koizumi et al., 1986; Zea Longa et al., 1989);
(3) wvariably reversible thromboembolic models where fibrin clot or inert
microspheres are introduced to the carotid circulation and embolise distally (Hill et
al., 1955; MCauley, 1995; Overgaard, 1994); and (4) permanent or reversible middle
cerebral artery occlusion by extravascular stereotactic application of vasoconstrictive

agents such as endothelin 1 (Sharkey et al., 1993; Sharkey and Butcher, 1995).

A number of factors may confound the results of such experiments. Small mammals
such as rodents readily become hypothermic during operative procedures and
hypothermia is itself neuroprotective (Buchan and Pulsinelli, 1990; Busto et al.,
1989). The anaesthetic used must be chosen with care as some, including the
dissociative anaesthetic ketamine and the GABA A agonist chloral hydrate, have
potential intrinsic neuroprotective activity. The effect of putative neuroprotective
agents on haemodynamic variables and cerebral blood flow should be determined, as
observed effects may be secondary to changes in cerebral perfusion. Finally, the
ability of drugs under investigation to penetrate the blood brain barrier and reach

their putative site of action should be demonstrated.
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Pathophysiology of stroke in animal models

lonic disturbances

Neuronal function requires the active maintenance of transmembrane gradients in the
concentrations of key ions including potassium and sodium. It has been estimated
that almost two-thirds of neuronal ATP consumption is used in the maintenance of
these ionic gradients (Alberts et al., 1994), which form the basis of the resting
membrane potential and which in their controlled discharge allow membrane
depolarisation and the action potential. The membrane bound enzyme sodium-
potassium- ATPase is responsible for much of the maintenance and "recharging" of
the membrane potential and consumes one molecule of ATP for every three sodium
ions expelled. Neurons have little capacity for energy storage and rely on constant
production of ATP, constant operation of the mitochondrial respiratory chain, and

therefore constant supply of substrate, particularly oxygen and glucose.

In the ischaemic core energy failure leads to rapid anoxic depolarisation with
extracellular [K+] rising to 70 mM within 1 - 3 minutes (Gido et al., 1997) and this is
independent of NMDA receptor activity (Lauritzen and Hansen, 1992). In the
ischaemic penumbra, where blood flow and ATP levels are less compromised,
anoxic depolarisation does not occur. However, transient sporadic depolarisations (or
spreading depressions) occur in waves of 3 to 5 minutes duration, are dependent on
glutamate receptor activity (lijima et al., 1992), and may originate from glutamate

release in the ischaemic core.

Excitotoxicity and increased intracellular calcium

Glutamate is the most abundant neurotransmitter in the brain, and within 2 hours of
experimental middle cerebral artery occlusion extracellular concentrations of
glutamate rise by as much as 17- fold in ischaemic cortex and 27-fold in striatum
(Butcher et al., 1990). While some of this glutamate originates from synaptic
activity, it appears that a larger proportion accumulates as the result of failed

neuronal and glial glutamate uptake that is in turn a consequence of impaired energy

-24 -



status due to hypoxia (Wahl et al., 1994).

High extracellular concentrations of glutamate exert toxic effects on neurons through
a number of pathways. Activation of the ionotropic NMDA and AMPA/kainate
receptors results in sodium influx and subsequent loss of membrane potential. This
adds to the energy crisis, as ATP is required to reinstate the resting membrane
potential. Intracellular calcium concentrations rise markedly, probably due to a
combination of entry through NMDA receptor channels, calcium- induced calcium
release from the endoplasmic reticulum, and sodium- induced calcium release from
mitochondria. The magnitude of the rise in intracellular calcium correlates with
histological damage (Uematsu et al., 1989), and increased intracellular calcium
results in diverse effects including activation of MAP kinases (Schwarzschild et al.,

1999), immediate early genes (Xia et al., 1996), calpain and nitric oxide synthase.

Nitric oxide and free radical production

Neuronal nitric oxide synthase (nNOS) is a 160 kdal NADPH- and calmodulin-
dependent enzyme which catalyses the conversion of arginine to citrulline and nitric
oxide. It is inactive at basal calcium concentrations, but activated when calcium
levels increase and, it is thought, by phosphorylation by kinases including cAMP
dependent protein kinase, protein kinase C and calcium/ calmodulin dependent
protein kinase (Bredt et al., 1991a); however, it seems that phosphorylation does not
always result in increased nNOS activity (Okada, 1995; Okada, 1996). In healthy
neuronal tissues NO has some functions as a messenger molecule, diffusing to
surrounding cells and activating guanylate cyclase, leading to the accumulation of
the second messenger cyclic GMP (Dawson et al.,, 1992). However, in ischaemic
brain nNOS activity is also associated with the production of free radicals, in
particular peroxynitrile, which are promiscuous electron donors and can damage

many cellular structures including DNA and mitochondrial membranes.

In primary cortical cultures NOS inhibition reduces neuronal death (Dawson and

Snyder, 1994), and cultures prepares from nNOS knockout animals are protected
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from NMDA and oxygen/glucose deprivation induced death (Dawson et al., 1996).
Furthermore, NOS donors mimic the effects of NMDA. In animal models of stroke,
treatment with specific nNOS inhibitors such as 7-nitroindazole leads to reduced
infarct size (Yoshida et al., 1994). Infarct size is also reduced following ischaemia in
nNOS knockout animals (Hara et al., 1996; Huang et al., 1994). In addition, agents
that are able to "scavenge", or inactivate, free radicals, are also protective in cell

culture and animal models of stroke (Hall et al., 1996).

Free radicals may also be produced as a result of other processes including the
oxidative metabolism of products of membrane breakdown (Katsuki and Okuda,
1995; Tegtmeier et al., 1990) and altered mitochondrial function (Piantadosi and
Zhang, 1996).

Reperfusion injury

In focal cerebral ischaemia, experiments seek to replicate the sequence of events in
human stroke. This might include not only the occlusion of a middle cerebral or
internal carotid artery, but also the reopening of that vessel at a later time. In humans
it is not possible to identify such reperfusion clinically, as there are seldom any
immediate or dramatic changes in the patients condition. Zanette et al (Zanette et al.,
1995) used transcranial Doppler ultrasonography to measure middle cerebral artery
flow in 56 patients 6, 24, 48 hours, 7 days and 3 to 9 months after acute ischaemic
stroke (Table 1.1). At 6 hours, 41% of patients had normal flow in the relevant
middle cerebral artery, increasing to 45% at 24 hours, 57% at 48 hours, 71% at 7
days and 92% at 3 to 9 months. While no flow was detectable in 28% of patients at 6
hours, this fell to 22% at 24 hours, 17% at 48 hours, 14% at 7 days and 4% at 3 to 9

months.

That is, one half of stroke patients with initially abnormal MCA flow will regain
normal flows within the first week. The proportion of patients with no flow declines
most rapidly in the first 24 hours, and the proportion of patients with normal flow

increases most rapidly between 24 and 48 hours (Table 1.1).

=95 -



Table 1.1: Transcranial Doppler findings following acute ischaemic stroke

% patients with no flow % patients with normal flow at
at transcranial Doppler transcranial Doppler examination
examination
6 hrs 28 41
24 hrs 22 45
48 hrs 17 57
7 days 14 79
3 - 9 months 4 92
Rate of resolution of "no flow" Rate of restoration of "normal
flow"
6 - 24 hrs 8 3.3
24 - 48 hrs 5 12
48 hrs - 7 dayj 0.6 2.8

Hemispheric transcranial doppler findings in 56 patients with carotid territory stroke.
Data calculated from Zanette et al (Zanette et al., 1995).

Timing of reperfusion is held by some investigators to be important because of the
potential for so called "reperfusion injury" (Aronowski et al., 1997), a phenomenon
by which normalisation of oxygen delivery to metabolically impaired brain is held to

lead to worsening tissue damage, perhaps through the production of free radicals.

If reperfusion injury were to represent a biologically significant phenomenon in
human stroke, it would have an important bearing on the development of stroke
treatments. Pathological processes implicated in reperfusion injury, notably free
radical induced damage resulting from normalised oxygen delivery in the face of
impaired oxygen and free radical detoxifying systems, might serve as important
therapeutic targets, and by contrast treatments designed to normalise blood flow may

be associated with increased reperfusion injury.

A number of strands of evidence are cited in support of existence of reperfusion

injury:-

Progressive neuronal injury

Brain injury continues to worsen for hours and sometimes days after the restoration
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of blood flow. In a rat four vessel occlusion forebrain ischaemia model a 30 minute
occlusion resulted in neuronal damage (assessed at light microscopy) in neocortex
and hippocampus which continued to increase between 24 and 72 hours after the
onset of ischaemia (Pulsinelli et al., 1982). A similar progression of neuronal damage
has been observed in rat cortex more than a week after a 30 minute filament -
induced MCA occlusion (Nakano et al., 1990).

However, progressive neuronal damage may equally be due to past rather than
contemporary insults. In 1982 Kirino et al described a sequence of changes in the
CA, area of the hippocampus following brief (Wen et al., 1996) bilateral carotid
artery occlusion in the Mongolian gerbil (Kirino, 1982). The phenomenon of delayed
hippocampal damage following global cerebral ischaemia has also been observed at
postmortem in humans dying 2 days to 18 months after a cardiorespiratory arrest
from which they had initially recovered (Petito et al., 1987). More recently Chen et
al have demonstrated increased expression of caspase 3 mRNA, cleavage of the
caspase 3 substrate PARP and of caspase 3 itself, TUNEL positivity and DEVD
cleavage activity in gerbil hippocampal CA; region following transient global
ischaemia. Furthermore, neuronal survival was increased by the ventricular infusion

of the selective caspase 3 antagonist z-DEVD-fmk (Chen et al., 1998).

There is therefore a substantial body of evidence to suggest that at least some of the
damage that continues to occur after the reversal of a temporary ischaemic insult has
features of apoptosis. Since apoptosis may continue after the initiating stimulus is
withdrawn, it may be that such delayed neuronal injury is a consequence of the initial

ischaemia rather than of subsequent reperfusion.

Damage in reperfused brains compared with permanent occlusion

There is conflicting evidence regarding the effects of permanent and temporary
ischaemia on brain oedema and infarct volume. An early report of the effects of
MCADO in the squirrel monkey suggested that while a 3 hour occlusion caused less
morbidity or mortality than permanent occlusion, deaths following temporary

occlusion occurred earlier than those following permanent occlusion. The authors
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suggested that this might be due to the more rapid development of cerebral oedema

following reperfusion (Sundt et al., 1969).

Reversible ischaemia in the Mongolian gerbil (6hrs left common carotid artery
cliping followed by 3hrs of reperfusion) resulted in only a small increase in brain
water content (83.5% wet weight v 82%) compared with permanent (9hrs occlusion)
ischaemia (Ito et al., 1979). In support of the hypothesis that reperfusion is associated
with increased damage, the same authors reported that passage of radiolabelled
albumin through the blood brain barrier was increased in reversible compared to
permanent occlusion, but since the tracer was introduced via the systemic venous
circulation it is not possible to determine whether the observed differences were due
to reduced hemispheric perfusion in the permanently occluded group or to increased

blood brain barrier permeability in the reperfused group (Ito et al., 1979).

While the work of Memezawa and coworkers is often cited in this context
(Memezawa et al., 1992), their study in the rat compared the effects of reversible
MCAOQ at 7 days with a historical control group subjected to 24 hours of permanent
MCAO. Their data do not therefore allow meaningful comparisons of the effects of

occlusion with or without reperfusion.

Kaplan et al compared the effects in the rat of permanent versus reversible (1, 2, 3 or
4 hours, all animals sacrificed at 24hrs) MCAO. They found that the extent of
oedema and infarction increased with increased duration of ischaemia up to 3 hours,
after which there was no further increase (Kaplan et al.,, 1991). In none of the
reperfused groups was edema or infarct volume greater than that observed with

permanent occlusion.

Yang and Betz compared permanent and 3 hours filament- induced MCAO at 6
hours in the rat. The reperfused group had increased infarct size but there was no
difference in cerebral oedema as measured by hemispheric water content. They also
report increased blood brain barrier permeability, but as with the work of Ito et al

cited above (Ito et al., 1979) they injected a radiotracer to the systemic venous
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circulation and therefore it is not possible to determine whether their observed
differences were due to reduced hemispheric perfusion in the permanently occluded
group or to increased blood brain barrier permeability in the reperfused group (Yang
and Betz, 1994).

Aronowski et al describe the effects of 24 hours of permanent or reperfused MCAO
in the Long Evans rat induced by elevation of the MCA and clipping of the ipsilateral
common carotid artery. They report that reperfusion occuring at between 2 and 5
hours was associated with a significant increase in infarct size compared with
permanent ischaemia (Aronowski et al., 1997). The mean infarct volume reported for
the permanently occluded animals, at 31mm?, is much lower than that found in other
MCA occlusion models, and when experiments were repeated with a more severe
insult (three vessel occlusion in the Long Evans rat) and with spontaneously
hypertensive rats where infarct volumes were higher the deleterious effect of

reperfusion was lost (Aronowski et al., 1997).

Interpretation of their results is further complicated because different experimental
groups received different doses of chloral hydrate, an anaesthetic which may have
intrinsic neuroprotective activity. 2,2,2-trichloroethanol, its active agent, inhibits
NMDA- induced intracellular calcium accumulation in cultured cortical and
mesencephalic neurons (Scheibler et al., 1999) and potentiates GABA- induced
currents in hippocampal neurons (Lovinger et al., 1993) and in xenopus oocytes

expressing GABA 4 receptors (Garrett and Gan, 1998).

The evidence regarding reperfusion injury is therefore mixed. There are no well-
defined experimental paradigms which will reproducibly induce reperfusion injury,
and in many paradigms reperfusion occurs without any apparent deleterious
consequences. However, in some experimental situations it does appear that

reperfusion may result in increased damage.

Apoptosis
First described in 1972 (Kerr et al., 1972), apoptosis is a process through which cells
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die with resulting debris being removed with minimal disturbance to neighboring
cells. As such it contrasts with necrosis, where rupture of cellular membranes leads
to the indiscriminate release of intracellular contents to the potential hazard of
surrounding cells. There are many biological situations in which such discrete cell
death is advantageous. For instance, cells undergoing viral infection can be
eliminated before viral replication is complete (Cuff and Ruby, 1996), and immune
cells can be destroyed once infection had been eliminated (Boise et al., 1995).
During development, cells that are redundant in the adult, or that have not developed
in the correct position or with the correct connections, can be removed without
disturbing properly placed and well connected adjacent cells (Chen and Zhao, 1998),
and cells with damaged DNA can be eliminated before mutated cell cycle associated

genes result in unrestricted cell division and cancer (Oren, 1994).

Features of apoptosis

In 1972 Wyllie and colleagues (Kerr et al.,, 1972) reported novel morphological
features not typical of necrosis demonstration in tumour tissues examined at electron
microscopy. They hypothesised that these features were the consequence of a
regulated form of cell death, and they termed this process apoptosis, from the Greek
"to fall, as a leaf from the tree". Subsequently they and others have gone on to
describe the process of apoptosis, or programmed cell death, in substantial detail.
Apoptosis is a process by which cells die without rupture of cell membranes or

extracellular release of intracellular contents. Its salient features include:

Activation of one or more cysteine- containing aspartate proteases (caspases)

The basic mechanisms of apoptosis appear to be conserved across diverse cell types
and have been observed in species from the slime mould to humans. A proximal
signalling pathway, often specific to the nature of the apoptotic stimulus, leads to the
activation of one or more members of a family of proteases (caspases). These
enzymes, of which 13 have been described to date, all contain an active site cysteine
residue, cleave specific substrates at aspartic amino acids and reside in healthy cells
as inactive proenzymes that are themselves activated by proteolysis into large and

small subunits (Thornberry et al., 1997). Active caspases subsequently cleave diverse
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cellular proteins including structural proteins and those responsible for repair
processes. Extracts prepared from cells or tissues undergoing apoptosis show caspase
activity against fluorescently- or colourimetrically- conjugated synthetic tetrapeptide

substrates.

Fragmentation of macromolecules including proteins and DNA

Activated caspases cleave a number of structural proteins including lamin, actin,
gelsolin and intermediate filaments which lead to dissassembly of cytoskeletal and
nuclear architecture. In addition they cleave and inactivate enzymes involved in
DNA repair such as poly- ADP ribose polymerase (PARP) and DNA dependent
protein kinase. They cleave and activate other caspase family members and they
activate the caspase- activated DNAse CAD (Enari et al.,, 1998) by cleaving the
inhibtor protein ICAD (Sakahira et al., 1998). Activation of CAD leads to DNA
cleavage at internucleosomal sites; at agarose gel electrophoresis this results in the
"DNA ladder" caused by the presence of DNA fragments whose length is an integer
multiple of the length of DNA associated with a single nucleosome, 180 base pairs
(Wyllie, 1980). The ends of these DNA fragments are not blunt, and may be labeled
using terminal deoxyUTP nick end labelling (TUNEL staining).

Changes in cell morphology

Early in the course of apoptotic cell death there is decreased cell volume, with cells
become more spherical and, in tissue culture, becoming phase bright and detaching
from the culture monolayer. In the nucleus there is chromatin condensation along
with nuclear shrinkage and fragmentation. At later stages the cell may fragment into

a number of smaller, membrane bound apoptotic bodies.

Change in the external composition of cells and apoptotic bodies

Healthy cells manifest an asymmetry in the membrane distribution of
phosphatidylserine lipid moieties, with more than 99% being found on the inner part
of the lipid bilayer. This distribution is actively maintained by enzymes including an
ATP dependent aminophospholipid translocase (Bevers et al., 1996). During

apoptosis, in some instances within 1 hour of stimulation, that asymmetry is lost
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(Fadok et al., 1992a; Fadok et al., 1992b). This requires caspase activation, and is
inhibited by tetrapeptide caspase inhibitors such as DEVD-fluoromethylketone
(Martin et al., 1996). The appearance of phosphatidylserine on the external lipid
bilayer is one of a number of membrane changes including changes in phospholipid
packing (Fadok et al., 1992a), in surface charge (Savill et al., 1989), and in the
carbohydrate profile (Duvall et al., 1985; Morris et al., 1984), at least some of which
serve to target the cell for phagocytosis. Phosphatidylserine exposure results in
changes in binding properties for molecules such as Annexin V, and increased
Annexin V binding, detected immunohistochemically or at flow cytometry, has been

used as the basis of quantitative assays of apoptosis (van Engeland et al., 1996).

Evidence for apoptosis in stroke

In a number of experimental systems moderate levels of chemical or physical insult
result in death by apoptosis while higher levels of stress lead to necrosis (Ankarcrona
et al., 1995;Bonfoco et al., 1995). It is likely that overwhelming noxious stimulation
leads to such derangement of cellular energy status and homeostasis as to prevent
completion of the apoptosis program. At intermediate insult intensities a mixed
pattern of cell death may be apparent, with features of both apoptosis and necrosis,
the balance of these depending on the extent to which apoptosis had been able to

proceed before necrosis intervened.

The reduction in blood flow occurring as a result of occlusion of a vessel is not
uniform throughout the affected volume. At its heart lies a densely ischaemic core
where blood flow has been reduced to less than 15mls per 100mg brain per minute
for a prolonged period and where damage is most intense, with the vast majority of
neurons being destined to die. Between the ischaemic core and normal brain lies a
region termed the ischaemic penumbra where blood flow has been reduced to
intermediate levels and where neuronal death is less certain (Astrup et al., 1981).
There is considerable evidence, reviewed below, to suggest that apoptosis may make

a significant and potentially reversible contribution to neuronal death in stroke.
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Evidence from post- mortem human tissue

There have been few morphological studies of post mortem material in human
stroke. Guglielmo et al found increased TUNEL staining in penumbral neurons in
patients dying two to three days after a stroke (Guglielmo et al., 1998). In 14
patients dying up to 6 months after a cardiorespiratory arrest Kaplan et al found
features of delayed hippocampal damage (Kaplan et al., 1991) similar to the delayed
neuronal death observed in rodents following transient global ischaemia; in rodents
this process manifests many characteristic features of apoptosis but such factors were

not examined by Kaplan et al.

Animal studies

Observational Studies

Following rat MCAO neurons exhibit oligonucleosomal DNA fragmentation (Linnik
et al., 1993; Linnik et al., 1995a; Tominaga et al., 1993), TUNEL positivity (Li et al.,
1995a; MacManus et al., 1994) and apoptotic nuclear morphology (Li et al., 1995b),
and these changes appear to be more pronounced in neurons of the ischaemic

penumbra (CharriautMarlangue et al., 1996).

Focal cerebral ischaemia leads to caspase activation as evidenced by increased
DEVD cleavage activity (Fink et al., 1998; Namura et al., 1998) and the development
of immunoreactivity to active caspase 3 (Namura et al., 1998; Velier et al., 1999) and
8 (Velier et al., 1999). Expression of caspase 3 is increased following focal cerebral
ischaemia (Asahi et al., 1997), and the abundance of the apoptosis associated
transcription factor p53 is increased following transient focal cerebral ischaemia
(Chopp et al., 1992).

Transient global ischaemia leads to hippocampal apoptosis as evidenced by DNA
fragmentation (Heron et al., 1993; MacManus et al., 1993; Gillardon et al., 1997),
increased caspase 3 expression (Gillardon et al., 1997; Ni et al., 1998), caspase 3
activation (Gillardon et al., 1997) and increased DEVD cleavage activity (Chen et
al.,, 1998; Gillardon et al., 1997). Furthermore, following global ischaemia the

expression of the apoptosis repressor genes Bcl-2 and Bel-xL was increased in cortex
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and hippocampus (Chen et al., 1997).

Interventional Studies

TRANSGENIC ANIMALS
Infarct volume following middle cerebral artery occlusion is reduced in mice which

lack p53 (Crumrine et al., 1994) and in those overexpressing Bcl-2 using either a
transgenic approach (Martinou et al., 1994) or viral vector expression systems
(Lawrence et al.,, 1996; Linnik et al.,, 1995b). It is also reduced in mice
overexpressing the X chromosome linked inhibitor of apoptosis protein XIAP (Xu et
al., 1999).

CASPASE INHIBITION
Neuronal damage is reduced following intracerebroventricular treatment with

caspase inhibitors following focal (Cheng et al., 1998; Endres et al., 1998; Hara et
al., 1997, Li et al., 2000; Loddick et al., 1996) or transient global (Chen et al., 1998,

Himi et al., 1998) ischaemia.

Cell culture studies

Exposure of cultured primary cortical neurons to low concentrations of the
excitotoxin NMDA leads to the development of morphological and biochemical
features of apoptosis whereas high concentrations lead to necrosis (Ankarcrona et al.,
1995); similarly under certain conditions nitric oxide donors can induce apoptosis in
neuronal cell cultures (Bonfoco et al., 1995). NMDA- induced apoptosis in primary
cortical culture is blocked by caspase inhibition (Tenneti et al., 1998), and in rat
cerebellar granule cells glutamate toxicity is associated with release of cytochrome C

from mitochondria, an important step in the apoptotic cascade (Atlante et al., 1999).

There is therefore a significant body of evidence to suggest that apoptosis plays an
important role in neuronal cell death in both focal and transient global ischaemia. In
some regions, particularly the ischaemic penumbra, apoptotic and necrotic death may
proceed in adjacent cells. Indeed, individual cells might manifest features of both
apoptosis and necrosis, the final outcome depending on whether the cell has

sufficient resources to complete the apoptosis program before necrosis ensues.
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In the search for an effective stroke treatment the question is not the precise
definition of the mode of neuronal death, but rather the identification of death
pathways which might be interrupted therapeutically. While there remains some
debate as to the magnitude of the contribution of apoptosis to neuronal death in
stroke, it is beyond question that apoptosis does play some role, and that in animal
models inhibition of apoptosis results in significant reductions in neuronal damage.
Against this background, the attribution of anti-apoptotic properties to a drug would

provide a potential explanation of its neuroprotective properties.

TRIALS OF TREATMENT IN STROKE

In one of the first papers to address the potential benefits and hazards of restoring
flow through a previously occluded middle cerebral artery the authors begin by
stating that ...

"At the present time a patient with an acute middle cerebral artery occlusion
represents an unanswered challenge for effective treatment. Conservative
management has done little to alter the size of the resulting cerebral infarctions and
the magnitude of related neurological deficits.” (Sundt et al., 1969)

In the thirty years since that publication it might be argued that little has changed

regarding pharmacological treatments for stroke.

Therapeutic strategies include treatments to achieve rapid reinstatement of blood
flow; treatments designed to interfere with the cellular consequences of ischaemia
and to limit its impact; and treatments and management strategies designed to

minimise further damage and to maximise functional recovery.

Trials of thrombolysis in acute ischaemic stroke

Five large randomised controlled trials investigating the potential benefit of either
streptokinase (Candelise et al., 1995; Donnan et al., 1996; MAST-E Study Group,
1996) or tissue plasminogen activator (Hacke et al., 1995; Hacke et al., 1998; The
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National Institute of Neurological Disorders Stroke rt-PA stroke study group, 1995)
as thrombolytic agents given within at most 6 hours of acute ischaemic stroke have
reported in the last four years (Table 1.2). In two of these trials (Donnan et al., 1995;
Hommel et al., 1995) recruitment to at least some sections of the trial was stopped
early on the advice of the data monitoring committee because of significant adverse

effects in the treatment group, notably excess mortality.

Those studies that did proceed to completion suggested that there might be a
reduction in dependency amongst stroke survivors treated with thrombolysis which
may occur at the expense of some increased mortality. In no study was significant
benefit shown in an intention to treat analysis against a predefined combined end
point of death or dependence at the end of the follow- up period. The incidence of
symptomatic intracerebral haemorrhage was increased by as much as ten- fold in

patients receiving thrombolysis.

Only in the NINDS study was a significant benefit seen on the predefined end point
of disability alone. In this study randomization resulted in well balanced groups
except for a small excess of lacunar, and hence good prognosis, strokes in the
treatment group. Treatment with alteplase (0.9mg/kg) within three hours of stroke
onset resulted in significant improvements in the number of patients with favourable
outcomes whether this was determined using the Barthel Index, the Modified
Rankine Handicap Score, the Glasgow outcome scale, the NIH Stroke Score or a
combination of all scales. Death rates were 17% in the treatment group compared
with 21% in the placebo group. The rate of intracranial haemorrhage was 12% in the
treatment group and 5% in controls, although there was a more marked difference in

the incidence of symptomatic intracranial haemorrhage (7% v 1%).

While tissue plasminogen activator has been licensed by the US Food and Drug
Administration for use within 3 hours of acute ischaemic stroke, there are
considerable practical difficulties in getting patients to hospital, clinically evaluated,
CT scanned and treatment commenced within three hours of symptom onset. Indeed,

the average number of patients randomised in each participating centre in the NINDS
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Table 1.2: Trials of thrombolysis in acute ischaemic stroke

Time & No. Outcome Odds
Dose Patients Measures Ratio*
MAST-I Streptokinase | <6 hrs 622 6 month 0.76
Candelise et al 1.5MU death and | (0.48-1.21)
1995 disability
MAST-E Streptokinase | <6 hrs 310 6 month 0.86
MAST-E Study 1.5 MU death and | (0.49-1.51)
Group 1996 disability
ASK Streptokinase | O -4 hrs 340 3 month 1.16
Donnan et al 1.5 MU death and | (0.76-1.78)
1996 0-3hrs 70 disability 0.66
(0.28-1.58)
3-4hrs 270 1.22
(0.80-1.86)
ECASS rt-PA <6 hrs 620 3 month Not given
Hacke et al 1995 1.1 mg/kg disability
1 month 1.20
mortality | (0.98-1.46)
NINDS rt-PA 0-90 302 BI 0.6
NINDS 1995 0.9 mg/kg mins (0.3-0.8)
MRHS 0.6
(0.4-1.0)
GOS 0.6
(0.4-1.0)
NIHSS 0.5
(0.3-0.8)
90 - 180 322 BI 0.6
mins (0.4-0.9)
MRHS 0.4
(0.3-0.7)
GOS 0.5
(0.3-0.8)
NIHSS 0.5
(0.3-0.8)
ECASS 11 rt-PA 0-3hrs 158 3 month 0.8
Hacke et al 1998 0.9 mg/kg disability (0.4-1.7)
3-6hrs 635 0.8
(0.6-1.2)

Odds ratio < 1 favours treatment, > 1 favours placebo:
BI, Barthel Index; MRHS, Modified Rankin Handicap Score; GOS, Glasgow
Outcome Scale; NIHSS, National Institute of Health Stroke Scale:
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trial was only three per year (The National Institute of Neurological Disorders Stroke
rt-PA stroke study group, 1995), and enrollment within 3 hours in the ASK study
was so slow that the study was terminated before the recruitment target was met
(Donnan et al., 1996). A recent meta- analysis of the results from all identifiable
trials of thrombolysis in acute ischaemic stroke (Wardlaw et al., 1999) concluded
that "the data so far are scant, and quite insufficient to make any definite conclusion

about the benefit or otherwise of thrombolysis to treat acute ischaemic stroke".

In spite of these concerns, thrombolysis given within 3 hours of stroke onset
according to the NINDS protocol has been successfully adopted in the treatment of at
least a proportion of strokes in both urban and rural settings. In Houston, Texas 3%
of stroke patients presenting to three hospitals received thrombolysis on average 157
minutes after symptom onset and had outcomes broadly similar to those of the
treatment group in Part I of the NINDS study (Chiu et al., 1998). Similarly, over 6%
of patients presenting to 20 mostly rural hospitals in Illinois received thrombolysis an
average of 147 minutes after symptom onset and had outcomes if anything slightly
better than those of the NINDS study (Wang et al., 2000). Both of these studies are
uncontrolled, and so it is not possible to make a robust estimate of the magnitude of
any benefit accruing to patients. However, they do demonstrate that for around 5% of
stroke patients thrombolysis is a practicable, relatively safe and potentially

efficacious treatment.
Trials of putative neuroprotective agents in acute ischaemic stroke

An alternative therapeutic strategy has been to attempt to arrest or reverse the
pathophysiological consequences of ischaemia rather than the ischaemia itself. While
a large number of drugs have been shown to be effective in limiting infarct size and
reducing behavioural deficits in animal models of stroke efficacy has yet to be
demonstrated in human stroke. Possible reasons for this have been extensively
reviewed and include include heterogeneity of infarct size and time since stroke;
comorbidity in a predominantly elderly population; the use of functional measures of
outcome rather than assessment of lesion size; physiological differences in the

neuronal response to and tolerance of ischaemia between humans and rodents; and
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difficulties in attaining appropriate drug concentrations in blood and brain because of

haemodynamic compromise or concerns over side effects.

A number of agents that have been shown to have activity in animal stroke models
have been tested in large-scale clinical trials. In some cases these trials have been
suspended prior to completion, and so data is not available. In others, no effect was
found (eg lubeluzole (Diener, 1998)). In some, initial studies suggested that
particular subgroups of patients might benefit, and subsequent trials are ongoing to
test these hypotheses (for example clomethiazole, a GABA-mimetic (Wahlgren et al.,
1999), and piracetam, which may have AMPAKkine activity (De Deyn et al., 1997)),

The efficacy of a number of other putative neuroprotective drugs has been
investigated in somewhat smaller studies. Taken together these trials, along with
those discussed above, indicate that no compound yet tested leads to a dramatic

reduction in death and disability in unselected patients with stroke.

Other treatments in acute ischaemic stroke

The International Stroke Trial (International Stroke Trial Collaborative Group, 1997)
examined the effect of starting treatment with aspirin (300mg per day) and/ or
heparin (5,000 or 12,500 i.u. twice daily) in 19,435 patients within 48 hours of the
onset of acute ischaemic stroke. Heparin at either dose had no effect on 14- day
morality or on death or dependency at 6 months. While patients on heparin had
fewer recurrent ischaemic strokes this was offset by an increased incidence of
haemorrhagic stroke and they also had increased incidence of extracranial bleeding
and requirement for transfusion. In contrast, the aspirin group showed a significant
reduction of 1.1% in death or recurrent stroke occurring within 14 days; they had a
non- significant 1.3% reduction in the number of patients dead or dependent at six
months (61.2% versus 62.5%) which reached significance after adjusting for

baseline stroke severity.

The Chinese Acute Stroke Trial (CAST Collaborative Group, 1997) examined the
effect of treatment with aspirin (160mg) started within 48 hrs of acute ischaemic
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stroke and demonstrated a significant reduction in 4 week in- hospital mortality.

Taken together these two large trials demonstrate that early treatment with aspirin
leads to a small (0.9%) but significant (p = 0.001) reduction in the proportion of
patients rendered dead or disabled (CAST Collaborative Group, 1997).

A recent meta- analysis of 20 controlled trials of stroke unit care demonstrated a 17%
reduction in death, a 23% reduction in death or institutional care and a 25% reduction
in death or dependency at 6 months. The benefits of stroke units were most marked
in those over 75, males, and those with severe strokes (Stroke Unit Trialists'
Collaboration, 1999).

Summary

Aspirin and stroke units improve outcome following stroke. Early thrombolysis is
beneficial in some patients, but appears to be practicable in less than 10% of patients.
In spite of a major research effort, no agent that has been shown to have
neuroprotective properties in animal models of ischaemia has been demonstrated to
have activity in clinical trials. Stroke therefore continues to represent a major

challenge to the neuroscience community.

FK506 (TACROLIMUS)

FK506 is a macrolide immunosuppressant isolated from Streptomyces tsukubaensis
strain 9993 in 1984 (Ochiai et al., 1987). Its structure is shown in Figure 1.1. FK506
first received attention as an inhibitor of interleukin 2 (IL-2) production in vivo in the
mouse, and in this effect it was 30 times more potent than cyclosporine. FK506 was
subsequently reported to inhibit IL-2 receptor expression in human T cells in mixed
lymphocyte culture; in this case FK506 was 30 to 100 fold more potent than
cyclosporine. In 1987 FK506 treatment following heterotopic cardiac
allotransplantation in the rat was shown to result in permanent allograft survival in
most animals, compared with mean graft survival in the control group of less than
one week (Ochiai et al., 1987). FK506 has gone on to widespread clinical use as an

immunosuppressant following kidney and liver transplantation.
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Figure 1.1: Structure of FK506

At the cellular level, FK506 interacts with a subfamily of immunophilins termed the
“FK506 binding proteins” (FKBPs), which exhibit peptidyl-prolyl cis-trans
1somerase activity (Harding et al., 1989; Siekierka et al., 1989), and are widely
distributed in brain and other tissues (Dawson et al., 1994; Steiner et al., 1992). The
immunosuppressive action of FK506 requires inhibition of protein phosphatase 2B
(calcineurin; E.C. 3.1.3.16; (Clipstone and Crabtree, 1992; O'Keefe et al., 1992)) by
a complex of FK506 and a 12kDa FKBP (FKBP12; (Kissinger et al., 1995; Liu et
al., 1991)). Nuclear Factor of Activated T cells (NFAT) is a transcription factor
whose targets include the gene encoding IL-2. Normally resident in the cytoplasm,
NFAT is dephosphorylated and translocates to the nucleus following stimuli
including ionomycin, and this translocation is associated with increased DNA
binding activity (Shaw et al.,, 1995). NFAT dephosphorylation is mediated by
calcineurin and inhibited by FK506 and cyclosporine (Loh et al., 1996; Shaw et al.,
1995). The immunosuppressive properties of FK506 are due in large part to this
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inhibition of IL-2 production in activated T cells.

In addition to these affects on T cell activation, FK506 inhibits activation induced
apoptosis in T cell hybridomas (Bierer et al., 1990), an effect thought to be mediated

through reduced expression of Fas ligand (Brunner et al., 1996).

FK506 also protects tissues in animal models of cardiac (Nishinaka et al., 1993),
liver (Sakr et al., 1993) and intestinal (Kubes et al., 1991) ischaemia, although the
mechanism of these effects is not clear. In the nervous system, FK506 has no effect
on striatal excitotoxicity following intraperitoneal injection of NMDA, AMPA or
quinolinate (Butcher et al., 1997). However, it is a potent neuroprotectant in animal
models of focal (Bochelen et al., 1999; Sharkey and Butcher, 1994) and transient
global (Drake et al., 1996; Tokime et al., 1996) cerebral ischaemia. In focal cerebral
ischaemia at least this effect is shared by other calcineurin inhibitors such as
cyclosporin (Sharkey and Butcher, 1994) and SDZ ASM 981 (Bochelen et al., 1999)
and is blocked by rapamycin, a drug which binds FKBP12 but does not inhibit
calcineurin, implying that inhibition of calcineurin is required for neuroprotective
efficacy. However, the precise mechanism(s) underlying this protective effect are not

clear.

While some have attributed the neuroprotective actions of FK506 to a reduction in
calcineurin- mediated dephosphorylation and activation of neuronal nitric oxide
synthase (Dawson et al., 1993) there remains considerable debate regarding the
effects of phosphorylation on the activity of nNOS and on the relevance of any such
effects to the neuroprotective actions of FK506. Other candidate mechanisms include
a trophic effect of FK506 (Gold et al., 1999a; Steiner et al., 1997), or an effect on
one of the many other putative FK506 targets including TGF-8 (Wang et al., 1994),
IP; (Cameron et al., 1995) ryanodine (Brillantes et al., 1994) and steroid hormone
(Beckman, 1991; Kosano et al., 1998; Milad et al., 1995; Silverstein et al., 1997,
Yem et al.,, 1992) receptors; and the RAFT/MTOR kinases which belong to the
ataxia telangiectasia mutuated (ATM)/ PI3 kinase family (Alarcon et al., 1996).
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PURPOSE OF RESEARCH

The purpose of this research was to explore potential mechanisms of the
neuroprotective effect of FK506. First, I have examined the effect of FK506 on
NMDA stimulated cGMP accumulation in cerebellar prisms derived from neonatal
rats. Subsequently I have described the characteristics of SHSY-5Y neuroblastoma
cells under different culture conditions and their terminal differentiation, and I go on
to examine the effects of FK506 on death induced by the protein kinase C inhibitor
staurosporine, by the calcium ionophore ionomycin and by serum withdrawal in

terminally differentiated SHSY-5Y cells.
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CHAPTER 2

MATERIALS AND METHODS

SOURCES OF MATERIALS USED

1,1,2- triflurotrichloroethane BDH Laboratory Supplies
13 mm diam. glass coverslips BDH Laboratory Supplies
180 cm2 tissue culture plates NUNC

2- mercaptoethanol Sigma Chemical Company
24 well tissue culture plates NUNC
3-[cyclohexylamino]-1- Sigma Chemical Company

propanesulphonic acid

35 mm diameter tissue culture dishes NUNC

75 cm? tissue culture plates NUNC

Al.1 T cell hybridoma cell line gift from Doug Green, La Jolla,
California

acetic acid BDH Laboratory Supplies

acetyl-DEVD- aldehyde Bachem

acetyl-DEVD- Bachem

aminomethylcoumarin
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acrylamide

all- trans retinoic acid

ammonium persulphate

anti- calcineurin A monoclonal
antibody

anti- calcineurin B monoclonal
antibody

anti- caspase 3 polyclonal antibody

anti- FKBP12 (3F4-70) monoclonal
antibody

anti- MAP2 monoclonal antibody
anti- p21waf monoclonal antibody
anti- PARP monoclonal antibody
anti- phosphoserine polyclonal
antibody 16B4

anti- tubulin amonoclonal antibody
aprotinin

avidin-biotin Elite™ mouse IgG

ABC™ kit

BCA™ protein assay kit

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Transduction Laboratories

Upstate Biotechnology Incorporated

gift from Don Nicolson, Merck Frosst

Centre for Therapeutic Research,
Quebec, Canada

Fujisawa Pharmaceutical

Company Ltd.

Sigma Chemical Company
Pharmingen

gift from Guy Poirier, Centre de
Recherche du CHUL, Quebec, Canada
Alexis Neurochemicals

Sigma Chemical Company

Sigma Chemical Company

Vector Laboratories

Pierce
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bis-acrylamide

bovine serum albumin
Bromophenol Blue

calcium and magnesium free Hanks
balanced salt solution

Calcein AM™

Complete Protease Inhibitor
Cocktail™ tablets

Coomassie Brilliant Blue™

cyclic GMP radioimmunoassay kit
DAB™ peroxidase substrate kit
dexamethasone
dimethylsulphoxide

disodium hydrogen orthophosphate
anhydrous

dithiothrietol

donkey anti-rabbit HRP linked

secondary antibody

Dulbecco's minimal essential
medium

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Gibco

Molecular Probes

Boehringer Mannheim

Sigma Chemical Company

Amersham Life Sciences

Vector Laboratories

Sigma Chemical Company

Sigma Chemical Company

BDH Laboratory Supplies

Sigma Chemical Company

Amersham Life Sciences

Gibco
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Ecl+Plus™ chemilumenescence

reagents

Emulsifier-Safe scintillant

ethylene glycol-bis (B-aminoethyl

ether) N,N,N',N' tetraacetic acid

ethylenediaminetetraacetic acid

FK506

Fluoroscan Ascent fluorescent plate

reader

foetal calf serum

glucose

glutaraldehyde

glycerol

glycine

Ham's F12 medium

Ham's F14 medium

Hanks balanced salt solution

horse serum

Amersham Life Sciences

Packard Instrument Company

Sigma Chemical Company

Sigma Chemical Company

Fujisawa Pharmaceutical

Company Ltd.

Labsystems

Gibco

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Gibco

Gibco

Gibco

Gibco
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hydrochloric acid

hydrogen peroxide

isopropanol

L-nitro arginine methyl ester

laminin

LDH assay kit

leupeptin

L-glutamine

L-thyroxine

lysine hydrochloride

magnesium chloride

magnesium sulphate

Mcllwaine tissue chopper

MK-801

modified Fuchs- Rosenthal
haematocytometer

Sigma Chemical Company

Sigma Chemical Company

BDH Laboratory Supplies

Sigma Chemical Company

Sigma Chemical Company

Promega

Sigma Chemical Company

Gibco

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Mickle Laboratory

Engineering Co. Ltd.

Research Biochemicals
International

Fisher Scientific UK Ltd.
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MTS Assay

N- methyl D-aspartate
N,N,N',N', tetramethyethylene
diamine

N-[2-hydroxyethyl]piperazine-
N'[2-ethanesulphonic acid

nitrocellulose electrophoresis

membranes

non fat dried mild

orthophosphoric acid

paraformaldehyde

PD10 columns

penicillin

pepstatin

phenylmethylsulphonyl flouride

polyornithine

polyoxyethylene (20) sorbitan

monolaurate

polyvinylidine difluoride
(Immobilon™)
electrophoresis membranes

Promega

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Amersham Life Sciences

Bio Rad Laboratories

BDH Laboratory Supplies

Fisher Scientific UK Ltd.

Amersham Pharmacia Biotech

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company
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potassium chloride

potassium dihydrogen
orthophosphate

potassium hydroxide

progesterone

putrescine

recombinant human nerve growth

factor

sheep anti- mouse HRP linked
secondary

antibody

SHSY-5Y cells (passage 8)

SHSY-5Y cells (passage 72)
SigmaPlot 4.0 graphical software
package

sodium bicarbonate

sodium cacodylate

sodium chloride

sodium dihydrogen orthophosphate

dihydrate

sodium dodecyl sulphate

BDH Laboratory Supplies

BDH Laboratory Supplies

BDH Laboratory Supplies

Sigma Chemical Company

Sigma Chemical Company

R&D Systems

Amersham Life Sciences

European Collection of

Animal Cell Cultures

gift from Prof. Nahorski,

University of Leicester, UK

Jandel Scientific

BDH Laboratory Supplies

BDH Laboratory Supplies

Sigma Chemical Company

BDH Laboratory Supplies

Sigma Chemical Company



sodium fluoride

sodium hydroxide

sodium nitroprusside

sodium periodate

sodium selenite

streptomycin

Sucrose

trichloroacetic acid

tritodothyronine

tri-n-octylamine

tris [hydroxymethyl] aminomethane

Triton X-100

trypan blue

trypsin

urca

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

Sigma Chemical Company

BDH Laboratory Supplies

Sigma Chemical Company

BDH Laboratory Supplies

Sigma Chemical Company

Kool-light Ltd Havershill

Sussex England

Gibco

Gibco

Sigma Chemical Company
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CYCLIC GMP PRODUCTION IN NEONATAL RAT CEREBELLAR
PRISMS

Tissue Preparation

8 day old Sprague Dawley rats of either sex were killed by decapitation and their
cerebella rapidly dissected. These were transferred to pre-warmed (37°C) and pre-
gassed (95% 0,/5% CO,) Krebs-bicarbonate buffer (118mM NaCl, 4.7mM KClI,
1.2mM KH7POy4, 1.2mM MgSOy4, 11.1mM glucose, 25mM NaHCO3, and 1.2mM

CaClp) and chopped on a Mcllwain tissue chopper into 400;1.m2 prisms. The prisms

were transferred to a conical flask in a shaking water bath containing pre-warmed
(37°C) and pre-gassed (95% 0,/5% CO;) Krebs-bicarbonate buffer. The buffer was
changed every 15 minutes for an hour; FK506 was included after the second buffer

change where indicated.

Drug Exposure

50pl aliquots of gravity packed prisms were transferred to flat-bottomed tubes in the
shaking water bath after the fourth buffer change. Prisms were exposed to NMDA or
sodium nitroprusside (SNP), in the presence or absence of MK801, L-nitro arginine
methyl ester (L-NAME) or FK506 in a final volume of 300pul for 5 minutes except
where indicated. The reaction was terminated by the addition of 300ul ice cold 1M

trichloroacetic acid, and the samples were left to stand on ice.

cGMP estimation

After 20 minutes the samples were vortex mixed and 500ul of the supernatant was
added to 125ul of ethylenediaminetetraacetic acid (EDTA) (10mM, pH 7.0) and
500ul of a freshly made 1:1 mixture of 1,1,2-triflurotrichloroethane and tri-n-
octylamine to remove unwanted impurities to the organic phase. Samples were
vortex mixed and centrifuged at 10,000 g for 3 minutes and 400ul of the aqueous
phase was added to 100ul of 60mM NaHCO; prior to storage at 4°C. Concentration

-53 -



of cGMP was measured by radioimmunoassay according to the manufacturer’s
instructions. For each experiment, two 50pul aliquots of gravity packed prisms were
taken for protein estimation. These samples were homogenised in 100ul phosphate
buffered saline (PBS) and protein content was measured using the Bradford protein
assay (Bradford, 1976).

Western Blotting

For determination of FKBP12 and calcineurin prisms were homogenised in
Complete™ protease inhibitor solution according to the manufacturers instructions.
An equal volume of 2x Laemmli sample buffer (final concentrations, sodium
dodecyl sulphate, 2%; glycerol, 10%; dithiothrietol, 1mM; 2-mercaptoethanol, 5%;
Tris-HCI [pH 6.8], 62.5mM; and Bromophenol Blue, 0.001%) was then added, and
samples were heated to 80°C for 10 minutes. Sodium dodecyl sulphate -
polyacrylamide gel electrophoresis was performed using a 12.5% gel, and proteins
were transferred to Immobilon-P™ polyvinylidene difluoride membranes overnight
at 70mA. Membranes were blocked in PBS with 5% non-fat dry milk and 0.1%
Tween20 for 30 minutes prior to exposure to antibodies against FKBP12 (1/200),
calcineurin A (1/500) or calcineurin B (1/1000) for 2 hours. The membrane was
washed for 4 x 5 minutes in the blocking solution before incubation with a horse
radish peroxidase-conjugated sheep anti-mouse secondary antibody (1:1000) for one
hour. These antibody dilutions were determined in preliminary experiments to
represent the optimal balance between high specific and low non- specific binding.
The membrane was washed for 3 x 10 minutes in blocking solution and for 30
minutes in PBS prior to detection of antigen by chemiluminescence using

Ecl+Plus™,

For phosphosereine residue detection prisms were exposed to drug for 5 minutes as
above then snap frozen on dry ice. They were homogenised in PBS and an equal
volume of 2x Laemmli sample buffer was added as above. Samples were centrifuged
at 10,000 rpm for five minutes to remove debris. Protein concentrations were

estimated by Coomaassie staining against standard concentrations and adjusted by
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further dilution with Laemmli sample buffer to 1 mg/ ml. Samples were heated to
90°C for 10 minutes. 10 pg of protein was added to each lane of a 10% gel and
sodium dodecyl sulphate - polyacrylamide gel electrophoresis performed. Proteins
were transferred to Immobilon-P polyvinylidene difluoride membranes overnight at
70mA. Membranes were blocked for 1 hour in Tris buffered saline pH 7.4 with 0.5%
BSA, 0.2% Tween20 and 10mM NaF prior to exposure to antibody 16B4 (0.1 pg/
ml) in blocking solution. Membranes were washed 5 times for five minutes in TBS
(pH 7.4) containing 0.1% Tween20 and incubated for 1 hour with an HRP-
conjugated sheep anti-mouse secondary antibody (1:1000). These antibody dilutions
were determined in preliminary experiments to represent the optimal balance
between high specific and low non- specific binding. Membranes were again washed
5 times for five minutes in TBS (pH 7.4) containing 0.1% Tween20 prior to rinsing
in TBS pH 7.4 and signal detection using ECL+Plus. Membranes were then stripped
by incubation in 0.2M Glycine pH2.0, 0.1% SDS, 0.1% Tween20 at room
temperature for 60 minutes and reprobed with a primary antibody directed against
tubulin (1/1000) to correct for differences in protein loading. The resulting
immunoblots were digitally captured and exported as .tif files to the AIDA software
package, where the optical density of phosphoserine immunopositivity was
normalised to tubulin immunopositivity to give the abundance of phosphorylated
serine residues relative to the abundance of tubulin and by inference to total protein.
Since calcineurin acts as a serine/ threonine protein phosphatase, changes in the
activity of calcineurin will be reflected in changes in the relative abundance of

phosphorylated serine residues.

Data analysis

Data represent the means of at least three independent experiments. Where a number
of treatments were being compared to control, for instance in cell viability assays or
effects of a number of drugs on ¢cGMP concentration, statistical significance was
assessed using one way analysis of variance. Where ANOVA indicated that a
significant difference between groups existed then Dunnett's post hoc test was used.

Where a single comparison was being made, for instance Ac-DEVD-amc cleavage

.



activity in serum withdrawn cultures versus control, or the effect of FK506 on
phosphoserine immunoreactivity in cerebellar extracts, then the students' t-test was

used. .

For the calculation of ECs values for the cerebellar cGMP response to NMDA data
were fitted to the formula y = yo + a/ (1+exp (- ( (x-X0)/b)) using SigmaPlot 4.0,
where x represents the concentration of NMDA, y represents the concentration of

c¢GMP and yy, a, b and x( are constants.

GENERATION OF TERMINALLY DIFFERENTIATED NEURON- LIKE
CELLS

Cell culture

Cells were plated at a density of 10° cells per 175cm” flask and grown in an
incubator at 37°C in an atmosphere of 5% CO; and 95% air. They were grown in a
medium consisting of Dulbecco’s minimum essential medium (DMEM) containing
2mM L-Glutamine, 100iu/ml penicillin, 100 mg/ml streptomycin (DMEM/G/P/S)
and 10% foetal calf serum (FCS)(Control medium). A tabulated description of the
composition of the various media used is given in Table 2.1. Medium was changed
after four days and cells were passaged after 7 days by detachment in Hank's
balanced salt solution (HBSS) containing 0.1% EDTA, counting in a modified

Fuchs- Rosenthal haematocytometer and replating.

Effect of differentiation on cell number

For determination of the effects of differentiation on cell number 2.5 x 10° cells at
low or high passage were seeded to 80 cm? flasks in Control medium. After 24 hours
medium was replaced with fresh medium of the same composition or with

DMEM/G/P/S containing 1% FCS and 10uM retinoic acid (Differentiating medium),
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and the medium was thereafter changed every 48 hours. Retinoic acid (RA) was
prepared as a 10mM stock solution of all- trans retinoic acid in dimethylsulphoxide
(DMSO)

Table 2.1: Composition of designated media

Basic Foetal Calf Retinoic Acid Designation
Composition Serum
DMEM 10% none Control
+ L-Glutamine 10uM Retinoic acid
+ penicillin 1% none Serum reduction
+ streptomycin 10uM Differentiating
none 10uM Serum withdrawal

and stored in the dark at —70°C until required. Unused stocks were discarded after

two weeks.

1, 4 and 8 days after plating (0, 3 or 7 days after the induction of differentiation)
cells were detached by incubation in HBSS/ 0.1% EDTA and Trypan Blue excluding

cells were counted in a modified Fuchs- Rosenthal haematocytometer.

Morphology and Immunocytochemistry

For morphological studies and immunocytochemistry cells were seeded at 50,000
cells per well on 13 mm diameter glass coverslips in 24 well plates in DMEM/G/P/S
containing either 10% FCS (Control medium), 1% FCS (Serum reduction medium),
10% FCS and 10uM RA (Retinoic Acid medium) or 1% FCS and 10pM RA
(Differentiating medium). Medium was replaced every 48 hours. At 1 or 8 days after
plating cells were washed in PBS (pH 7.4) and fixed in a paraformaldehyde-lyseine-
periodate fixative containing 60mM lyseine hydrochloride, 32.5mM Na,HPO,,
7.5mM NaH,P04.2H,0, 20mg/ml paraformaldehyde and 2mg/ml sodium periodate
for 30 minutes. Cells were again washed in PBS, permeabilised for 5 minutes in

0.25% Triton- X, rinsed again in PBS and stored in PBS at 4°C.
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For immunocytochemistry fixed cells were incubated with 0.6% hydrogen peroxide
in methanol for 5 minutes, rinsed in water and incubated in PBS containing 0.2%
bovine serum albumin (BSA) for 5 minutes. Non specific binding was blocked by
incubating cells in PBS containing 10% BSA for 30 minutes prior to incubation with

“af monoclonal antibody

mouse anti- MAP2 monoclonal antibody or mouse anti- p21
in PBS containing 3% BSA for two hours. Cells were subsequently washed three
times for five minutes each in PBS with 0.2% BSA prior to sequential incubation
with components of the avidin-biotin Elite mouse IgG ABC kit according to the
manufacturer's instructions.  Immunoreactivity was visualised using a DAB
peroxidase substrate according to the manufacturer’s instructions. Initial
immunostaining was performed with a range of primary antibody dilutions to
identify the optimal balance between specific and non-specific binding, and the final
dilutions used were 1/1000 for the anti- MAP2 antibody and 1/200 for the anti-
p21 it antibody. For each experiment for each condition sister preparations of fixed
cells were processed with the omission of primary antibody to confirm the specificity

of the observed immunoreactivity. Fixed cells were examined and photographed

under phase contrast or light microscopy as appropriate.

CELL SURVIVAL EXPERIMENTS

SHSY-5Y cells

SHSY-5Y cells at passage 8 to 16 were seeded at 50,000 cells in 500p] medium per
well in 24 well plates and differentiated as described above. After 7 days the effects
of exposure to drugs or insults of interest was determined by washing cells 3 times in
DMEM then incubating with the drug of interest dissolved in Differentiating medium
or in Serum free medium (Differentiating medium lacking FCS). Cell survival was
measured determined by measuring fractional LDH release, the MTS reduction assay

or the Calcein AM™ assay.
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LDH assay

50ul of culture medium was removed in duplicate from each well and processed for
estimation of prelysis LDH concentration. The volume was readjusted to 500ul
through the addition of 90pul of the appropriate medium and 10ul of 10% Triton X-
100 to lyse remaining cells. After 15 minutes incubation 50ul of medium was
removed in duplicate and processed for estimation of postlysis LDH concentration.
Background signal was measured independently for prelysis (medium alone) and
postlysis (49:1 mix of medium and 10% Triton X-100) samples. LDH concentration
was measured by incubating the 50ul samples with 50ul of the reaction mixture in
the dark for 30 minutes, after which time the reaction was stopped according to the
manufacturer's instructions and absorbance at 560nm read in a colourimetric plate

reader. The percent cell survival may be derived as follows:

Prelysis[LDH]
% Death = x 100 (1)
Total[LDH]

Total[LDH] = Prelysis| LDH] + Newly released[LDH] (2)
Because the addition of 100ul of fluid will dilute LDH present before cell lysis
occurs by a factor of 400/500, the Postlysis]LDH] cannot be taken to represent the
sum of Prelysis[LDH] and Newly released[LDH]. Rather,

Measured postlysis[LDH] = Newly released[LDH] + {400/500 x Prelysis[LDH]}
Therefore

Newly released[LDH] =Measured postlysis[LDH] - {400/500xPrelysis]LDH]} (3)

Combining (3) with (2)

Total[LDH] = Measured Postlysis]LDH] + {0.2 x Prelysis[LDH]} (4)
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Combining (4) with (1),

Prelysis [LDH]
% Death = x 100
Measured Postlysis [LDH] + {0.2 x Prelysis [LDH]}

While this correction has little impact at low levels of cell death, where death is
100% the uncorrected calculation estimates death to be 120%. The correction is valid
provided that the starting volume of medium in which the cells were bathed is 500pl.
While evaporation of medium does occur even in humidified tissue culture
incubators, measurement of volume of medium remaining after 24 hours (the elapsed
time since the last change of medium for these cells under most experimental
conditions) showed an average volume reduction of less than 20ul per well. This is
of no practical consequence, and would have resulted in maximum overestimation of

death of less than one percent.

MTS assay

100ul of the MTS reagent was added to wells containing cells and to blank wells
containing medium alone 3 hours before the end of the period of drug exposure. At
the end of the drug exposure period 100ul aliquots in duplicate were removed and

absorbance at 490 nM measured in a colourimetric plate reader.

Calcein AM assay

The Calcein AM assay is based on the unhindered passage of non-fluorescent
Calcein AM into living cells, where cytoplasmic esterases cleave the AM group
resulting in the development of fluorescence, which can then be quantified on a
fluorescent plate reader. Preliminary experiments using Calcein AM as a measure of
survival showed substantial variability in signal. In differentiated but otherwise
untreated SHSY-5Y cells, measuring fluorescent signal from 37 discrete positions
within the well showed great variability in the signal in different parts of the well

(Figure 2.1; n=4 wells). These differences might reflect differences in the distribution
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Figure 2.1: Effect of well position on Calcein AM signal

Fluorescence

SHSY-5Y cells were seeded to 24 well plates at 50,000 cells per well and grown in
Differentiation medium for 7 days. cell were then washed in PBS and exposed to
PBS containing 1uM Calcein AM™ for 30 minutes. The well area was divided into
37 squares and intracellular retention of the esterase cleavage product Calcein was

determined for each square by measuring emission at 520nM (excitation = 490nm)
over an acquisition time of 60ms.
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of cells within the well, optical characteristics of the tissue culture plastic, or a
combination of the two. This, along with the variability seen in the Calcein AM

signal, argued against the use of Calcein AM to estimate survival in SHSY-5Y cells.

Nuclear Morphology following serum withdrawal

Passage 8 SHSY-5Y cells were plated at 5 x 10° cells per 175cm® flask and
differentiated for 7 days. They were washed 3 times in DMEM then exposed to
Differentiating medium or Serum withdrawal medium for 24, 48 or 72 hours. Cells
were detached in HBSS containing 0.1% EDTA and washed in warm cadolyate
buffer (0.1M pH 7.4) before fixing in 3% glutaraldehyde in cadolyate buffer and
processing in thick sections by toluidine blue staining by staff of the electron

microscopy facility at the Royal Dick Veterinary College.

Ac-DEVD cleavage activity

Treated cells were harvested by scraping with a rubber policeman, washed in ice cold
PBS (pH 7.4) and collected by centrifugation at 1000g for 15 minutes. Cells were
lysed in a buffer containing 10mM N-[2-hydroxyethyl]piperazine-N’[2-
ethanesulphonic acid (HEPES) KOH pH 7.4, 50mM KCIl, 2mM MgCl,, 5mM
ethylene glycol-bis ( -aminoethyl ether) N,N,N’,N”’ tetraacetic acid (EGTA), 0.5%
3-[cyclohexylamino]-1-propanesulphonic - acid (CHAPS), ImM
phenylmethysulphonyl flouride, 10pug/ml pepstatin A, 10png/ml leupeptin, 10pg/ml
aprotinin and 1mM dithiothrietol (DTT) for 30 minutes on ice, subjected to one
freeze/thaw cycle in liquid nitrogen and centrifuged at 2000g for 30 minutes. Protein
concentration in the supernatant was measured after 1:10 dilution in distilled water
using the BCA method according to the manufacturer’s instructions and was adjusted
to 2mg/ml by dilution in a buffer containing 25mM HEPES-KOH pH 7.4, 50mM
NaCl, SmM EGTA, 0.1% CHAPS, 10mM DTT, 5SmM EDTA and 10% sucrose. An
extract prepared by Dr. Timothy Allsopp from Al.1 cells undergoing apoptosis

following dexamethasone treatment served as positive control.

10ul of extract was incubated at 37°C with Ac-DEVD-amc (final concentration

25uM) in the presence of absence of inhibitor (Ac-DEVD-aldehyde; final
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concentration 187.5nM). Fluorescence at 460nm was measured every 90s for 90
minutes, and DEVD cleavage activity was determined by fitting a straight line to the
linear portion of the fluorescence accumulation curve. Results are expressed as units
of fluorescence per mg protein per minute and represent the means of at least three

independent determinations.

Western blotting

Treated cells were harvested by scraping with a rubber policeman, washed in ice cold
PBS (pH 7.4) and collected by centrifugation at 1000g for 15 minutes. Cells were
resuspended in a buffer containing 2% sodium dodecyl sulphate, 10% glycerol, 6M
urea, 5% 2-mercaptoethanol, 62.5mM Tris-HCI [pH 6.8] and 0.001% Bromophenol
Blue before sonication for 20s on ice. Protein content was estimated by Coomassie
staining and 15pg of protein per lane was loaded to 8% (PARP) or 15% (Caspase 3)
gels for SDS-PAGE. Electrophoresis was performed at 40mA prior to transfer to
nitrocellulose (PARP) or polyvinylidene difluoride (Caspase 3) membranes at
60mV. For PARP, membranes were blocked in PBS with 5% non-fat dried milk and
0.1% Tween (PBSMT) for 1 hour prior to incubation with a mouse anti-PARP
monoclonal antibody (C2-10, 1/10,000, gift from Guy Poirier, Centre de Recherche
du CHUL, Quebec, Canada) overnight. The membrane was washed five times for 5
minutes in PBSMT prior to incubation with sheep anti-mouse HRP linked secondary
antibody (1/2000) for 30 minutes. These antibody dilutions were determined in
preliminary experiments to represent the optimal balance between high specific and
low non- specific binding. The membrane was again washed five times for five
minutes in PBSMT and then for 30 minutes in PBS. Signal was detected by

chemiluminescence (ECL+Plus™),

For Caspase 3 immunoreactivity, membranes were blocked in tris buffered saline pH
8.0 (TBS) with 5% non-fat dried milk and 0.1% Tween for 1 hour prior washing
twice for five minutes in TBS/ 0.1% Tween and subsequent incubation with a rabbit
anti-Caspase 3 polyclonal antibody (1/2,000, gift from Don Nicolson, Merck Frosst
Centre for Therapeutic Research, Quebec, Canada). The membrane was washed three

times for 5 minutes in TBS/ 0.1% Tween prior to incubation with donkey anti-rabbit
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HRP linked secondary antibody (1/2,500) for 1 hour. These antibody dilutions were
determined in preliminary experiments to represent the optimal balance between high
specific and low non- specific binding. The membrane was washed three times for
five minutes in TBS/ 0.3% Tween then three times for five minutes in TBS/ 0.1%

Tween prior to detection of signal by chemiluminescence (Ecl+plus™).

Trigeminal Sensory Ganglion Cell Culture

To investigate the effects of FK506 in a previously described model of trophic factor
withdrawal induced apoptosis a series of experiments was performed by Dr. Timothy
Allsopp. These experiments were designed to complement the work on SHSY-5Y
cells and so are reproduced here with due acknowledgement. The methodology used

was as follows.

Mouse embryos were removed from time mated pregnant females and staged at
embryonic day 14 according to the criteria of Theiler (Theiler, 1972). At this stage in
vivo trigeminal sensory neurons are undergoing naturally- occurring cell death that is
suppressed by target- derived nerve growth factor (NGF). Ganglia were aseptically
dissected using sharpened tungsten needles and incubated for 7 min at 37°C with
0.05% trypsin in calcium/ magnesium free Hanks balanced salt solution. After
removal of the trypsin solution cells were washed in Ham’s F12 medium containing
5% heat inactivated horse serum and were separated by gentle trituration through a
fire polished siliconised Pasteur pipette to give a single cell suspension. 300 to 700
cells were plated in 35mm diameter culture dishes which had been precoated with
polyornithine (0.5 mg/ml) and laminin (20 pg/ml). Neurons were grown at 37°C,
5% CO, in Ham’s F14 supplemented with 2mM glutamine, 0.35% bovine serum
albumin, 60ng/ml progesterone, 16pg/ml putrescine, 400ng/ml L-thyroxine, 38ng/ml
sodium selenite, 340ng/ml triiodothyronine, 60mg/ml penicillin, 100mg/ml
streptomycin and 4ng/ml recombinant human NGF. These conditions resulted in

cultures composed of over 90% neurons.

After 24 hours the number of neurons in a 12mm x 12mm grid in the centre of each

dish were counted. Neurons were then washed in NGF-free medium and then grown
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with or without NGF in the presence of varying concentrations of FK506. For
estimates of cell viability the number of viable neurons remaining in the same 12mm
x 12mm grid were counted every 24 hours and the results expressed as a percentage
of the initial count. Neurons were considered viable if they possessed a phase bright

cell soma and intact neurites more than two cell body diameters in length.

In vitro stability of FK506 in solution

In order to ensure the continuing bioavailability of FK506 in tissue culture plates
concentrations of FK506 in culture medium were measured by radioligand binding
assay (kindly performed by Dr Abby Charters). Briefly, FK506 was added to
Differentiation medium at concentrations ranging from InM to 1uM and these
solutions placed in triplicate in wells of a 24 well plate for 24 hours in the tissue
culture incubator. 50pul aliquots of medium or of freshly prepared FK506 were added
to a reaction buffer containing 50mM Tris-HCI, pH 7.4, 172pM [’H]JFK506, 40pg/ml
cytosolic protein, and 2mg/ml BSA and incubated at room temperature for 60
minutes. Non specific binding was determined in the presence of 1uM FK506.
Bound ligand was separated from free by gel filtration on PD-10 columns and eluted
with 50mM NaCl. 1ml eluent was mixed with 20ml Emulsifier-Safe scintillant and
counted in a scintillation counter. A straight line was fitted to a plot of log(average
DPM) against log(concentration known FK506) and from the formula describing this

line the concentration of FK506 remaining at 24 hours was estimated.

Table 2.2: Stability of FK506 in tissue culture environment

[FK506] added Measured [FK506] at 24
hours
1 uM 172 nM
100 nM 33 nM
10 nM 1.8 nM
1 nM 950 pM

The results are given in Table 2.2, from which it can be seen that concentrations had
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fallen by four fifths at 24 hours. Based on these results it was judged that for
exposures to FK506 of 24 hours or less a single application of FK506 was sufficient,
but that for longer exposures it would be necessary to apply fresh FK506 every 24

hours.
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CHAPTER 3

EFFECT OF FK506 ON NITRIC

OXIDE SYNTHASE- MEDIATED

CYCLIC GMP PRODUCTION IN

NEONATAL RAT CEREBELLAR
PRISMS

INTRODUCTION

The stereotactically guided application of the potent vasoconstrictor endothelin-1 to
the proximal middle cerebral artery of rats consistently results in the development of
large cortical and striatal infarcts (Sharkey et al., 1993; Sharkey and Butcher, 1995).
Administration of the macrolide immunosuppressant FK506 up to 60 minutes after
the onset of vasoconstriction results in a reduction in the volume of cortical
infarction of at least 46% (Sharkey and Butcher, 1994) and improved performance on
tests of skilled motor tasks (Sharkey et al., 1996). These protective effects have also
been demonstrated in models of global ischaemia (Drake et al., 1996; Tokime et al.,
1996). FK506 also has protective effects in animal models of cardiac (Nishinaka et
al., 1993), liver (Sakr et al., 1993) and intestinal (Kubes et al., 1991) ischaemia. The

mechanism by which this protection occurs is presently unclear.

At the cellular level, FK506 interacts with a subfamily of immunophilins termed
“FK506 binding proteins” (FKBPs), which exhibit peptidyl-prolyl cis-trans
isomerase activity (Harding et al.,, 1989; Siekierka et al., 1989), and are widely
distributed in brain and other tissues (Dawson et al., 1994; Steiner et al., 1992). In
focal cerebral ischaemia at least it appears that the interaction with FKBPs is
required for neuroprotection, as displacement of FK506 from FKBPs by rapamycin
blocks the protective effect. Furthermore, the neuroprotective properties of FK506
are shared by SDZ ASM 981, a drug which binds FKBP12 and inhibits calcineurin
(Bochelen et al., 1999), and by cyclosporin (Sharkey and Butcher, 1994), which
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inhibits calcineurin by a different mechanism.

The immunosuppresive action of FK506 requires inhibition of protein phosphatase
2B (calcineurin; E.C. 3.1.3.16) by a complex of FK506 and a 12kDa FKBP
(FKBP12) (Kissinger et al., 1995; Liu et al., 1991). In addition, FKBP12 interacts
with several other proteins including the skeletal muscle ryanodine receptor
(Wagenknecht et al., 1997), the inositol triphosphate receptor (IP3) (Cameron et al.,
1995; Ohi et al., 1999), and the type 1 transforming growth factor- receptor (Wang
et al.,, 1994); FKBPS56 is associated with steroid receptor complexes (Yem et al.,
1992). Effects of FK506 on the function of these proteins may be direct, via
inhibition of the intrinsic isomerase activity of the relevant immunophilin, or
indirect, via disruption of FKBP-mediated anchoring of calcineurin to a target
protein. For example the effect of FK506 on calcium flux through the IP; receptor is
mediated by displacement of calcineurin from a protein complex that includes

FKBP12 and the IP; receptor (Cameron et al., 1995).

FKS506 inhibits excitotoxic cell death in vitro (Dawson et al., 1993), but not in vivo
(Butcher et al., 1997). Both excitotoxin- and free radical- induced damage may
contribute to neuronal death in stroke; indeed, excitotoxic stimulation of NMDA
receptors results in activation of NOS and production of NO free radicals (Bredt and
Snyder, 1989). It is now clear, both from studies with specific inhibitors of nNOS
such as 7 -nitroindazole (Dalkara et al., 1994) and from experiments using animals
with targeted deletions in genes encoding NOS isoforms (Huang et al.,, 1994;
Samdani et al., 1997), that nNOS activation contributes to neurotoxicity in cerebral
ischaemia and that its inhibition is neuroprotective. Since NOS activity may be
regulated by phosphorylation (Bredt et al., 1992; Dawson et al., 1993), FK506 might
exert its neuroprotective effect by increasing NOS phosphorylation (via inhibition of
calcineurin), leading to inhibition of NOS activity and a consequent reduction in NO

production (Dawson et al., 1993).

Other potential mechanisms subserving the neuroprotective effect of FK506 include

an effect on apoptosis following stroke. There is considerable evidence, reviewed
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above, to indicate an important contribution of apoptosis to neuronal death in
cerebral ischaemia. It is therefore of interest that FK506 inhibits apoptotic cell death
in lymphocytes (Bierer et al., 1990) and in ischaemic brain FK506 reduces
expression of Fas ligand and TNF related apoptosis inducing ligand (TRAIL)
(MartinVillalba et al., 1999). Also, FK506 has been observed to have neurotrophic
effects (Snyder and Sabatini, 1995; Steiner et al., 1997; Gold et al., 1999b), and these
might sustain neurons deprived of endogenous survival influences following

ischaemia.

In this chapter I describe a series of experiments designed to test the hypothesis that
the neuroprotective effect of FK506 is mediated through inhibition of NOS. nNOS is
activated in response to NMDA receptor stimulation and catalyses the conversion of
arginine to citrulline and NO. NO thus produced diffuses to surrounding cells and
activates guanylate cyclase, leading to the accumulation of the second messenger
cyclic GMP (Dawson et al., 1992). Here I describe the effects of FK506 on NMDA
stimulated, nNOS-mediated accumulation of cGMP in a well characterised system,
the neonatal rat cerebellar prism (Garthwaite et al., 1988; Garthwaite and Balazs,
1978).

RESULTS
Optimisation of methodology

1. Measurement of NOS activity

Since cGMP has a longer half life than NO and NO is freely diffusible the level of
cGMP provides a more stable indication of NOS activity than the measurement of
NO. Furthermore, in preliminary experiments both the Griess reaction and a
commercially available nitrate detection assay were insensitive to stimulation of
neonatal rat cerebellar prisms with supramaximal concentrations of either NMDA or

the NO donor sodium nitroprusside (SNP).

2. Choice of tissue

While the cerebellum may be damaged following ischaemia in posterior circulation
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Syndromes (see page 20), ischaemia of the cerebral hemispheres in anterior
circulation syndromes is a more common cause of stroke. Furthermore, most animal
work models forebrain ischaemia and it would therefore be appropriate to study the
cGMP response in cortical or hippocampal prisms. Finally, because most strokes
affect adults rather than neonates, it would be most appropriate to study the response
in adult tissues. However, prisms prepared from adult cortex and hippocampus
showed no detectable cGMP response to supramaximal concentrations of NMDA or
SNP. Neonatal cortex was also unresponsive, and the small volume of tissue
recovered from the harvesting of neonatal hippocampi militated against using this

tissue because of the large numbers of animals that would be required.

In the cerebellum, the supersensitivity of cGMP to NMDA is a transient phenomenon
first seen around 5 days, observed maximally in tissue from 8 day old pups and much
reduced by 21 days (Garthwaite and Balazs, 1978). I therefore used prisms prepared
from the cerebella of 8-day-old rats. This is a tissue in which a robust cGMP
response has been described, from which nNOS was originally sequenced (Bredt et
al., 1991a) and which contains high levels of nNOS mRNA and protein (Bredt et al.,
1991b; Sessa et al., 1993).

Response of neonatal rat cerebellar prisms

In neonatal rat cerebellar prisms NMDA induced a rapid accumulation of cGMP (Fig
3.1). This effect reached a maximum at 2 minutes (p<0.05). All subsequent
experiments were carried out with a five-minute incubation. The response was
concentration dependent (Fig 3.2) with an ECsy of 16uM and maximum cGMP
production of 240 +/-15 pmol per mg protein (mean +/- s.e.m.) in response to 100uM
NMDA. NMDA- stimulated cGMP production was inhibited by the NMDA receptor
antagonist MK801 (10puM) (p<0.05) and by the NOS inhibitor L-NAME (10 puM)
(p<0.05). Neither of these agents affected SNP-stimulated cGMP production (Fig
3.3).

FK506 had no affect on NMDA- induced c¢cGMP accumulation when added

simultaneously (data not shown), and pre-incubation with FK506 for 30 minutes was
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Figure 3.1: Timecourse of cGMP accumulation.
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50ul of packed cerebellar prisms were exposed to 100pM NMDA in a final volume
of 300ul for the times indicated. The reaction was terminated by addition of 1M
trichloroacetic acid and cGMP was extracted and quantified by radioimmunoassay.
cGMP is expressed as pmol/mg protein and each point represents the mean + s.e.m.
of at least 5 determinations. *p<0.05 versus 10 seconds sample (one way ANOVA
with Dunnett’s method for multiple comparisons).
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Figure 3.2: Effect of FK506 on NMDA-induced cGMP accumulation.
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minutes and cGMP accumulation quantified as previously described. Data points
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also ineffective; under these conditions the ECspand maximum c¢GMP production
were 22uM and 265 *+ 19 pmol per mg protein respectively for 100nM FK506 and
18uM and 247 + 12 pmol pér mg protein for 1pM FKS506 (Fig 3.2).

To show that FK506 could inhibit calcineurin under these conditions I first sought to
demonstrate that the relevant proteins are present. Western blotting of samples from
neonatal cerebellar prisms demonstrated immunoreactivity at appropriate molecular
weights for FKBP12, calcineurin A and calcineurin B using specific antibodies (Fig
3.4a).

To determine whether FK506 can inhibit calcineurin activity in cerebellar prisms I
measured the abundance of phosphoserine residues in protein extracts of NMDA-
stimulated prisms. Calcineurin acts as a serine phosphatase, and its stimulation, for
instance following treatment with NMDA, will lead to reduced levels of serine
phosphorylation. Inhibition of this stimulated activity, for instance by FK506, should

lead to increased serine phosphorylation.

Because the cGMP response to NMDA was determined following a 30-minute
preincubation with FK506 or vehicle, prisms were preincubated with FK506 for 30
minutes prior to NMDA exposure and subsequent determination of phosphoserine
residues. Using an anti- phosphoserine antibody Western blotting demonstrated the
presence of a number of immunopositive proteins of varying molecular weight
following treatment with ImM NMDA. However, when prisms had been
preincubated with 100nM FK506 for 30 minutes prior to NMDA exposure relative
phosphoserine immunopositivity was increased by 26 +/- 4% (mean +/- s.d., n=3)
over that seen with NMDA alone (Fig 3.4b,c), confirming inhibition of calcineurin

activity.

DISCUSSION

The results presented in this chapter demonstrate that NMDA stimulated cGMP
accumulation is inhibited by the NMDA receptor antagonist MK801 and the NOS
inhibitor L-NAME but not by FK506.
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Figure 3.3: Effect of MK801 and L-NAME on NMDA- and SNP-stimulated

cGMP accumulation.
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(100pM), SNP (100uM), MKS801 (10uM) and L-NAME (10uM) before cGMP
quantification as previously described. Data points represent the mean * s.e.m. of at
least 4 determinations. *p<0.05 versus control, {p<0.05 versus NMDA alone (one
way ANOV A with Dunnett’s method for multiple comparisons).
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A potential criticism of this interpretation is that cerebellar prisms from neonatal rats
might not express the full repertoire of proteins required to transduce FK506
mediated calcineurin inhibition. To meet this criticism I have demonstrated the

presence of FKBP12 and both A and B subunits of calcineurin by Western blotting.

A second criticism might be that even given the necessary components, FK506 might
not inhibit calcineurin activity at the concentrations tested in this preparation over
this timescale. FK506 is known to inhibit calcineurin in vitro, so simply
demonstrating calcineurin inhibition in extracts prepared from cerebellar prisms does
not demonstrate inhibition of activity in the prisms themselves; conditions might be
created during preparation of samples for assays of calcineurin activity that allowed
FK506 to inhibit calcineurin under assay conditions when it was without activity
before the extraction. For instance, FKBP12 and calcineurin might exist in separate
cellular compartments prior to extraction, and be brought together following tissue
homogenisation. For these reasons, measuring the effect of FK506 on calcineurin
activity as measured in for instance the RII kinase assay (Perrino et al., 1992) is not
helpful.

To demonstrate FK506 inhibition of calcineurin following a 30 minute incubation I
have measured the abundance of immunoreactive phosphoserine residues at Western
blotting and demonstrated that serine phosphorylation in NMDA treated prisms is
increased following pre-incubation with FK506 consistent with calcineurin
inhibition. The speed with which these samples were processed minimises any
likelihood of artefactual changes in phosphorylation occurring during sample

preparation.

The present data demonstrate that in neonatal rat cerebellar prisms cGMP
accumulates through the activity of NOS; that this accumulation is inhibited by NOS
inhibition; and that a concentration of FK506 that increases serine phosphorylation of
cellular proteins has no effect on NMDA stimulated cGMP accumulation. While it is
possible that FK506 is altering protein serine phosphorylation through some

mechanism other than inhibition of calcineurin, direct effects on other phosphatases
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or kinases have not been described at these concentrations of FK506, and the most
parsimonious interpretation of the data is that FK506, while inhibiting calcineurin

activity, has no effect on NOS activity.

Phosphorylation of NOS was not measured directly because the effects of
phosphorylation on NOS activity are not clear. In a genetically modified human
kidney cell line overexpressing nNOS, where the nNOS sequence had been derived
from rat cerebellum, phosphorylation of NOS results in reduced activity (Dawson et
al.,, 1993). Similarly, NOS activity is reduced by activation of protein kinase C
(PKC) (Bredt et al., 1992) and protein kinase A and G (Dinerman et al., 1994). PKC
depletion or inhibition increases basal and stimulated NOS activity in cultured
cerebellar granule cells (Riccio et al, 1996), and NMDA-stimulated cGMP
production is reduced by PKC activation in mouse cortical cultures (Carroll et al.,

1996).

However, PKC-activation increases cGMP production in response to metabotropic
glutamate receptor stimulation in adult rat cerebellar slices (Okada, 1995) and
NMDA stimulated NOS activity in cultured mouse striatal neurons is dependent on
PKC (Marin et al., 1992). While CaM kinase II-mediated phosphorylation decreases
NOS activity in whole brain extracts, phosphorylation by PKC increases activity
(Nakane et al., 1991). In nNOS purified from cerebellar tissue PKC increases the
maximal in vitro activity while in cerebellar slices it increases the calcium sensitivity
but has no effect on maximal nNOS activity. This increased calcium sensitivity
occurs without an increase in nNOS phosphorylation, implying the phosphorylation
of an intermediary protein (Okada, 1996). The effects of phosphorylation on NOS
activity are therefore not clear, and consequently reduced NOS activity cannot be

inferred from increased NOS phosphorylation.

In addition to these context- dependent differences in the effects of NOS
phosphorylation, the cGMP response of cerebellar prisms to NMDA changes with
age. Prisms from animals 5-21 days old demonstrate a pronounced cGMP response

that is not seen with prisms from older animals. Not all of this age related decline in



responsiveness can be attributed to disruption of neuronal arborisation during tissue
preparation, since at intermediate ages there is reduced responsiveness in the face of
preservation of structure (Garthwaite and Balédzs., 1978), and differences between
neonatal and adult tissue in the distribution of cGMP production may be more
important in this regard (De Vente et al., 1990). In addition, a two component
inhibition of NMDA-stimulated cGMP production in neonatal rat cerebellar prisms
has been observed with L-N -nitroarginine (East and Garthwaite, 1990), implying

the co-existence of multiple regulatory pathways.

While the data presented here demonstrate that FK506 has no effect on NOS activity
in neonatal cerebellar prisms, they cannot be taken to prove the lack of such an effect
in adult cortex. Not only are there age related differences in cGMP responsiveness,
but also the activity of phosphorylated NOS varies depending on the tissue in which
it is tested. Without further evidence it would therefore be unjustified to generalise
from the current data to infer a lack of effect of FK506 on NOS activity in adult rats

subjected to focal cerebral (predominantly cortical) ischaemia.

However, such further evidence does exist. In 1993, Dawson et al demonstrated a
protective effect of FK506 on NMDA toxicity in primary cortical culture that was
associated with reduced NOS activity as evidenced by reduced cGMP production.
They attributed this effect to reduced NOS activity caused by FK506- mediated
calcineurin inhibition (Dawson et al., 1993). However, the same authors have more
recently reported that the protective effect of FK506 is still observed in cultures
completely devoid of nNOS derived from transgenic animals with a deletion of the
nNOS gene (Dawson et al., 1996). Furthermore, the neuroprotective effect of FK506
following gerbil transient global ischaemia (Tokime et al., 1996) or rat middle
cerebral artery occlusion (Toung et al., 1999) is not a consequence of nNOS
inhibition.

In conclusion, evidence from primary cortical culture and animal models along with
this evidence from cerebellar prisms provide strong evidence that the neuroprotective
effect of FK506 is not a consequence of NOS inhibition. To address the issue of

which alternative mechanisms might be involved I have adopted a cell culture based
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approach, and the characterisation of terminal differentiation in the SHSY-5Y

neuroblastoma cell line is described in the next chapter.
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CHAPTER 4

CHARACTERISATION OF THE
TERMINAL DIFFERENTIATION
OF SHSY-5Y CELLS

In this chapter I report the characterisation of the properties of SHSY-5Y cells at low
and high passage in response to serum reduction, retinoic acid or combined serum
reduction and retinoic acid. In low passage SHSY-5Y cells combined treatment leads
to terminal differentiation to a neuron- like phenotype, as manifest by a stabilisation
of population number, the development of rounded phase bright cell bodies and of

immunopositivity for the neuronal marker MAP-2 and the G, associated protein

p2 I waf.

At higher passages this process of differentiation is incomplete.

INTRODUCTION

SHSY-5Y cells

SHSY-5Y cells have been used for more than two decades in studies of the neuronal
response to diverse stimuli. However, in spite of their widespread application there is
no clear consensus on their optimal use. Many different differentiation regimes have
been reported, and often no reference is made in such reports to the passage number

at which the cells are used or even to the differentiation status.

Over 25 years ago the SK-N-SH cell line was derived from a bone marrow aspirate
of a 4 year old girl with metastatic neuroblastoma (Biedler et al., 1973), and its
subcloning to form the SHSY-S5Y cell line was reported in 1978 (Biedler et al, 1978).
Undifferentiated cells form homogenous neuroblast- like populations and
demonstrate levels of dopamine B- hydroxylase and butyryl cholesterase activity
similar to those seen in extracts of neural tissue (Biedler et al., 1978; Ross et al.,

1983).
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As a tumour cell line derived from human tissue SHSY-5Y cells have a number of
potential advantages over other in vitro and in vivo approaches. Compared with
primary culture and notwithstanding the recent growth in the availability of
transgenic animals, tumour cell lines provide greater opportunity to influence
patterns of gene expression. Sub cloned cell lines manifest, at least at early passages,
more substantial genetic identity between preparations than do cells in primary
cortical culture. Furthermore, the capacity of tumour cell lines for population
expansion allows a ready supply of material without the need for animal sacrifice.
Compared with animal models of disease cell lines are less expensive, are easier to
manipulate for biochemical or molecular analyses, and avoid ethical concerns about
the use of animals in scientific procedures. A further advantage enjoyed by SHSY-
5Y cells is that, being derived from a human tumour, they enjoy a compliment of

human, rather than rat or mouse, genes and proteins.

Novel proteins may be introduced to such cell lines using viral transfection
techniques, and because population expansion occurs cells bearing transcripts can be
selected, for instance by co-transfection with genes bearing resistance to antibiotics
such as neomycin. Similarly, cells may be grown for prolonged periods in the
presence of antisense oligodeoxynucleotides, or DNA encoding antisense sequences

may be introduced, leading to reductions in the expression of target proteins.

Undifferentiated SHSY-5Y ceils have been used to study the effects of diverse
insults including staurosporine (Posmantur et al., 1997), beta amyloid peptide (Li et
al., 1996), and 1-methyl 4-phenylpyridinium (MPP+) (Itano and Nomura, 1995), but
the extent to which the results of these investigations are relevant to terminally
differentiated adult neurons is not clear. Treatment with retinoic acid (Pahlman et al.,
1984), nerve growth factor (Jensen, 1987; Perez-Polo et al., 1979), phorbol ester
(Spinelli et al., 1982) or dibutyrl cyclic AMP (Perez-Polo et al., 1979) has been
reported to result in the terminal differentiation of SHSY-5Y cells as evidenced by
neurite outgrowth and enhanced electrical excitability. However, many studies do not

record the passage number at which cells were used, and the effects of passage
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number on the differentiation process are unclear.

The capacity to grow and divide which is central to tumour cell lines is not a feature
of mature adult CNS neurons. Indeed, at least in undifferentiated tumour cells,
regulation of cell survival is by definition disordered. Any inferences made from the
study of cell death in such systems must therefore be qualified, and supportive

evidence sought from other disease models.

Preliminary experiments

Because of the advantages outlined above, in particular the human derivation of the
SHSY-5Y line and the potential to use an antisense strategy to reduce the expression
of putative targets of FK506, I set out to test the efficacy of FK506 in preventing
SHSY-5Y cell death in response to a number of stimuli. Other workers in the
laboratory had demonstrated no effect on death caused by exposure to glutamate or
to NMDA. Therefore the insults chosen were ionomycin, staurosporine, and serum

withdrawal.

Preliminary experiments to examine the toxic effects of ionomycin and staurosporine
were carried out on cells at passage 74 to 80 derived from stocks frozen at passage
72. The differentiating regime used at this time was exposure to 10uM retinoic acid
in medium containing 10% serum. Laboratory practice was to make up a 10mM
solution of retinoic acid in alcohol, to store this protected from light in the fridge for

up to six months and to treat cells once in a seven-day differentiating period.

However, it became apparent that after 7 days there was considerable variability in
cell morphology and number, with many cells appearing more like fibroblasts than
neurons. This was reflected in marked variability in the cellular response to a given
insult, and resulted in considerable difficulty in robustly reproducing any given

result.
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Stability of retinoic acid

One possible reason for the variation was differences in the activity of added retinoic
acid. Following discussion with the technical support section of the Sigma Chemical
Company laboratory practice in the preparation of retinoic acid was changed such
that it was subsequently made up in DMSO at 10mM and stored in aliquots at -70°C
for a maximum of one month before use. Because of concerns about its stability in
aqueous solution medium containing retinoic acid was replaced every 48 hours

during differentiation rather than only once.

High passage

A second potential explanation was that at high passage the homogeneity of the
SHSY-5Y population might be compromised, with culture conditions selecting
emergent clones with shorter cell cycles, resistance to the population- stabilising
effects of differentiating agents, and more primitive morphologies. Indeed, there is
some evidence to support this view, with the demonstration that while at passage 3
clusters of SHSY-5Y cells have exclusively neuroblast morphologies, by passage 19
non- neuroblast (epithelial or mixed) morphologies were seen in 4.9% of such

clusters (Ross et al., 1983).

To test the homogeneity of passage 82 SHSY-5Y cells 1,500 cells per well were
plated to 6 well plates and grown under normal, non- differentiating conditions. After
seven days the cells were fixed and stained for MAP2 as described in Chapter 2.
Under these conditions cells are sufficiently widely distributed for those cells arising
from a single plated cell - that is cells of clonal origin - to be clearly identifiable in
well-localised clusters within which there was a high degree of morphological

homology.

In 100 such clusters the morphology was neuron- like in 27%, epithelial in 37%,
intermediate in 20% and mixed in 16%. Photomicrographs of such clusters are
shown in Figure 4.1. In (a) the morphology is in large part epithelial, although a few
cells show phase bright spindle shaped cell bodies, some of which show more MAP2
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Figure 4.1: Phase contrast images and MAP2 immunopositivity in p82 SHSY-
5Y clusters at 7 D.I.V.

Phase Contrast MAP

Bar = 50pm.
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immunopositivity than neighbouring cells. In (b), which is at higher power, cells are
more uniformly epithelial, forming a carpet of cells with only one pyramidal
neuron- like MAP2 positive cell. In (c) the cells are more typically neuron- like,
being widely distributed and demonstrating rounded to phase bright cell bodies with
fine neuritic processes and MAP2 positivity at immunostaining. (d) shows a similar
cluster at higher power, and in addition to the features in (c) also shows the presence

of numerous connections between adjacent cells.

These findings provided compelling evidence that at passage 82 SHSY-5Y cells
cannot be considered to be a clonal cell line. I therefore identified a source of low
passage SHSY-5Y cells (the European Collection of Animal Cell Cultures, ECACC
number 94030304) and compared the behaviour of cells at high and low passage.

Differentiating regimen

A third explanation might be that the differentiating regime was not optimal. In a
number of tumour cell lines, differentiation is achieved by a combination of a
differentiating agent and a reduction in the amount of serum added to the culture
medium. I therefore examined the effects of retinoic acid and of reducing the serum

concentration from 10% to 1%.

Experimental approach

The extent of terminal differentiation was determined quantitatively on the basis of
cell number and qualitatively by effects on cell morphology and the abundance of the
neuronal marker MAP2 and the G, associated protein p21“*. MAP2 was chosen as it
is ubiquitously expressed in neurons but not in other cell types, and so would serve
as a marked for a neuron- like phenotype. Terminally differentiated SHSY-5Y cells
should exit the cell cycle and demonstrate increased abundance of proteins associated

with G,, and for this reason p21** immunopositivity was determined.

In this chapter I demonstrate that treatment of undifferentiated cells at passage 13 to

15 with 10uM retinoic acid and serum reduction from 10% to 1% for seven days
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results in stabilisation of population number, a more neuron- like morphology and
increased immunopositivity for MAP2 and p21“'ar. However, cells at passage 74 to
77 subjected to the same treatment resume population expansion after three days.
These results provide a method for the terminal differentiation of low passage
SHSY-5Y cells.

RESULTS
Population humber

Undifferentiated cells

Population number for cells grown with 10% FCS increased rapidly, and the rate of
increase was similar for cells at both low and high passage. The number of Trypan
Blue excluding cells doubled after three days in culture and was increased five fold
after 7 days (Fig 4.2).

Differentiating conditions

In the presence of 1% serum and 10puM retinoic acid cultures at low passage showed
no significant increase in population number at three or seven days. In contrast, while
cell number in high passage cultures was unchanged at three days, by seven days it
was significantly higher than control (6.45m +/- 0.24m versus 2.32m +/- 0.11m,
mean +/- s.e.m., p<0.05, one way ANOVA with Dunnett’s method for multiple
comparisons) (Fig. 4.3).

These data are brought together in Figure 4.4, demonstrating that once population
expansion begins in high passage cells under differentiating conditions, the rate of
expansion is similar to that seen under non-differentiating conditions. It appears that
high passage cells become almost completely resistant to the restraining influence of

differentiating conditions on the rate of cell division.
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Figure 4.2: Population expansion under non- differentiating conditions
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Increase in number of harvested Trypan Blue excluding SHSY-5Y cells at passage 8
(filled circles) or 72 (open circles) under non - differentiating conditions. Results
represent means of three independent experiments, *p<0.05 versus day 0, one way
ANOVA with Dunnett's post hoc test.
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Figure 4.3: Population expansion under differentiating conditions
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(filled circles) or 72 (open circles) grown in 1% serum and 10pM retinoic acid.
Results represent means of three independent experiments, *p<0.05 versus day 0,
one way ANOV A with Dunnett's post hoc test.
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Figure 4.4: Population expansion under differentiating and non- differentiating

conditions
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Combined data from Figs 2 and 3. Increase in number of harvested Trypan Blue
excluding SHSY-5Y cells at passage 8 (circles) or 72 (inverted triangles) under non-
differentiating (10% serum, filled symbols) of differentiating (1% serum and 10uM
retinoic acid, open symbols) conditions. Results represent means of three
independent experiments, *p<0.05 versus day 0, one way ANOVA with Dunnett's
post hoc test.
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High passage cells

Cell morphology

Figure 4.5 compares the morphologies of high passage cells treated for seven days
with serum reduction and retinoic acid alone or in combination. Both treatments lead
to a reduction in cell density, and this is more marked when they are given in
combination. This reduction in density is associated with the development of
rounded, phase bright cell bodies and neuritic processes seen most clearly with
combined treatment. However, even under these conditions many cells retain a more

primitive, undifferentiated appearance.

p21" immunopositivity

With the exception of occasional cells no treatment was associated with p21™*

immunopositivity above background levels (Fig 4.6). A higher magnification view of
cells subjected to combined treatment is shown in Fig. 4.7, and again no

immunopositivity is apparent.

MAP2 immunopositivity

Serum reduction and retinoic acid treatments were each associated with a minor
increase in MAP2 immunopositivity (Fig. 4.8), and with combined treatment this
effect was more pronounced. At higher magnification (Fig. 4.9) it can be seen that
MAP2 immunoreactivity is localised to cells manifesting neuron- like morphologies,

and that within such cells it has a peri-nuclear and axonal distribution.

Low passage cells

Cell morphology

Figure 4.10 compares the morphologies of low passage cells treated for seven days
with serum reduction and retinoic acid alone or in combination. Both treatments lead

to a reduction in cell density, and this is considerably more marked when they are
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Figure 4.5: Effect of 7 days treatment with serum reduction, 10uM retinoic

acid or both on phase contrast appearance of high passage SHSY-5Y cells.
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Figure 4.6: Effect of 7 days treatment with serum reduction, 10uM retinoic
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Figure 4.6: Effect of 7 days treatment with serum reduction, 10uM retinoic
acid or both on p21**" immunopositivity in high passage SHSY-5Y cells.

10% 1%

inoic

+ 10pM Ret

Bar = 50um.

=92 <




inoic

d 10uM ret

ion an
in high passage SHSY-5Y cells.

Effect of 7 days treatment with serum reducti

Figure 4.7

tiv

immunoposi

acid on p21*3f

Bar=12.5um.

-93.



Figure 4.8: Effect of 7 days treatment with serum reduction, 10uM retinoic

acid or both on MAP2 immunopositivity in high passage SHSY-5Y cells.
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Figure 4.9: Effect of 7 days treatment with serum reduction and 10uM retinoic
acid on MAP2 immunopositivity in high passage SHSY-5Y cells.

Bar = 12.5pm.
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given in combination. This reduction in density is associated with the development of
rounded, phase bright cell bodies and neuritic processes seen most clearly with

combined treatment, although some cells retain a more primitive appearance.

p21" immunopositivity

Under control conditions, scattered cells are p21™* positive (Fig. 4.11). Serum
reduction, but not retinoic acid, leads to increased immunopositivity, and in
combination this difference is pronounced. At higher magnification (Fig. 4.12) it is
clear that this immunopositivity is distributed throughout neuron- like cells, but is
most pronounced in the nucleus. However, it is also clear that epithelial cells remain

even under these conditions, and these do not stain for p21 Wl

MAP2 immunopositivity

Under control conditions a large proportion of cells are MAP2 positive, although
there is also a considerable contribution from epithelial, immunonegative cells (Fig.
4.13). Serum reduction but not retinoic acid led to a qualitative increase in the
proportion of MAP2 positive cells, and in combination serum reduction and retinoic
acid lead to MAP2 immunopositivity in cells with neuron- like
morphologies (seen at higher power in Fig. 4.14). However, there remain cells with

epithelial morphologies that do not stain for MAP2.

DISCUSSION

These results demonstrate that treatment of low passage SHSY-5Y neuroblastoma
cells with serum reduction and retinoic acid for seven days results in them assuming
a phenotype more typical of terminally differentiated adult neurons. This change is
manifest as a stabilisation of population number, the development of rounded phase
bright cell bodies set against a dense neuritic network and immunopositivity for
MAP2 and p21“*. However, even under these conditions a proportion of cells

£
V& or for

remain which have epithelial morphology and which do not stain for p21
MAP2. In contrast, while high passage cultures show some reduction in population
growth in response to the combination of retinoic acid and serum reduction this

effect is not sustained, and while they develop some immunopositivity for MAP2
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Figure 4.10: Effect of 7 days treatment with serum reduction, 10uM retinoic

acid or both on phase contrast appearance of low passage SHSY-5Y cells.
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Figure 4.11: Effect of 7 days treatment with serum reduction, 10uM retinoic

acid or both on p21%f immunopositivity in low passage SHSY-5Y cells.
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Figure 4.12: Effect of 7 days treatment with serum reduction and 10uM
retinoic acid on p21"*" immunopositivity in low passage SHSY-5Y cells.

Bar =12.5pm.
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Figure 4.13: Effect of 7 days treatment with serum reduction, 10uM retinoic
acid or both on MAP2 immunopositivity in low passage SHSY-5Y cells.
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Figure 4.14: Effect of 7 days treatment with serum reduction and 10uM
retinoic acid on MAP2 immunopositivity in low passage SHSY-5Y cells.

Bar=12.5pm.
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they do not do so for p21™.

p21™* belongs to a family of proteins that interact with and inhibit cyclin - cyclin
dependent kinase complexes, resulting in cells withdrawing from the cell cycle. The

1™ contains a functional retinoic acid response element in its promoter

gene for p2
region (Liu et al., 1996). However, in the current experiments the effect of serum
reduction alone was more marked than that of retinoic acid alone. One possible
interpretation is that increased p21“*' abundance may be a general feature of
differentiation independent of the differentiating stimulus. This view is supported by
the increased p21™* abundance observed in SHSY-5Y cells differentiated with
aphidocolin and nerve growth factor (Poluha et al., 1996). Indeed application of this
differentiating stimulus to SHSY-5Y cells where p21“"lf expression had been blocked
using antisense techniques resulted in cell death with nuclear changes typical of

waf

apoptosis, implying that p21™" expression is required for cell survival during

differentiation (Poluha et al., 1996).

High passage SHSY-5Y cells are clearly less responsive to serum reduction and
retinoic acid than those at low passage. This may be related to increased genomic
instability at higher passages leading to the emergence of clones resistant to terminal
differentiation. In their original paper Biedler et al (Biedler et al., 1973) reported that
the modal number of chromosomes in the parent SK-N-SH cell line was 47 (range 45
to 48), the most common additional chromosome being a long, structurally abnormal
submetacentric marker of unknown origin. Subsequently Ross et al (Ross et al.,
1983) demonstrated changes in the distribution of different colony types with
passage number. After 3 passages each of 1,000 colonies examined demonstrated
neuroblastic morphology, but after a further 16 passages 37 of 1,000 colonies
manifested epithelial morphology and 12 a mixed morphology. The observation
reported here that only 27% of colonies at passage 82 had a predominantly neuron
like morphology is consistent with the emergence of yet more heterogeneity, and
divergence from neuroblast- like properties, at passages higher than those examined

by Ross et al.
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These findings demonstrate that following treatment with retinoic acid and serum
reduction low passage SHSY-5Y cells develop features of terminally differentiated
neurons. However, not all cells manifest all such features, and indeed some manifest
none of them. On this basis low passage terminally differentiated SHSY-5Y cells
should be used with caution. While they have many of the advantages described
above for cell lines and are human in origin, they cannot be considered to represent a
uniform population of neuron- like cells, and therefore some dilution of any effect

may be anticipated.

At higher passages the effect of retinoic acid and serum reduction is much less
pronounced. SHSY-5Y cells should not be used at high passage, and reports of the
use of SHSY-5Y cells should specify the passage number.

Terminally differentiated SHSY-5Y cells provide an opportunity to study the death
of a neuron- like cell in response to diverse stimuli. Such death in response to the
calcium ionophore ionomycin, the protein kinase C inhibitor staurosporine and to

serum withdrawal is described in the next chapter.
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CHAPTER 5

RESPONSE OF SHSY-5Y CELLS
TO IONOMYCIN,
STAUROSPORINE AND SERUM
WITHDRAWAL

INTRODUCTION

One approach to the investigation of the mechanism(s) subserving the
neuroprotective actions of FK506 in animal models of focal cerebral ischaemia is to
identify cell culture systems in which cells die in response to a relevant stimulus and
in which FK506 prevents or inhibits that death. The importance of proteins purported
to mediate the protective effect of FK506 might then be assessed either through the
use of pharmacological inhibitors of such proteins, of primary cultures derived from
transgenic animals lacking genes encoding those proteins or of cell lines using

antisense techniques to reduce the expression of those proteins.

The terminal differentiation of the SHSY-5Y neuroblastoma cell line was described
in the previous chapter. These cells have some properties that might be considered
useful in the investigation of the neuroprotective effect of FK506. As tumour cells
they provide an effectively unlimited source of cells that can be grown for prolonged
periods in the presence of antisense oligodeoxynucleotides, allowing reductions in
the level of proteins. Alternatively, they might be transfected with foreign DNA to
over express proteins of interest, or DNA encoding antisense sequences to genes of
interest, or DNA encoding mutated proteins with dominant- negative activity. Using
cotransfection with antibiotic resistance genes it would be possible to select cells in
which foreign DNA had been successfully incorporated, and then using retinoic acid
and serum reduction to terminally differentiate these cells to a mature neuron- like
phenotype. Furthermore, as a human cell line they would be, in some respects, more

representative of cellular responses following human neuronal cell injury than
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models using tissue derived from other animals.

Against this background I have examined the effect of ionomycin, staurosporine,

serum withdrawal on terminally differentiated SHSY-5Y cells.

Ionomycin is a calcium ionophore, exposure to which causes a rapid increase in
intracellular calcium. In T lymphocytes ionomycin causes activation of NFAT1 and
T lymphocyte activation. This effect is blocked by FK506 (Shaw et al., 1995). In
HL-60 human promyelocytic cells, ionomycin causes apoptosis (Park et al., 1996)
and in neuronal primary cortical cultures ionomycin reduces survival (Durkin et al.,
1996).

Staurosporine is a broad-spectrum protein kinase C inhibitor which also has
inhibitory effects on other protein kinases and which in addition has recently been
shown to increase the activity of a previously uncharacterised c-Jun NH; terminal
kinase (Yao et al., 1997). In a wide range of cell types including neurons exposure to
staurosporine rapidly leads to a cell death with morphological and biochemical
features of apoptosis (Wiesner and Dawson, 1996; Weil et al., 1996; Jacobson et al.,
1996; Krohn et al., 1998). The precise mechanism through which this occurs is not
known. Given the evidence discussed in Chapter 1 suggesting an important role for
apoptosis in the neuronal cell death in stroke I have examined staurosporine-induced
death in SHSY-5Y cells and the effect on this of FK506.

In many neuronal cell culture systems withdrawal of serum leads to apoptotic cell
death (Miller and Johnson, 1996; Umegaki et al., 1996; Kim et al., 1999; Howard et
al., 1993). In undifferentiated SHSY-5Y cells, serum withdrawal causes apoptotic
cell death (Posmantur et al., 1997), and I have examined the consequences of serum
withdrawal in terminally differentiated SHSY-5Y cells and the impact on this of
FK506.

Exposure to excitotoxins is often used in cell culture models of stroke, and indeed

FK506 has been shown to have protective effects in primary neuronal culture in
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response to such stimuli (Dawson et al., 1993). However, previous work in our
laboratory had shown no effect of FK506 on glutamate- or NMDA- induced death in
SHSY-5Y cells, and so the effect of FK506 on excitotoxic death in SHSY-5Y cells

was not tested.

RESULTS
lonomycin

Time course

Exposure to ionomycin at a concentration of 1pM caused a rapid reduction in
survival as measured using release of lactate dehydrogenase to the surrounding
medium. This effect was most pronounced in cells grown at low density (50,000 cells
per well), where near- maximal death was observed within 2 hours of ionomycin
exposure. However, even in cells grown at high density (150,000 cells per well)

death was rapid, with near maximal death occurring within 4 hours (Fig. 5.1).

Concentration dependence

This death was concentration dependent at both low- and high- density. LDH release
at 24 hours is shown in Figure 5.2. Interestingly, under control conditions
proportionate LDH release at 24 hours was higher in cells grown at low density, and
the concentration- response curve for ionomycin for low density cells was shifted
downwards with respect to high density cells, implying that cells at low density are
more susceptible to the toxic effects of medium change (control conditions) and
ionomycin. The ECsy was estimated by curve fitting to be 200nM at low density (r* =
0.996), and 450nM at high density (r2 = 0.991) (Fig 5.3). However, when the data
was normalized such that survival under control conditions was defined as 100%
survival (Fig 5.4), there was no significant difference between the concentration-

response curves at the two densities (F=3.171, p=0.077, two way ANOVA).
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Figure 5.1: Timecourse of death in response to ionomycin
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Figure 5.2: Concentration- response curves for ionomycin
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Figure 5.3: Curve fitting to ionomycin concentration- response data
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Figure 5.4: Normalised ionomycin response
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concentration- response curves become closer compared with figure 2, and the data
for low (closed circles) and high (open circles) density cultures are not significantly
different (mean + s.e.m.: Two way ANOVA; n=8, F=3.171, p=0.077).
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Comparison of different endpoints

Both the Calcein AM™ and LDH assays measure the integrity of the cell membrane,
whereas the MTS assay is an index of mitochondrial respiratory activity, measuring
the conversion of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyphenoxyphenyl)-
2-(4-sulphophenyl)-2H-tetrazolium] to a coloured formazan product. While both
mitochondrial function and cell membrane integrity are lost as cells die, the
timecourse of these changes may be different, and at any one time they may have
proceeded to a different extent. In particular, loss of cell membrane integrity is often

held to be an early event in necrotic cell death and a late event in apoptosis.

I therefore compared the MTS, LDH and Calcein AM assays after exposure to
ionomycin for 24 hours. Figure 5.5 shows that across these assays the response to
increasing concentrations of ionomycin is broadly similar, and the normalised curves

are superimposed.
Characterisation of ionomycin- induced death

In primary cortical culture ionomycin causes neuronal death with some features of
apoptosis, but the response of SHSY-5Y cells has not been characterised. The
features of ionomycin induced SHSY-5Y death were therefore examined, with

particular regard to the presence or absence of features of apoptosis.

Caspase activity

Apoptosis requires the efficient disassembly of the cell, co-ordinated by the activity
of one or more members of the caspase family. Using an antibody that detects the
processed subunits of caspase 3 the large p17 subunit was not detected, and there
was no proteolysis of one known caspase 3 substrate, poly (ADP-ribose) polymerase
(PARP). In extracts from cells exposed to ionomycin, caspase 3-like activity
(measured using a fluorogenic Group II caspase peptide substrate (Ac-Asp-Glu-Val-
Asp-; Ac-DEVD-AMC; Thornberry et al, 1997) was not significantly increased

above control levels (Table 5.1). However, activity was present in extracts of A1.1 T
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Figure 5.5: Comparison of different endpoints for ionomycin- induced death
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(inverted triangles) assay systems. For each assay survival is normalised to Control
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s.e.m.: n=12 per point).
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cell hybridomas that had been induced to undergo apoptosis following exposure to

dexamethasone.

Table 5.1: Effect of ionomycin on DEVD cleavage activity

Negative Control Ionomycin 300nM Positive Control
Dexamethasone treated
Al.l cells

0.144 £+ 0.016 0.243 + 0.073 1.091 + 0.064

mean + s.d; relative fluorescent units per mg protein per minute; Data from three
independent experiments

Other features of apoptosis

Oligonucleosomal DNA fragmentation was not present, nor were the nuclear changes
found in apoptosis; neither Hoescht 33258 fluorescence or light microscopy of
toluidine blue stained thick sections demonstrated nuclear fragmentation or

crescentic chromatin condensation.

Effect of FK506

Figures 5.6 and 5.7 show survival in cells exposed to 300nM ionomycin either alone
or in combination with three different concentrations of FK506 for 2, 4, 6 or 24 hours
at low (Fig. 5.6) or high (Fig. 5.7) density. At no combination of duration of
exposure, concentration of FK506 or cell density was a protective effect of FK506
seen, and indeed at the highest concentration, particularly in high density cultures,
there is a trend towards a toxic effect of FK506. In these experiments, cells were
incubated with FK506 for 24 hours before ionomycin was added, but the results were

comparable if FK506 was added at the same time as ionomycin.

Discussion

Ionomycin causes death in SHSY-5Y cells at similar concentrations as reported for
primary cortical cultures (Takei et al., 1995; Datta et al., 1997a). The timecourse of

death in SHSY-SY cells is very rapid, with near maximal death occurring in low-
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Figure 5.6: Effect of FK506 on ionomycin- induced death in low density
cultures
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circles), 4 (open circles), 6 (closed triangles) or 24 (open triangles) hours in the
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s.e.m.: n= 8 per point).
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Figure 5.7: Effect of FK506 on ionomycin- induced death in high density

cultures
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presence of increasing concentrations of FK506. FK506 was without effect (mean +

s.e.m.: n= 8 per point).
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density cultures within two hours. While apoptosis can proceed to completion over

such short timescales, it usually takes longer.

Furthermore, the equivalence of concentration- response curves using endpoints
measuring mitochondrial function and membrane integrity implies that membrane
integrity is not preferentially preserved, as occurs in apoptosis. Finally, there was no

caspase activation, DNA fragmentation or nuclear changes of apoptosis.

Taken together, these observations demonstrate SHSY-5Y cells exposed to
ionomycin do not die by apoptosis. This is in contrast to primary cortical culture,
where exposure to relatively high (1pM) concentrations of ionomycin have been
reported to lead to the development of changes in nuclear morphology typical of
apoptosis (Hatanaka et al., 1996) and of oligonucleosomal DNA fragmentation
(Takei et al., 1995).

Cell survival is clearly affected by the density at which cells are grown, under both
control conditions and following ionomycin exposure. The reduction in survival
under control conditions seen in the LDH assay may reflect differences in the
concentration of survival factors elaborated by the cells themselves, with cells at high
density having higher concentrations of such survival factors. The shift of the
concentration- response curve following ionomycin exposure may simply be a
consequence of this general effect of density on survival, as when the data were

normalized (Control survival = 100%) no significant difference was observed.

While FK506 effectively inhibits ionomycin- and calcium- mediated events
including cell death in lymphocytes, it was without effect on SHSY-5Y cells. This
was the case across a range of concentrations of FK506 against a concentration of
ionomycin causing approximately 60% cell death. FK506 was also unable to delay
death, as it was without effect at 2, 4, 6 or 24 hours, and this lack of effect occurred
whether FK506 was added 24 hours before, or at the same time as ionomycin. At the
highest concentration studied, FK506 showed a non-significant trend towards

increased death, which could represent a negative effect on neuronal survival that
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would be more apparent at higher concentrations.

Staurosporine

Time course

Exposure to staurosporine at a concentration of 300nM caused a less rapid reduction
in survival compared with that observed for ionomycin. Again, death was most
pronounced in cells grown at low density (50,000 cells per well), where almost half
of the observed death occurred within the first 4 hours; at high density, in contrast,

half of the observed death occurred within 6 hours (Fig 5.8).

Concentration dependence

Staurosporine induced death was concentration dependent at both low- and high-
density. LDH release at 24 hours is shown in Figure 5.9. Under control conditions,
the proportionate LDH release at 24 hours was higher in cells grown at low density.
Following staurosporine exposure the concentration- response curve for low-density
cells was shifted to the left with respect to high-density cells, implying that cells at
low density are more susceptible to the toxic effects of staurosporine. Fitting a four
component sigmoid curve to the concentration response curve demonstrated an ECsy
of approximately 30nM at low density (r* = 0.996), and of 200nM at high density (r*
= 0.999) (Fig 5.10). When the data was normalised to control survival being 100%
this difference remained (Fig 5.11), and the curves were significantly different
(F=38.6, p<0.001, two way ANOVA).

Comparison of different endpoints

Again, the MTS, LDH and Calcein AM™ assays were compared following exposure
to staurosporine for 24 hours. In contrast to the results for ionomycin, the MTS assay
is significantly more sensitive to staurosporine-induced death than either the Calcein

AM™ or the LDH assays (Figure 5.12) (Two way ANOVA, F=11.8, p<0.001). At
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Figure 5.8: Timecourse of death in response to staurosporine
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Figure 5.9: Concentration- response curves for staurosporine
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24 hours, staurosporine has a more pronounced effect on mitochondrial respiration

than on membrane integrity consistent with it causing apoptotic death.

Characterisation of staurosporine- induced death

Caspase activity
100nM staurosporine caused a significant (p<0.03) increase in DEVD cleavage
activity (Table 5.2), in contrast to ionomycin, and consistent with the more

pronounced effect on mitochondrial respiration described above.

Table 5.2: Effect of staurosporine on DEVD cleavage activity

Negative Control Staurosporine 100nM Positive Control
Dexamethasone treated
Al.l cells

0.056 + 0.068 0.908* £+ 0.215 1.429 + 0.126

mean + s.d; relative fluorescent units per mg protein per minute;
*p<0.03 (t-test); Data from three independent experiments.

Effect of FK506

No combination of duration of exposure (from 2 to 24 hours), concentration of
FK506 (from InM to 100nM) or cell density was associated with a protective effect
of FK506 in cells exposed to 100nM staurosporine (Figs 5.13 and 5.14). These
results were comparable whether FK506 was added 24 hours before or at the same

time as staurosporine.
Discussion

Staurosporine causes a concentration dependent death in SHSY-5Y cells with a
timecourse of 4 to 6 hours, consistent with death occuring by apoptosis. The
increased estimate of death using the MTS assay of mitochondrial function compared
with the LDH assay of membrane integrity implies that membrane integrity is in this
case preferentially preserved, as occurs in apoptosis. Furthermore, SHSY-5Y death

was associated with caspase activation as manifest by a 16- fold increase in the rate
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Figure 5.10: Curve fitting to staurosporine concentration- response data
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Survival (y) = yo + (a/(1+e”((xo-log[staurosporine])/b) where a, b, xo and y, are
constants. The correlation coefficient r* for the line- fit was 0.996 for low density
(closed circles) and 0.999 for high density (open circles) cultures.
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Figure 5.11: Normalised staurosporine response
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Figure 5.12: C_omparison of different endpoints for staurosporine- induced
death
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differentiated SHSY-5Y cells at passage 13 to 18 at high density (150,000 cells per
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AM™ (inverted triangles) assay systems. For each assay survival is normalised to
Control survival = 100%. Note that while the curves for Calcein AM™ and LDH
assays are superimposed one on the other the MTS concentration- response curve is
more sensitive to staurosporine (mean + s.e.m.: n=12 per point).
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of cleavage of a synthetic Class II caspase substrate. Taken together, these
observations demonstrate that, in common with many neuronal culture systems,
SHSY-5Y death following staurosporine exposure manifests several features of

apoptosis.

The difference in the toxic effects of staurosporine between high and low density
cultures was more pronounced than seen with ionomycin, with a 6 to 7- fold
reduction in the ECso. Even when the effect of density on baseline survival is
eliminated, there remains a significant effect of density on staurosporine- induced
death. Clearly there is some survival influence present in high density cultures,
whether this be due to chemical or physical interactions between cells or to the
removal of some toxic compound - perhaps even staurosporine itself - from the
culture medium. The larger difference in the ECs¢ is consistent with staurosporine
causing death more typical of apoptosis and ionomycin causing death more typical of
necrosis, as many such survival influences appear able to inhibit apoptosis, while few

appear able to inhibit necrotic cell death.

FK506 was without effect in staurosporine treated SHSY-5Y cells. This was the case
across a range of concentrations of FK506 against a concentration of staurosporine
causing approximately 60% cell death. FK506 was ineffective if given 24 hours
before or at the same time as staurosporine, and was also unable to delay death, being
without effect at 2, 4, 6 or 24 hours. At the highest concentration, FK506 again
showed a non-significant trend towards increased death, as was seen with ionomycin

induced death.

Serum withdrawal

When serum was withdrawn from differentiated SHSY-5Y neurons a proportion of
the cells decreased in size, fragmented and eventually detached from the culture dish.
At 24 hours of withdrawal, analysis of collected, centrifuged cells using a chromatin
stain revealed a proportion of cells with shrunken nuclei containing condensed

chromatin (Fig. 5.15). At 48 hours these changes for individual cells appeared more
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Figure 5.13: Effect of FK506 on staurosporine- induced death in low density
cultures
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-125-



Figure 5.14: Effect of FK506 on staurosporine- induced death in high density

cultures
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pronounced and by 72 hours the chromatin in some cells was crescent shaped and
marginalised to the nuclear membrane. At later times however the overall proportion
of cells displaying this morphological change was not greatly increased and at 24 and
72 hours many apparently normal cells were observed. It was not possible to quantify
the numbers of apoptotic cells due to the limitations of the technique used.

Oligonucleosomal DNA fragmentation was not observed.

Apoptosis requires the efficient disassembly of the cell co-ordinated by the activity
of one or more members of the caspase family. Using an anti-caspase 3 antibody that
detects processed subunits the large p17 subunit of caspase 3 was detected in serum
deprived but not in control extracts at 24 hours, indicating processing and therefore
activation of the enzyme (Fig. 5.16a). Caspase 3- like activity, measured using
cleavage of a fluorogenic peptide substrate (Ac-DEVD-amc; Group II caspase
(Thornberry et al., 1997)), was significantly increased following 24 hours of serum
deprivation (Table 5.3) (p<0.05, t-test). In these and related samples, the proteolysis
of a known caspase 3 substrate, PARP, was observed (Fig 5.16b) particularly at 48

hours. Cleaved PARP was undetectable in control extracts.

Table 5.3: Effect of serum withdrawal on DEVD cleavage activity

Negative Control Serum withdrawal Positive Control
Dexamethasone treated
Al.l cells

0.115+0.025 0.209* + 0.019 1.885 + 0.487

mean =+ s.d; relative fluorescent units per mg protein per minute;
*p<0.03 (t-test); Data from three independent experiments.

FK506 may have neuroprotective properties through an inhibition of neuronal
apoptosis. I therefore examined whether FK506 could prevent serum withdrawal
induced apoptosis in SHSY 5Y cells. Exposure of serum-deprived cells to FK506
lead to a significant, concentration- dependent increase in survival at 24 hours
(F=8.38, p<0.001, one way ANOVA) as quantitatively assessed using the MTS
assay. After 24 hours of serum withdrawal alone cell viability was reduced to 69% of

that seen in controls (Fig 5.17); there was no further decline in viability at longer
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durations of serum withdrawal. The maximum effect of FK506 was observed at
30nM (viability 12% higher than serum withdrawal alone, p<0.05 with Dunnett's
method for multiple comparisons). No concentration of FK506 was able to
completely prevent the loss of viability that results from serum withdrawal. Indeed,
as with the experiments on the effect of FK506 on the toxicity of ionomycin and of
staurosporine, there is a suggestion of a toxic effect of FK506 at concentrations
greater than 1uM. The survival- promoting effect was not augmented when cells

were pre-incubated with FK506 for 24 hours prior to serum withdrawal.

To determine whether the effect of FK506 was due to inhibition of apoptosis I
examined its effects on markers of caspase activation. FK506 did not prevent either
the processing of caspase 3 to yield the large 17kdal subunit (Fig. 5.16a) nor the
proteolytic cleavage of PARP in SHSY-5Y cells deprived of serum for 48 hours (Fig.
5.16b). Furthermore, Ac-DEVD-amc cleavage activity was not reduced by FK506
(Fig. 5.16¢). Thus FK506 was able to promote the apparent short term viability of a
proportion of SHSY-5Y cells without inhibiting caspase activation or activity.

NGF withdrawal in mouse trigeminal ganglion sensory neurons

To determine whether FK506 had protective effects in other models of survival
factor withdrawal induced apoptosis the effect of FK506 on NGF withdrawal-
induced apoptosis in cultured embryonic mouse sensory neurons (Allsopp et al.,

1993) was examined by Dr. Timothy E Allsopp.

More than 90% of these cells (determined by direct counting of neurons) die within
48 hours of NGF withdrawal (Fig. 5.18). FK506 was only able to suppress a small
proportion of this death (F=15.48, p<0.001) with maximum effect seen at a
concentration of 100 nM (survival 18% of NGF-treated controls, compared with
survival of 4% in the absence of FK506; p<0.05 with Dunnett’s method for multiple
comparisons). At higher concentrations FK506 did not promote survival and at the

optimum concentration (100 nM) FK506 was unable to promote the long-term
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Figure 5.15: Effect of serum withdrawal on nuclear morphology

Terminally differentiated SHSY-5Y cells were either maintained in serum-containing
medium (1) or deprived of serum and retinoic acid for 24 (2), 48 (3) or 72 (4) hours.
Cells were then collected, rinsed in ice cold PBS and pelleted in preparation for
fixation and embedding. Thick sections were cut and stained with toluidine blue. At
24 hours some increased chromatin condensation is apparent and by 48 hours there is
crescent-shaped chromatin condensation (arrows). At 72 hours smaller chromatin
fragments consistent with nuclear break up are observed against a background of
cells which appear normal.
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Figure 5.16: Serum withdrawal results in caspase 3 processing, poly (ADP-
ribose) polymerase (PARP) cleavage and DEVD-amc cleavage activity
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Neurons were maintained under control conditions (lane 1) or subjected to serum
deprivation for 48 hours in the absence (lane 2) or presence (lane 3) of 100nM
FK506. Extracts were prepared for SDS-PAGE analysis with immunoblotting for (a)
caspase 3 or (c) PARP processing. Serum withdrawal results in accumulation of
caspase 3 pl7 subunit and PARP proteolysis. FK506 does not prevent either of these
effects. (b) Neurons were serum-deprived for 24 hours then collected, extracted and
caspase 3-like Ac-DEVD-amc cleavage activity analysed (Life Sciences Resources;
Fluoroskan Ascent) using appropriate excitation (340 nm) and emission (460 nm)
filters. Serum withdrawal leads to 3 fold increase in DEVD-amc cleavage activity
(p<0.05, One way ANOVA with Dunnett's method for multiple comparisons) and
FK506 has no effect on this activity.
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Figure 5.17: Effect of serum withdrawal on the viability of terminally
differentiated SHSY-5Y cells
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Neurons were serum deprived for 24 hours in the absence of FK506 (vehicle) or the
presence of various FK506 concentrations. Viability was subsequently assessed
using the MTS assay (see Materials & Methods) and data is expressed as viability as
a percentage of the maximum MTS signal in control cultures. 24 hours of serum
deprivation causes a decline in viability to 69% of non-deprived controls. FK506
treatment results in a promotion of viability (F=8.38, p<0.001, n=12) which is
concentration- dependent and which reaches a maximum of 77% of control at 10 nM
(*p<0.05, Dunnett’s post hoc test).
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Figure 5.18: Effect of NGF withdrawal on the viability of mouse trigeminal

ganglion sensory neurons
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Embryonic sensory neurons were initially grown in the presence of NGF (4 ng/ml)
and then deprived of NGF by extensive washing. The number of viable neurons
possessing a phase bright soma and intact neurites longer than 3 times the cell soma
diameter were initially counted in a defined area. 48 hours later the number of
remaining viable neurons in each experimental condition was assessed and the data
expressed as a percentage of the maximum cell survival seen in control (+NGF)
cultures. NGF deprivation, shown here on a logarithmic scale, causes a decline in
viability to 4% of control. FK506 treatment resulted in a concentration-dependent
promotion of viability (F= 15.48, p<0.001, n=16) to a maximum of 18% of control at
100 nM (*p<0.05, Dunnett’s post hoc test).
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viability of NGF-deprived neurons. Nearly all neurons maintained by FK506
treatment at 48 hours were dead by 72 hours of NGF deprivation (data not shown).
Thus FK506 was able to delay the death of a proportion of these neurons following
NGF deprivation.

Discussion

SHSY-5Y cells apoptose in response to serum deprivation

Terminally differentiated SHSY-5Y neurons undergo apoptosis in response to serum
withdrawal, as shown by changes in nuclear morphology, caspase processing and
activation and endogenous caspase substrate proteolysis. 24 hours serum withdrawal
leads to a 31% reduction in survival measured using the MTS assay. This is the first
demonstration of apoptosis occuring in response to serum withdrawal in

differentiated SHSY-5Y cells.

There was no further decline in viability from 24 to 72 hours, so the maximum
reduction in survival was 31%, indicating that many terminally differentiated SHSY-
5Y cells are resistant to serum withdrawal induced apoptosis. Survival beyond 72
hours was not measured because it would not be possible to distinguish between the
effects of withdrawing serum and of falling retinoic acid concentrations due to its
instability in solution; in SHSY-5Y cells withdrawal of retinoic acid has been
reported to cause apoptosis (Lovat et al., 1997). In Chapter 4 I have demonstrated
substantial heterogeneity of SHSY-5Y cells following differentiation, with many
cells retaining non-neuronal morphologies and remaining negative for the
differentiation markers MAP-2 and p21“’af']. Furthermore, being of malignant origin
these cells may have blunted responses to apoptotic stimuli. There may be
differences between cells in the integrity of death pathways and this may give rise to

substantial heterogeneity in the response to injury.
Oligonucleosomal DNA fragmentation was not observed in SHSY-5Y cells

following serum withdrawal using standard techniques that were able to detect such

DNA laddering in dexamethasone treated Al.1 T cell hybridoma cells. While DNA
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laddering is considered to be one of the cardinal features of apoptosis, there are
reports of apoptotic cell death occuring without oligonucleosomal DNA
fragmentation in hepatocytes exposed to transforming growth factor B (Oberhammer
et al., 1993) MOLT-4 cells exposed to staurosporine (Falcieri et al., 1993) and PC-12
cells subjected to serum withdrawal (Mesner et al., 1992). Alternatively, it may be
that because only one third of cells die their fragmented DNA contributes a smaller
proportion of total DNA which is therefore more difficult to detect on agarose gels. It
would be possible to address this question directly using alternative means of
demonstrating DNA fragmentation, for instance by growing cells in the presence of
bromodeoxyuridine (BrdUr) and staining electrophoresed DNA with an anti-BrdUr
antibody, or using a ligation mediated PCR based technique to amplify the DNA

fragments prior to conventional ethidium bromide/ agarose gel electrophoresis.

FKS506 has no effect on markers of apoptosis following serum withdrawal

FKS506 partially protects SHSY-5Y neurons from the decline in viability seen
following serum withdrawal. While this death response manifests several hallmarks
of apoptosis, the promotion of survival occurs without a detectable effect on caspase
3 processing or cleavage of Ac-DEVD-amc or PARP. Given the limited effect on
survival, it may be that western blotting is not sufficiently sensitive to detect changes
in caspase 3 processing or PARP cleavage. However, the lack of effect on Ac-
DEVD-amc cleavage activity at 24 hours suggests that FK506 does not inhibit
caspase activity following serum withdrawal. Alternatively, FK506 may inhibit
caspase activity earlier in the course of the response to serum withdrawal, reflected
in increased survival at 24 hours, with this inhibitory effect being lost by 24 hours.
This could be due to a reduction in the concentration of FK506 at 24 hours, as
described in Chapter 2, or to FK506 being able to delay but not prevent apoptosis

following serum withdrawal.

The MTS assay was chosen as the primary endpoint because it appeared to be more
sensitive to the development of apoptotic death following staurosporine exposure
than either the LDH or the Calcein AM assays. As the MTS assay measures

mitochondrial respiratory activity, it is conceivable that FK506 could be promoting
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an increase in mitochondrial activity independent of an effect on cell survival.
However, there was no such promotion of MTS signal in the continuing presence of
serum, and a similar effect of FK506 was observed in preliminary experiments using
the LDH assay. While Gold and colleagues have shown a trophic effect of FK506 on
SHSY-5Y cells (Gold et al, 1999), this occurs at lower concentrations (10 pM to 10
nM) than the survival promoting effect observed here. Furthermore, since FK506 had
no effect on the MTS signal under control conditions a direct trophic effect is
unlikely. Therefore, the most reasonable explanation for the observed effect of

FKS506 following serum withdrawal in SHSY-5Y cells is an effect on cell survival.

Effect of FK506 on mouse trigeminal ganglion cells

Embryonic mouse sensory neurons undergo apoptosis when deprived of NGF and the
reduction in viability is partially inhibited by FK506. The effect of FK506 was
quantified by counting the number of remaining cells and is therefore not reliant on
the MTS assay. As with SHSY-5Y cells FK506 had no effect on viability under
control conditions, providing further evidence against a neurotrophic mechanism for

the observed effects.

As with SHSY-5Y cells, the effect of FK506 is small, with a maximum of less than
20% of neurons remaining viable following 48 hours of NGF deprivation. This
compares with rescue rates of over 90% in cells treated with the caspase inhibitor

acetyl-Asp-Glu-Val-Asp-aldehyde (Allsopp et al., 1998).

Mechanism(s) of survival promoting effect of FK506

The mechanism(s) through which FK506 protects cells from the consequences of
survival factor withdrawal is not clear. In both SHSY-5Y cells and mouse trigeminal
sensory neurons less than one third of dying cells can be rescued, and in SHSY-5Y
cells there is no inhibition of caspase activity. Together with the near total inhibition
of NGF withdrawal induced apoptosis seen in trigeminal ganglion sensory cells
treated with caspase inhibitors this suggests that the protective effect of FK506 may
not be mediated through an inhibition of apoptosis.

-135-



FK506, cyclosporin and their analogues have been shown to augment the neurite
outgrowth-promoting effect of NGF on dorsal root ganglion explants and PC12 cells
(Steiner et al., 1997), and Gold et al have recently shown that a similar effect of
picomolar concentrations of FK506 on SHSY-5Y cells is due to inhibition of the
activity of FKBP 52 (Gold et al., 1999b). However, the lack of effect of FK506 under
control conditions on the end points used in both SHSY-5Y cells and trigeminal
ganglion sensory neurons in the present study argues against a neurotrophic

mechanism for the observed promotion of viability.

The immunosuppressant cyclosporin inhibits glutamate induced apoptosis in
cerebellar granule cells, and it is thought that this may occur through inhibition of
mitochondrial processes (Ankarcrona et al., 1996). However, this is not likely with
FK506, as in contrast to cyclosporine, FK506 has no effect on the mitochondrial

permeability transition (Friberg et al., 1998).

It may be that FK506 is able to inhibit some but not all components of the apoptotic
machinery, or that it is able to delay but not prevent caspase activation. FK506 is
known to inhibit the calcium dependent phosphatase calcineurin (protein phosphatase

2B), from which a number of consequences for neuronal survival might be predicted.

Survival signals such as insulin- like growth factor maintain neuronal survival by
stimulating phosphatidyl inositol 3' kinase (PI3K), and inhibition of PI3K by
compounds such as wortmannin results in cell death with many features of survival
factor withdrawal induced apoptosis (D'Mello et al., 1997). PI3K activation leads to
activation of protein kinase B (Akt) (Dudek et al., 1997). Akt activation leads to
reduced caspase 9 activity (Cardone et al., 1998); to activation of the transcription
factor NF kappal} (Ozes et al., 1999; Romashkova and Makarov, 1999), which can in
turn induce TRAF1, TRAF2, c-IAP1 and c-IAP2 leading to inhibition of apoptosis
(Wang et al., 1998); to retention of the Forkhead transcription factors FKHRL1 and
AFX in the cytoplasm, inhibiting their proapoptotic activity (Brunet et al., 1999:
Takaishi et al., 1999); and to phosphorylation of the proapoptotic Bcl2 family

member Bad.
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Overexpression of calcineurin kills cells by apoptosis (Shibasaki and McKeon 1995)
and phosphorylation of Bad inhibits apoptosis (Zha et al 1996, Datta et al 1997);
preventing Bad phosphorylation at serinel36 by expressing mutant Bad where this
residue is replaced by alanine abrogates the survival promoting effect of IGF-1 in
cerebellar granule cells (Datta et al., 1997b). Recently Wang et al have shown that
calcineurin can dephosphorylate Bad at multiple sites; that following L-glutamate
treatment of primary rat hippocampal neurons Bad is dephosphorylated and
translocated to mitochondria; and that these changes are blocked by FK506 and by
overexpression of mutated calcineurin with dominant-negative activity (Wang et al.,

1999).

Following survival factor withdrawal, decreased PI3K activity may lead to reduced
Akt activity; under the influence of calcineurin, Bad phosphorylation may diminish
with a consequent increase in its apoptosis- inducing activity. Therefore by reducing
calcineurin activity FK506 may delay the apoptosis-promoting activity of Bad
(Figure 5.19).

A number of experimental approaches could be adopted to further explore the

mechanisms of FK506's neuroprotective actions. Determining whether FK506

Figure 5.19: Possible mechanism of action of FK506
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analogues that are unable to inhibit calcineurin have survival promoting effects, or
whether FK506 protects cells when calcineurin expression is reduced by antisense
techniques, would confirm that FK506 mediates its effect through an effect on
calcineurin. Testing the effect on SHSY-5Y cell survival of PI3K inhibitors such as
wortmannin or LY 294002 would demonstrate whether or not survival influences
were mediated through tonic activation of a survival factor-PI3K— Akt pathway in
these cells. Finally, the effects of serum withdrawal and FK506 on serinel36
phosphorylation of BAD could be examined using the specific antibody generated by
Datta et al (Datta et al., 1997b).

GENERAL DISCUSSION AND CONCLUSIONS

Using three different insults I have demonstrated 3 different patterns of death in
terminally differentiated SHSY-5Y cells. The calcium ionophore ionomycin caused
rapid loss of mitochondrial function and membrane integrity, and FK506 was not
able to inhibit that death. The protein kinase inhibitor staurosporine caused a slower
loss of first mitochondrial function and then membrane integrity, and while this death

had some features of apoptosis FK506 was again without effect.

Withdrawal of serum resulted in SHSY-5Y apoptosis as manifest by nuclear changes
and caspase activation, and this reduction in survival was partially inhibited by
FK506. As has been found in some other systems, SHSY-5Y apoptosis was not
accompanied by oligonucleosomal DNA fragmentation; however, it may be that the
use of more sensitive techniques would be able to detect its presence. FK506 was
without effect on caspase activation at 24 hours, but any inhibition might be manifest

only at earlier time points.

How FK506 protects these cells is not clear, and further experiments are needed to
define its mechanism of action in this system. However, given that only one third of
cells die following serum withdrawal and that FK506 is only able to rescue around
one third of these, it may be difficult to design experiments where small changes in
the efficacy of FK506 would be apparent. Furthermore, since two-thirds of cells do

not appear to be affected by serum withdrawal, and two thirds of the remainder do
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not appear to be affected by FK506, changes in protein expression or enzyme activity
in the remaining ninth may be difficult to detect. In spite of these reservations, I
believe further study of serum withdrawal induced apoptosis in terminally
differentiated SHSY-5Y cells offers the potential to increase our understanding of the
mechanism of action of FK506.
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CHAPTER 6

DISCUSSION

FK506 is one of a number of chemicals, along with staurosporine, rapamycin and
wortmannin, that occur naturally in fungi and that have profound effects on signal
transduction in mammalian cells. This conservation of effect across species barriers
suggests that these compounds may be involved with modulating fundamental
processes common to much of the living world. With FK506 in particular, the
involvement of its binding proteins in diverse signaling pathways including calcium
release, the transforming growth factor 3 receptor and steroid receptor complexes
along with its ability, in complex with FKBP12, to inhibit the protein phosphatase
calcineurin gives it many possible mechanisms of action. Where biological effects
are of potential therapeutic importance, as with the immunosuppressive and
neuroprotective effects of FK506, understanding the mechanism(s) that subserve
these effects may help in the search for and the design of other drugs with greater

efficacy and lower toxicity.

FK506 has potent neuroprotective properties in focal cerebral (Sharkey and Butcher,
1994) and transient global (Tokime et al., 1996) ischaemia and improves motor
performance following middle cerebral artery occlusion (Sharkey et al., 1996). In
primary neuronal cortical culture, FK506 inhibits glutamate- induced neuronal death
(Dawson et al., 1993). In this thesis I have described the approach I have taken to

identify those actions of FK506 responsible for its neuroprotective properties.

Previously, these neuroprotective properties had been attributed to inhibition of
calcineurin-mediated dephosphorylation of nitric oxide synthase leading to reduced
nitric oxide production and reduced free radical mediated damage. Evidence in
support of this hypothesis came from primary cortical culture, where the
neuroprotective effect of FK506 was associated with increased phosphorylation and
reduced activity of nitric oxide synthase (Dawson et al.,, 1993). However, these

authors did not demonstrate that inhibition of NOS was required for the
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neuroprotective effect of FK506. Nonetheless, considerable evidence from both
pharmacological nNOS inhibition with 7-nitroindazole (Yoshida et al., 1994) and
from experiments in transgenic animals lacking nNOS (Hara et al., 1996; Huang et
al., 1994; Panahian et al., 1996) suggests that nNOS makes an important contribution

to neuronal death in stroke and that its inhibition has neuroprotective effects.

In Chapter 3 I describe experiments testing the hypothesis that FK506 is able to
inhibit NMDA induced NOS activity in cerebellar prisms ex-vivo. In prisms from
neonatal rats NMDA induces a rapid rise in NOS activity that in turn stimulates the
enzyme guanylate cyclase and leads to the accumulation of cyclic GMP. Using a
radioimmunoassay for cGMP I have demonstrated that cGMP accumulation begins
within a minute of NMDA stimulation and is inhibited by the NMDA receptor
antagonist MK-801 and the broad spectrum NOS inhibitor L-NAME. The NO donor
SNP stimulated cGMP production, and this was not inhibited by either MK-801 or L-
NAME. These results are consistent with NMDA inducing accumulation of cGMP
through stimulation of NOS. I have gone on to demonstrate that in cerebellar prisms
FK506 augments protein phosphorylation following NMDA stimulation, although I
have not examined directly the effect of FK506 on NOS phosphorylation. In this
system FK506 was entirely without effect on NMDA stimulated cGMP production.

The effect on protein phosphorylation demonstrates that FK506 is able to inhibit
calcineurin in this preparation. It may be that calcineurin and NOS exist in separate
cellular compartments, or that while inhibiting NO mediated ¢cGMP accumulation
FK506 simultaneously promotes cGMP accumulation through an alternative
pathway; unfortunately it was not possible to measure NO production directly.
However, the most credible explanation for these data is that in neonatal cerebellar
prisms FK506 does not inhibit NOS activity.

The extent to which it is possible to generalise from this finding to the effect of
FK506 on nNOS activity in adult cortex following middle cerebral artery occlusion
is not clear. Attempts to measure cGMP production in prisms from adult rat

hippocampus and cortex were unsuccessful because levels of cGMP produced were
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below the limits of detection of the radioimmunoassay used.

The absence of an effect on ¢cGMP production found here is in contrast to the
findings in primary cortical culture of Dawson et al (Dawson et al., 1993) that FK506
inhibits NMDA mediated cGMP production. This may reflect a regional difference
in the regulation of NOS activity. Alternatively, it may be that regulation of nNOS
activity in dissociated culture does not reflect the situation in ex vivo preparations

and in vivo following stroke, where FK506 may not inhibit nNOS activity.

Recent evidence supports the view that the neuroprotective effect of FK506 is not
dependent on inhibition of nNOS activity. Cortical cultures derived from mice
lacking nNOS are partially protected from NMDA- induced death, but not to the
same degree as wild type cultures protected with FK506. Furthermore, in cultures
lacking nNOS FKS506 was still neuroprotective, reducing death by almost 30%
(Dawson et al., 1996), demonstrating that nNOS is not required for the
neuroprotective effect of FK506. More recently, the same group has reported that
nNOS activity is not reduced by neuroprotective treatment with FK506 following
middle cerebral artery occlusion in rats (Toung et al., 1999). That is to say, the effect
of FK506 on nNOS activity in animal models of focal cerebral ischaemia mirrors the
effect shown in Chapter 3 in cerebellar tissue prisms ex vivo, and not the effects

reported earlier from primary cortical culture.

If FK506 is exerting its neuroprotective effects through other mechanisms, what
might these be? FK506 is known to inhibit activation- induced apoptosis in T
lymphocytes (Bierer et al., 1990), a process which involves marked increases in
intracellular calcium similar to those seen in neurons exposed to hypoxia or
excitotoxins. Apoptosis is now recognised as an important mode of neuronal death in
cerebral ischaemia (Choi, 1996; Linnik, 1996), and FK506 might be reducing infarct
size in focal cerebral ischaemia by inhibiting the apoptotic contribution to neuronal

death.

To examine the role of FK506 in neuronal apoptosis I have examined apoptotic cell
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death in a SHSY-5Y neuroblastoma cell line. This cell line was chosen because as a
human cell line its characteristics are potentially more generalisable to human
neurons than cell lines derived from other animals. Of the human neuronal cell lines
available, SHSY-5Y cells were easier to grow and differentiate than for instance
NTera II cells (Pleasure et al., 1992; Pleasure and Lee, 1993).

Initial experiments used differentiated SHSY-5Y cells at high passage. Neither their
morphology nor their response to various toxins was constant. I therefore identified a
source of low passage SHSY-5Y cells and compared their behaviour with high
passage cells under differentiating conditions. A retinoic acid / serum reduction
differentiation regime was chosen because other regimes such as those using phorbol
esters or cAMP analogues might have a greater confounding impact on neuronal
second messenger systems involved in signaling death pathways than retinoic acid.
This work is described in Chapter 4, where I demonstrate that treatment of low
passage cells with retinoic acid and serum reduction for 7 days results in the
development of neuron- like morphology, with stabilisation of cell number and the
development of immunopositivity for the neuronal marker MAP2 and the cell cycle

waf

Go marker p21™.

In Chapter 5 I describe the response of terminally differentiated SHSY-5Y cells to
three different death inducing stimuli. The calcium ionophore ionomycin caused
rapid and simultaneous loss of mitochondrial respiratory activity and membrane
integrity (determined using the MTS and LDH assays respectively) and had no effect
on endogenous (PARP) or synthetic (Ac-DEVD-amc) Caspase 3 substrate cleavage.
This demonstrates that in SHSY-5Y cells at the concentrations studied ionomycin
does not cause apoptotic death. This contrasts with findings from primary neuronal
culture, where at similar concentrations it has been reported to induce apoptosis
(Hatanaka et al., 1996; Takei and Endo, 1994). While FK506 has been reported to
inhibit ionomycin- induced responses in T- lymphocytes (Mattila et al., 1990) it was

without effect on ionomycin- induced cell death in SHSY-5Y cells.

The broad spectrum protein kinase C inhibitor staurosporine also caused death in
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SHSY-5Y cells in a concentration dependent fashion, but the onset of the death was
slightly slower, and there was a significant difference between the MTS and LDH
assays. The decline in viability determined using the MTS assay, an index of
mitochondrial function, was more pronounced than that seen using the LDH assay, a
measure of membrane integrity. Because loss of membrane integrity is a held to be a
late event in apoptosis, this finding suggests that staurosporine may be causing
apoptosis in SHSY-5Y cells. This is supported by the increased cleavage of the

synthetic caspase 3 substrate Ac-DEVD-amc seen following staurosporine treatment.

Staurosporine was chosen as a prototypical inducer of neuronal apoptosis. The
mechanism of this action is not clear, as in addition to its effect on protein kinase C
staurosporine activates a p57 Jun Kinase (Yao et al., 1997). It has also been reported
to have NGF- like effects on PC12 cells (Yao et al.,, 1997), G protein mediated
effects on phospholipase D activity in peritoneal neutrophils (Kanaho et al., 1992),
and it may induce ceramide pathways in primary culture of embryonic chick cortical
neurons (Wiesner and Dawson, 1996). Irrespective of the mechanism through which

staurosporine induces apoptosis in SHSY-5Y cells FK506 was again without effect.

Serum withdrawal caused the apoptosis of a proportion of SHSY-5Y cells, as
evidenced by characteristic nuclear changes, caspase activation and cleavage of
caspase substrates. FK506 partially reduced the decline in viability seen following
serum withdrawal, but was without discernable effect on caspase activation.
However, given the magnitude of the FK506 effect changes in caspase activity below
the limits of detection of the methods used, or indeed caspase inhibition occuring at
an earlier timepoint, cannot be excluded. While FK506 has been reported to have
neurotrophic effects in cell culture, these generally occur at lower concentrations to
those at which it has its protective effect here. No effect of FK506 on MTS signal
was observed under control conditions, making this an unlikely explanation for the

observed effects.

SHSY-5Y apoptosis following serum withdrawal results from the withdrawal of

some factor or factors present in serum whose continuing presence is required for
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cell survival. Neuronal apoptosis induced by withdrawal of such factor is though to
be mediated through a reduction in the tonic activity of a PI3K pathway that
normally has a number of apoptosis- inhibiting consequences. One such consequence
is increased Bad phosphorylation, and by reducing calcineurin activity FK506 may

delay Bad dephosphorylation following serum withdrawal.

It is not yet clear to what extent deactivation of this PI3K pathway is responsible for
neuronal apoptosis following stroke. Experiments targeting components of other
pathways, such as those with transgenic animals lacking the DNA damage sensing
protein p53 (Crumrine et al., 1994), or with pharmacological inhibition of NMDA
receptors (Didier et al., 1996; Ikeda et al., 1996), suggest that these pathways are
important routes to apoptosis following stroke. Involvement of the PI3K signaling in
neuronal injury following stroke has yet to be demonstrated. However, Bad
phosphorylation is not solely a consequence of PI3K pathway activation, as it is also
a target for the MAP kinase survival promoting pathway (Bonni et al., 1999).
Furthermore, expression of a dominant negative form of calcineurin inhibits L-
glutamate mediated excitotoxicity in hippocampal cells (Wang et al., 1999).
Therefore, the effect of FK506 may be mediated through such an interaction even if a

PI3K pathway is not itself activated in focal cerebral ischaemia.

Abrupt changes in mitochondrial permeability (the mitochondrial permeability
transtion) are thought to act as a signal for cell death, and cyclosporine blocks the
mitochondrial permeability transition. However, this cannot explain the
neuroprotective properties of FK506 as FK506 has no effect on the mitochondrial

permeability transition (Friberg et al., 1998).

FK506 has been shown to have neurotrophic properties in cell culture (Gold et al.,
1999b) and in neurite regrowth following injury (Steiner et al., 1997). While the
effect on SHSY-5Y cells following serum withdrawal is unlikely to be due to such an
effect, for the reasons given above, it may be that the neuroprotective effects of
FK506 following focal cerebral ischaemia are due to such neurotrophic properties

rather than to an effect on neuronal apoptosis.
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In conclusion, I have demonstrated that FK506 can be without effect on NOS activity
in brain tissue. Secondly, I describe the terminal differentiation of SHSY-5Y cells. In
these cells both serum withdrawal and staurosporine cause a decline in viability that
has some of the features of apoptosis; the effect of serum withdrawal, but not

staurosporine, is partially reversed by FK506.

-146-



REFERENCES

Alarcon CM, Cardenas ME, Heitman J (1996) Mammalian RAFT1 kinase domain
provides rapamycin-sensitive TOR function in yeast. Genes and Development
10: 279-288.

Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD (1994) Molecular
Biology of the Cell. New York: Garland Publishing Inc.

Allsopp TE, Scallan MF, Williams A, Fazakerley JK (1998) Virus infection induces
neuronal apoptosis: A comparison with trophic factor withdrawal. Cell Death

And Differentiation 5: 50-59.

Allsopp TE, Wyatt S, Paterson MF, Davies AM (1993) The protooncogene bcl-2 can
selectively rescue neurotrophic factor - dependent neurons from apoptosis. Cell

73:295-307.

Anderson CS, Taylor BV, Hankey GJ, Stewart-Wynne EG, Jamrozik KD (1994)
Validation of a clinical classification for subtypes of acute cerebral infarction. J

Neurol Neurosurg Psychiatry 57: 1173-1179.

Ankarcrona M, Dypbukt JM, Bonfoco E, Zhivotovsky B, Orrenius S, Lipton SA,
Nicotera P (1995) Glutamate-induced neuronal death ; a succession of necrosis

or apoptosis depending on mitochondrial function. Neuron 15: 961-973.

Ankarcrona M, Dypbukt JM, Orrenius S, Nicotera P (1996) Calcineurin and
mitochondrial-function in glutamate-induced neuronal cell-death. Febs Let 394:

321-324.

Aronowski J, Strong R, Grotta JC (1997) Reperfusion injury: demonstration of brain
damage produced by reperfusion after transient focal ischemia in rats. J Cereb

Blood Flow Metab 17: 1048-1056.

-147-



Asahi M, Hoshimaru M, Uemura Y, Tokime T, Kojima M, Ohtsuka T, Matsuura N,
Aoki T, Shibahara K, Kikuchi H (1997) Expression of interleukin-1 beta
converting enzyme gene family and bcl-2 gene family in the rat brain following
permanent occlusion of the middle cerebral artery. J Cereb Bl Flo Metab 17: 11-
18.

Astrup J, Siesjo BK, Symon L (1981) Thresholds in cerebral ischemia - the ischemic
penumbra. Stroke 12: 723-725.

Atlante A, Gagliardi S, Marra E, Calissano P, Passarella S (1999) Glutamate
neurotoxicity in rat cerebellar granule cells involves cytochrome c release from

mitochondria and mitochondrial shuttle impairment. J Neurochem 73: 237-246.

Bamford JM, Sandercock PAG, Dennis MS, Burn JPS, Warlow CP (1991)
Classification and natural history of clinically identifiable subtypes of cerebral

infarction. The Lancet 337: 1521-1526.

Beckman JS (1991) The double-edged role of nitric oxide in brain function and
superoxide- mediated injury. J Dev Physiol 15: 53-59.

Bevers EM, Comfurius P, Zwaal RF (1996) Regulatory mechanisms in maintenance
and modulation of transmembrane lipid asymmetry: pathophysiological

implications. Lupus 5: 480-487.

Biedler JL, Helston L, Spengler BA (1973) Morphology and growth, tumorigenicity,
and cytogenetics of human neuroblastoma cells in continuous culture. Cancer
Research 33: 2643-2652.

Biedler JL, Roffler-Tarlov S, Schachner M, Freedman LS (1978) Multiple
neurotransmitter synthesis by human neuroblastoma cell lines and clones.

Cancer Research 38: 33751-3757.

Bierer BE, Mattila PS, Standaert RF, Herzenberg LA, Burakoff S, Crabtree GR,

-148-



Schreiber SL (1990) Two distinct signal transmission pathways in T
lymphocytes are inhibited by complexes formed between an immunophylin and
either FK506 or rapamycin. Proc Natl Acad Sci USA 87: 9231-9235.

Bochelen D, Rudin M, Sauter A (1999) Calcineurin inhibitors FK506 and SDZ ASM
981 alleviate the outcome of focal cerebral ischemic/reperfusion injury. J

Pharmacol Exp Ther 288: 653-659.

Boise LH, Minn AJ, Thompson CB (1995) Receptors that regulate T-cell
susceptibility to apoptotic cell death. Ann N 'Y Acad Sci 766:70-80: 70-80.

Bonfoco E, Krainc D, Ankarcrona M, Nicotera P, lipton SA (1995) Apoptosis and
Necrosis : Two distinct events induced, respectively, by mild and intense insults
with N-methyl D-aspartate or nitric oxide / superoxide in cortical cell cultures.

Proc Natl Acad Sci USA 92: 7162-7166.

Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME (1999) Cell
survival promoted by the Ras-MAPK signaling pathway by transcription-
dependent and -independent mechanisms [see comments]. Science 286: 1358-

1362.

Bradford MM (1976) A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochemistry 72: 248-254.

Bredt DS, Ferris CD, Snyder SH (1992) Nitric oxide synthase regulatory sites. J Biol
Chem 267: 10976-10981.

Bredt DS, Glatt CE, Hwang PM, Fotuhi M, Dawson TM, Snyder SH (1991b) Nitric
oxide synthase protein and mRNA are discretely localised in neuronal
populations of the mammalian CNS together with NADPH diaphorase. Neuron
7: 615-624.

-149-



Bredt DS, Hwang PM, Glatt CE, Lowenstein CJ, Reed RR, Snyder SH (1991a)
Cloned and expressed nitric oxide synthase structurally resembles cytochrome

P-450 reductase. Nature 351: 714-718.

Bredt DS, Snyder SH (1989) Nitric Oxide mediates glutamate-linked enhancement of
cGMP levels in the cerebellum. Proc Natl Acad Sci USA 86: 9030-9033.

Brillantes A-MB, Ondrais K, Scott A, Kobrinsky E, Ondriasova E, Moschella MC,
Jayaraman T, Landers M, Ehrlich BE, Marks AR (1994) Stabilization of calcium
release channel (Ryanodine receptor) fuction by FK506-binding protein. Cell 77:
513-523.

Brunet A, Bonni A, Zigmond MJ, Lin MZ, Jou P, Hu LS, Anderson MJ, Arden KC,
Blenis J, Greenberg ME (1999) Akt promotes cell survival by phosphorylating
and inhibiting a forkhead transcription factor. Cell 96: 857-868.

Brunner T, Yoo NJ, LaFace D, Ware CF, Green DR (1996) Activation induced cell
death in murine T cell hybridomas. Differential regualation of Fas (CD95)
versus Fas ligand expression by cyclosporin A and FK506. Int Imm 8: 1017-
1026.

Buchan A, Pulsinelli WA (1990) Hypothermia but not the N-methyl-D-aspartate
antagonist, MK-801, attenuates neuronal damage in gerbils subjected to transient
global ischemia. J Neurosci 10: 311-316.

Busto R, Dietrich WD, Globus MY, Ginsberg MD (1989) Postischemic moderate
hypothermia inhibits CA1 hippocampal ischemic neuronal injury. Neurosci Lett
101: 299-304.

Butcher SP, Bullock R, Graham DI, McCulloch J (1990) Correlation between amino
acid release and neuropathologic outcome in rat brain following middle cerebral

artery occlusion. Stroke 21: 1727-1733.

-150-



Butcher SP, Henshall DC, Teramura Y, Iwasaki K, Sharkey J (1997) Neuroprotective
actions of FK506 in experimental stroke: In vivo evidence against an

antiexcitotoxic mechanism. J Neurosci 17: 6939-3946.

Cameron AM, Steiner JP, Roskams AJ, Ali SM, Ronnett GV, Snyder SH (1995)
Calcineurin associated with the Inositol 1,4,5-trisphosphate Receptor - FKBP12
complex modulates Ca++ flux. Cell 83: 463-472.

Candelise L, Aritzu E, Ciccone A, Ricci S, Wardlaw JM (1995) Randomised
controlled trial of streptokinase, aspirin, and a combination of both in treatment

of acute ischaemic stroke. The Lancet 346: 1509-1514.

Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E, Frisch
S, Reed JC (1998) Regulation of cell death protease caspase-9 by
phosphorylation. Science 282: 1318-1321.

Carroll FY, Beart PM, Cheung NS (1996) NMDA-mediated activation of the
NO/cGMP pathway: Characteristics and regulation in cultured neocortical
neurons. J Neur Res 43: 623-631.

CAST Collaborative Group (1997) CAST: randomised placebo- controlled trial of
early aspirin use in 20 000 patients with acute ischaemic stroke. The Lancet 349:
1641-1649.

CharriautMarlangue C, Margaill I, Represa A, Popovici T, Plotkine M, Ben Ari Y
(1996) Apoptosis and necrosis after reversible focal ischemia: An in situ DNA
fragmentation analysis. J Cereb Bl Flo Metab 16: 186-194.

Chen J, Graham SH, Nakayama M, Zhu RL, Jin K, Stetler RA, Simon RP (1997)
Apoptosis repressor genes Bcl-2 and Bcel-x-long are expressed in the rat brain

following global ischemia. J Cereb Bl Flo Metab 17: 2-10.

Chen J, Nagayama T, Jin K, Stetler RA, Zhu RL, Graham SH, Simon RP (1998)

-151-



Induction of caspase-3-like protease may mediate delayed neuronal death in the

hippocampus after transient cerebral ischemia. J Neurosci 18: 4914-4928.
Chen Y, Zhao X (1998) Shaping limbs by apoptosis. J Exp Zool 282: 691-702.

Cheng Y, Deshmukh M, D'Costa A, Demaro JA, Gidday JM, Shah A, Sun Y,
Jacquin MF, Johnson EM, Holtzman DM (1998) Caspase inhibitor affords
neuroprotection with delayed administration in a rat model of neonatal hypoxic-

ischemic brain injury [see comments]. J Clin Invest 101: 1992-1999.

Chiu D, Krieger D, Villar-Cordova C, Kasner SE, Morgenstern LB, Bratina PL,
Yatsu FM, Grotta JC (1998) Intravenous tissue plasminogen activator for acute
ischemic stroke. Feasibility, safety and efficacy in the first year of clinical

practice. Stroke 29: 18-22.

Choi DW (1996) Ischemia-induced neuronal apoptosis. Current Opinion in
Neurobiology 6: 667-672.

Chopp M, Zhang ZG, Freytag SO (1992) p53 expression in brain after middle
cerebral artery occlusion in the rat. Biochem Biophys Res Comm 182: 1201-
1207.

Clipstone NA, Crabtree GR (1992) Identification of calcineurin as a key signalling
enzyme in T-lymphocyte activation. Nature 357: 695-697.

Crumrine RC, Thomas AL, Morgan PF (1994) Attenuation of p53 expression
protects against focal ischaemic damage in transgenic mice. J Cereb Bl Flo

Metab 14: 887-891.

Cuff S, Ruby J (1996) Evasion of apoptosis in DNA viruses. Immunol Cell Biol 74:
527-537.

D'Mello SR, Borodezt K, Soltoff SP (1997) Insulin-like growth factor and potassium

-152-



depolarization maintain neuronal survival by distinct pathways: possible

involvement of PI 3- kinase in IGF-1 signaling. J Neurosci 17: 1548-1560.

Dalkara T, Yoshida T, Irikura K, Moskowitz MA (1994) Dual role of nitric oxide in
focal cerebral ischemia. Neuropharm 33: 1447-1452.

Datta R, Kojima H, Banach D, Bump NJ, Talanian RV, Alnemri ES, Weichselbaum
RR, Wong WW, Kufe DW (1997a) Acivation of a CrmA-insensitive, p35-
sensitive pathway in ionizing radiation-induced apoptosis. J Biol Chem 272:

1965-1969.

Datta RD, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME (1997b) Akt
phosphorylation of BAD couples survival signals to the cell-intrinsic death
machinery. Cell 91: 231-241.

Dawson TM, Dawson VL, Snyder SH (1992) A novel neuronal messenger molecule

in the brain: the free radical, nitric oxide. Ann Neurol 32: 297-311.

Dawson TM, Snyder SH (1994) Gases as biological messengers: nitric oxide and

carbon monoxide in the brain. J Neurosci 14: 5147-5159.

Dawson TM, Steiner JP, Dawson VL, Dinerman JL, Uhl GR, Snyder SH (1993)
Immunosuppressant FK506 enhances phosphorylation of nitric oxide synthase
and protects against glutamate neurotoxicity. Proc Natl Acad Sci USA 90: 9808-
9812.

Dawson TM, Steiner JP, Lyons WE, Fotuhi M, Blue M, Snyder SH (1994) The
immunophilins, FK506 binding protein and cyclophilin, are discretely localized

in the brain: relationship to calcineurin. Neurosci 62: 569-580.

Dawson VL, Kizushi VM, Huang PL, Snyder SH, Dawson TM (1996) Resistance to
neurotoxicity in cortical cultures from neuronal nitric oxide synthase-deficient

mice. J Neurosci 16: 2479-2487.

-153-



De Deyn PP, De Reuck J, Deberdt W, Vlietinck R, Orgogozo JM (1997) Treatment
of acute ischaemic stroke with Piracetam. Stroke 28: 2347-2352.

Didier M, Bursztajn S, Adamec E, Passani L, Nixon RA, Coyle JT, Wei JY, Berman
SA (1996) DNA strand breaks induced by sustained glutamate excitotoxicity in

primary neuronal cultures. J Neurosci 16: 2238-2250.

Diener HC (1998) Multinational randomised controlled trial of lubeluzole in acute
ischaemic stroke. European and Australian Lubeluzole ischaemic stroke studt
group. Cereb Dis 8: 172-181.

Dinerman JL, Steiner JP, Dawson TM, Dawson V, Snyder SH (1994) Cyclic
nucleotide dependent phosphorylation of neuronal nitric oxide synthase inhibits

catalytic activity. Neuropharm 33: 1245-1251.

Donnan G, Davis S, Chambers BR, Gates PC, Hankey GJ, McNeil JJ, Rosen D,
Stewart-Wynne EG, Tuck RR (1996) Streptokinase for acute ischaemic stroke
with relationship to time of administration. JAMA 276: 961-966.

Donnan G, Davis SM, Chambers BR, Gates PC, Hankey GJ, McNeil JJ, Rosen D,
Stewart-Wynne EG, Tuck RR (1995) Trials of streptokinase in severe acute
ischaemic stroke. The Lancet 345: 578-579.

Drake M, Friberg H, Boris-Moéller F, Sakata K, Weiloch T (1996) The
immunosuppressant FK506 ameliorates ischaemic damage in the rat brain. Acta

Physiol Scand 158: 155-159.

Dudek H, Datta SR, Franke TF, Birmbaum MJ, Yao R, Cooper GM, Segal RA,
Kaplan DR, Greenberg ME (1997) Regulation of neuronal survival by the

serine-threonine protein kinase Akt [see comments]. Science 275: 661-665.

Durkin JP, Tremblay R, Buchan A, Blosser J, Chakravarthy B, Mealing G, Morley P,
Song D (1996) An early loss in membrane protein kinase C activity precedes the

-154-



excitatory amino acid-induced death of primary cortical neurons. J Neurochem

66: 951-962.

Duvall E, Wyllie AH, Morris RG (1985) Macrophage recognition of cells
undergoing programmed cell death (apoptosis). Immunology 56: 351-358.

Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A, Nagata S (1998) A
caspase-activated DNase that degrades DNA during apoptosis, and its inhibitor
ICAD. Nature 391: 43-50.

Endres M, Namura S, Shimizu-Sasamata M, Waeber C, Zhang L, Gomez-Isla T,
Hyman BT, Moskowitz MA (1998) Attenuation of delayed neuronal death after
mild focal ischemia in mice by inhibition of the caspase family. J Cereb Blood

Flow Metab 18: 238-247.

Fadok VA, Savill JS, Haslett C, Bratton DL, Doherty DE, Campbell PA, Henson PM
(1992b) Different populations of macrophages use either the vitronectin receptor
or the phosphatidylsereine receptor to recognise and remove apoptotic cells. J

Immunol 149: 4029-4035.

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM (1992a)
Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers

specific recognition and removal by macrophages. J Immunol 148: 2207-2216.

Falcieri E, Martelli AM, Bareggi R, Cataldi A, Cocco L (1993) The protein kinase
inhibitor staurosporine induces morphological changes typical of apoptosis in
MOLT-4 cells without concommitant DNA fragmentation. Biochem Biophys
Res Commun 193: 19-25.

Fink K, Zhu J, Namura S, Shimizu-Sasamata M, Endres M, Ma J, Dalkara T, Yuan J,
Moskowitz MA (1998) Prolonged therapeutic window for ischemic brain
damage caused by delayed caspase activation. J Cereb Blood Flow Metab 18:
1071-1076.

-155-



Friberg H, Ferrand-Drake M, Bengtsson F, Halestrap AP, Wieloch T (1998)
Cyclosporin A, but not FK506, protects mitochondria and neurons against
hypoglycemic damage and implicates the mitochondrial permeability transition

in cell death. J Neurosci 18: 5151-5159.

Garrett KM, Gan J (1998) Enhancement of gamma-aminobutyric acid A receptor
activity by alpha- chloralose. J Pharmacol Exp Ther 285: 680-686.

Garthwaite J, Balazs R (1978) Supersensitivity to the cyclic GMP response to

glutamate during cerebellar maturation. Nature 275: 328-329.

Garthwaite J, Charles SL, Chess-Williams R (1988) Endothelium-derived relaxing
factor release on activation of NMDA receptors suggests role as intracellular

messenger in the brain. Nature 336: 385-388.

Gido G, Kiristian T, Siesjo BK (1997) Extracellular potassium in a neocortical core

area after transient focal ischemia. Stroke 28: 206-210.

Gillardon F, Bottiger B, Schmitz B, Zimmermann M, Hossmann KA (1997)
Activation of CPP-32 protease in hippocampal neurons following ischemia and
epilepsy. Brain Res Mol Brain Res 50: 16-22.

Gold BG, Densmore V, Shou W, Matzuk MM, Gordon HS (1999b) Immunophilin
FK506-binding protein 52 (not FKS506-binding protein 12) mediates the
neurotrophic action of FK506. J Pharmacol Exp Ther 289: 1202-1210.

Guglielmo MA, Chan PT, Cortez S, Stopa EG, McMillan P, Johanson CE, Epstein
M, Doberstein CE (1998) The temporal profile and morphological features of
neuronal death in human stroke resemble those observed in experimental

forebrain ischemia: the potential role of apoptosis. Neur Res 20: 283-296.

Hacke W, Kaste M, Fieschi C, Toni D, Lesaffre E, von Kummer R, Boysen G,
Bluhmki E, Hoxter G, Mahange M-H, Hennerici M (1995) Intravenous

-156-



thrombolysis with recombinant tissue plasminogen activator: The European
Cooperative Acute Stroke Study. JAMA 274: 1017-1025.

Hacke W, Kaste M, Fieschi C, von Kummer R, Davalos A, Meier D, Larrue V,
Bluhmki E, Davis S, Donnan G, Schneider D, Diez-Tejedor E, Trouillas P
(1998) Randomised double-blind placebo-controlled trial of thrombolytic
therapy with intravenous alteplase in acute ischaemic stroke (ECASS II). The
Lancet 352: 1245-1251.

Hall ED, Andrus PK, Smith SL, Oostveen JA, Scherch HM, Lutzke BS, Raub TJ,
Sawada GA, Palmer JR, Banitt LS, Tustin JS, Belonga KL, Ayer DE, Bundy GL
(1996) Neuroprotective efficacy of microvascularly-localized versus brain-

penetrating antioxidants. Acta Neurochir Suppl (Wien ) 66:107-13: 107-113.

Hara H, Freidlander RM, Gagliardini V, Ayata C, Kink K, Huang Z, Shimizu-
Sasamata M, Yuan J, Moskowitz MA (1997) Inhibition of interleukin 18
converting enzyme family proteases reduces ischemic and excitotoxic neuronal

damage. Proc Natl Acad Sci USA 94: 2007-2012.

Hara H, Huang PL, Panahian N, Fishman MC, Moskowitz MA (1996) Reduced brain
edema and infarction volume in mice lacking the neuronal isoform of nitric
oxide synthase after transient MCA occlusion. J Cereb Bl Flo Metab 16: 605-
611.

Harding MW, Galat A, Uehling DE, Schreiber SL (1989) A receptor for the
immunosuppressant FK506 is a cis-trans peptidyl prolyl isomerase. Nature 341:

758-760.

Harper GD, Haigh RA, Potter JF, Castleden CM (1992) Factors delaying hospital

admission after stroke in Leicestershire. Stroke 23: 835-838.

Hatanaka Y, Suzuki K, Kawasaki Y, Endo Y, Tanigichi N, Takei N (1996) A role of

peroxides in Ca** ionophore-induced apoptosis in cultures rat cortical neurons.

-157-



Biochem Biophys Res Commun 227: 513-518.

Heron A, Pollard H, Dessi F, Moreau J, Lasbennes F, Ben-Ari Y, Charriaut-
Marlangue C (1993) Regional variability in DNA fragmentation after global
ischemia evidenced by combined histological and gel electrophoresis

observations in the rat brain. J Neurochem 61: 1973-1976.

Hill ND, Millikan CH, Wakim KG (1955) Studies in cerebrovascular disease. VII.
Experimental production of cerebral infarction by intracarotid injection of
homologous blood clot. Mayo Clin Proc 30: 625-633.

Himi T, Ishizaki Y, Murota S (1998) A caspase inhibitor blocks ischaemia-induced
delayed neuronal death in the gerbil. Eur J Neurosci 10: 777-781.

Hommel M, Boissel JP, Boutitie F, Lees KR, Besson G, Leys D, Amarenco P,
Bogaert M (1995) Termination of trial of streptokinase in severe acute iscaemic

stroke. The Lancet 345: 57.

Howard MK, Burke LC, Mailhos C, Pizzey A, Gilbert CS, Lawson WD, Collins
MKL, Thomas NSB, Latchman DS (1993) Cell cycle arrest of proliferating
neuronal cells by serum deprivation can result in either apoptosis or

differentiation. J Neurochem 60: 1783-1791.

Huang Z, Huang PL, Panahian N, Dalkara T, Fishman MC, Moskowitz MA (1994)
Effects of cerebral ischaemia in mice deficient in neuronal nitric oxide synthase.

Science 265: 1883-1885.

lijima T, Mies G, Hossmann KA (1992) Repeated negative DC deflections in rat
cortex following middle cerebral artery occlusion are abolished by MK-801:
effect on volume of ischemic injury. J Cereb Blood Flow Metab 12: 727-733.

Ikeda J, Terakawa S, Murota S, Morita I, Hirakawa K (1996) Nuclear disintegration

as a leading step of glutamate excitotoxicity in brain neurons. J Neur Res 43:

-158-



613-622.

International Stroke Trial Collaborative Group (1997) The International Stroke Trial
(IST): A randomised trial of aspirin, subcutaneous heparin, both, or neither

among 19 435 patients with acute ischaemic stroke. The Lancet 349: 1569-1581.

Itano Y, Nomura Y (1995) 1-methyl-4-phenyl-pyridinium ion (MPP+) causes DNA
fragmantation and increases the bcl-2 expression in human neuroblastoma,

SHSY-5Y cells, through different mechanisms. Br Res 704: 240-245.

Ito U, Ohno K, Nakamura R, Suganama F, Inaba Y (1979) Brain edema during
ischemia and after restoration of blood flow. Stroke 10: 542-547.

Jacobson MD, Weil M, Raff MC (1996) Role of ced3/ice-family proteases in
staurosporine-induced programmed cell-death. J Cell Biol 133: 1041-1051.

Jensen LM (1987) Phenotypic differentiation of aphidicolin-selected human
neuroblastoma cultures after long-term exposure to nerve growth factor. Dev

Biol 120: 56-64.

Jones TH, Morawetz RB, Crowell RM, Marcoux FW, FitzGibbon SJ, DeGirolami U,
Ojemann T (1981) Thresholds of focal cerebral ischaemia in awake monkeys. J
Neurosurg 54: 773-782.

Kanaho Y, Takahashi K, Tomita U, Iiri T, Katada T, Ui M and Nozawa Y (1992) A
protein kinase C inhibitor, staurosporine, activates phospholipase D via a
pertussis toxin- sensitive GTP- binding protein in rabbit peritoneal neutrophils. J

Biol Chem 267; 23554-23559.

Kaplan B, Brint S, Tanabe J, Jacewicz M, Wang X-J, Pulsinelli WA (1991)
Temporal thresholds for neocortical infarction in rats subjected to reversible

focal ischemia. Stroke 22: 1032-1039.

-159-



Katsuki H, Okuda S (1995) Arachidonic acid as a neurotoxic and neurotrophic

substance. Prog Neurobiol 46: 607-636.

Kerr JFR, Wyllie AH, Currie AR (1972) Apoptosis: A basic biological phenomenon

with wide ranging implications in tissue kinetics. Br J Cancer 26: 239-257.

Kim YM, Chung HT, Kim SS, Han JA, Yoo YM, Kim KM, Lee GH, Yun HY,
Green A, Li JR, Simmons RL, Billiar TR (1999) Nitric oxide protects PC12 cells
from serum deprivation-induced apoptosis by ¢cGMP-dependent inhibition of
caspase signaling. J Neurosci 19: 6740-6747.

Kirino T (1982) Delayed neuronal death in the gerbil hippocampus following
ischemia. Br Res 239: 57-69.

Kissinger CR, Parge HE, Knighton DR, Lewis CT, Pelletier LA, Tempczyk A,
Kalish VJ, Tucker KD, Showalter RE, Moomaw EW, Gastinel LN, Habuka N,
Chen X, Maldonado F, Barker JE, Bacquet R, Villafranca JE. Crystal structures
of human calcineurin and the human FKBP12-FK506-calcineurin complex.
Nature 378, 641-644. 1995.

Koizumi J, Yoshida Y, Nakazawa T, Oonedda G (1986) Experimental studies of
ischemic brain edema: 1. A new experimental model of cerebral embolism in

which recirculation can be introduced in the ischemic area. Jpn J Stroke 8: 1-8.

Kosano H, Stensgard B, Charlesworth MC, McMahon N, Toft D (1998) The
assembly of progesterone receptor-hsp90 complexes using purified proteins. J
Biol Chem 273: 32973-32979.

Krohn AJ, Preis E, Prehn JHM (1998) Staurosporine-induced apoptosis of cultured
rat hippocampal neurons involves caspase-1-like proteases as upstream initiators
and increased production of superoxide as a main downstream effector. J

Neurosci 18: 8186-8197.

-160-



Kubes P, Hunter J, Granger DN (1991) Effects of cyclosporin A and FK506 on
ischemia/reperfusion-induced neurtophil infiltration in the cat. Digestive
Diseases and Sciences 36: 1469-1472.

Lauritzen M, Hansen AJ (1992) The effect of glutamate receptor blockade on anoxic
depolarization and cortical spreading depression. J Cereb Blood Flow Metab 12:
223-229.

Lawrence MS, Ho DY, Sun GH, Steinberg GK, Sapolsky RM (1996) Overexpression
of Bcl-2 with herpes simplex virus vectors protects CNS neurons against

neurological insults in vitro and in vivo. J Neurosci 16: 486-496.

Li H, Colbourne F, Sun P, Zhao Z, Buchan AM, Iadecola C (2000) Caspase
inhibitors reduce neuronal injury after focal but not global cerebral ischemia in

rats. Stroke 31: 176-182.

Li1Y, Chopp M, Jiang N, Zaloga C (1995a) In situ detection of DNA fragmentation

after focal cerebral ischemia in mice. Mol Br Res 28: 164-168.

Li Y, Sharov VG, Jiang N, Zaloga C, Sabbah HN, Chopp M (1995b) Ultrastructural
and light microscopic evidence of apoptosis after middle cerebral artery

occlusion in the rat. Am J Path 146: 1045-1051.

Li YP, Bushnell AF, Lee CM, Perlmutter LS, Wong SKF (1996) Beta-amyloid
induces apoptosis in human-derived neurotypic sh- sySy cells. Br Res 738: 196-
204.

Linnik MD (1996) Role of apoptosis in acute neurodegenerative disorders.

Restorative Neurology and Neuroscience 9: 219-225.

Linnik MD, Miller JA, Sprinkle-Cavallo J, Mason PJ, Thompson FY, Montgomery
LR, Schroder KK (1995a) Apoptotic DNA fragmentation in the rat cerebral

cortex induced by permanent middle cerebral artery occlusion. Mol Br Res 32:

-161-



116-124.

Linnik MD, Zahos P, Geschwind MD, Federoff HJ (1995b) Expression of bcl-2 from
a defective herpes simplex virus-1 vector limits neuronal death in focal cerebral

ischemia. Stroke 26: 1670-1674.

Linnik MD, Zobrist RH, Hatfield MD (1993) Evidence supporting a role for

programmed cell death in focal cerebral ischaemia in rats. Stroke 24: 2002-2009.

Liu J, Farmer JD, Lane WS, Friedman J, Weissman I, Schreiber SL (1991)
Calcineurin is a common target of cyclophilin-cyclosporin A and FKBP-FK506
complexes. Cell 66: 807-815.

Liu M, Iavarone A, Freedman LP (1996) Transcriptional activation of the human
p21- WAFI1/CIP1 gene by retinoic acid receptor. J Biol Chem 271: 31723-
31728.

Loddick SA, MacKenzie A, Rothwell NJ (1996) An ICE inhibitor, z-VAD-DCB

attenuates ischaemic brain damage in the rat. NeuroReport 7: 1465-1468.

Loh C, Shaw KTY, Carew J, Viola JPB, Luo C, Perrino BA, Rao A (1996)
Calcineurin binds the transcription factor NFAT1 and reversibly regulates its
activity. J Biol Chem 271: 10884-10891.

Lovat PE, Irving H, Annicchiaro-Petruzzelli M, Bernassola F, Malcolm AJ, Pearson
ADIJ, Melino G, Redfern CPF (1997) Apoptosis of N-type neuroblastoma cells
after differentiation with 9-cis-retinoic acid and subsequent washout. J Natl

Canc Inst 89: 446-452.

Lovinger DM, Zimmerman SA, Levitin M, Jones MV, Harrison NL (1993)
Trichloroethanol potentiates synaptic transmission mediated by gamma-
aminobutyric acid A receptors in hippocampal neurons. J Pharmacol Exp Ther

264: 1097-1103.

-162-



MacManus JP, Buchan AM, Hill IE, Rasquinha I, Preston E (1993) Global ischemia
can cause DNA fragmentation indicative of apoptosis in rat brain. Neurosci Lett
164: 89-92.

MacManus JP, Hill IE, Huang ZG, Rasquinha I, Xue D, Buchan AM (1994) DNA
damage consistent with apoptosis in transient focal ischaemic neocortex.

NeuroReport 5: 493-496.

Marin P, Lafon-Cazal M, Bockaert J (1992) A nitric oxide synthase activity
selectively stimulated by NMDA receptors depends on protein kinase C

activation in mouse striatal neurons. Eur J Neurosci 4: 425-432.

Martin SJ, Finucane DM, Amarente-Mendes GP, O'Brien GA, Green DR (1996)
Phosphatidylserine externalisation during CD95-induced apoptosis of cells and
cytoplasts requires ICE/CED-3 protease activity. J Biol Chem 271: 28753-
28756.

Martinou J-C, Dubois-Dauphin M, Staple JK, Rodriguez I, Frankowski H, Missotten
M, Albertini P, Talabot D, Catsicas S, Pietra C, Huarte J (1994) Overexpression
of bcl-2 in transgenic mice protects neurons from naturally occuring cell death

and experimental ischemia. Neuron 13: 1017-1030.

MartinVillalba A, Herr I, Jeremias I, Hahne M, Brandt R, Vogel J, Schenkel J,
Herdegen T, Debatin KM (1999) CD95 ligand (Fas-L/APO-1L) and tumor
necrosis factor-related apoptosis-inducing ligand mediate ischemia-induced

apoptosis in neurons. J Neurosci 19: 3809-3817.

MAST-E Study Group (1996) Thrombolytic therapy with streptokinase in acute
ischemic stroke. New England Journal of Medicine 335: 145-150.

Mattila PS, Ullman KS, Fiering S, Emmel EA, McCutcheon M, Crabtree GR,
Herzenberg LA (1990) The action of cyclosporin A and FK506 sugest a novel
step in the activation of T lymphocytes. EMBO J 4425-4433.

-163-



MCauley MA (1995) Rodent models of focal ischaemia. Cerebrovasc Brain Metab
Rev 7: 153-180.

Memezawa H, Smith M-L, Siesjo BK (1992) Penumbral tissues salvaged by
reperfusion following middle cerebral artery occlusion in rats. Stroke 23: 552-

559.

Mesner PW, Winters TR, Green SH (1992) Nerve growth factor withdrawal-induced
cell death in neuronal PC12 cells resembles that in sympathetic neurons. J Cell
Biol 119: 1669-1680.

Milad M, Sullivan W, Diehl E, Altmann M, Nordeen S, Edwards DP, Toft DO
(1995) Interaction of the progesterone receptor with binding proteins for FK506
and cyclosporin A. Mol Endocrinol 9: 838-847.

Miller TM, Johnson EM (1996) Metabolic and genetic analyses of apoptosis in
potassium/serum- deprived rat cerebellar granule cells. J] Neurosci 16: 7487-
7495.

Morris RG, Hargreaves AD, Duvall E, Wyllie AH (1984) Hormone-induced cell
death 2. Surface changes in thymocytes undergoing apoptosis. Am J Path 115:
426-436.

Nakane M, Mitchell J, Forstermann U, Murad F (1991) Phosphorylation by calcium
calmodulin dependent protein kinase II and protein kinase C modulate the
activity of nitric oxide synthase. Biochem Biophys Res Commun 180: 1396-
1402.

Nakano S, Kogure K, Fujikura H (1990) Ischemia-induced slowly progressive

neuronal damage in the rat brain. Neurosci 38: 115-124.

Namura S, Zhu J, Fink K, Endres M, Srinivasan A, Tomaselli KJ, Yuan J,
Moskowitz MA (1998) Activation and cleavage of caspase-3 in apoptosis

-164-



induced by experimental cerebral ischemia. J Neurosci 18: 3659-3668.

Ni B, Wu X, Su Y, Stephenson D, Smalstig EB, Clemens J, Paul SM (1998)
Transient global forebrain ischemia induces a prolonged expression of the
caspase-3 mRNA in rat hippocampal CA1 pyramidal neurons. J Cereb Blood
Flow Metab 18: 248-256.

Nishinaka Y, Sugiyama S, Yokota M, Saito H, Ozawa T (1993) Protective effect of
FK506 on ischemia/reperfusion-induced myocardial damage in canine heart. J
Cardiovasc Pharmacol 21: 448-454.

O'Keefe SJ, Tamura J, Kincaid RL, Tocci MJ, O'Neill EA (1992) FK-506- and CsA-
sensitive activation of the interleakin-2 promoter by calcineurin. Nature 357:

692-694.

Oberhammer F, Fritsch G, Schmied M, Pavelka M, Printz D, Purchio T, Lassmann
H, Schulte-Hermann R (1993) Condensation of the chromatin at the membrane

of an apoptotic nucleus is not associated with activation of an endonuclease. J

Cell Sci 104: 317-326.

Ochiai T, Nakajima K, Nagata M, Suzuki T, Asano T, Uematsu T, Goto T, Hori S,
Kenmochi T, Nakagoori T, Isono K (1987) Effect of a new immunosuppressive
agent, FK506, on heterotopic cardiac allotransplantation in the rat. Trans Proc
19: 1284-1286.

Ohi N, Tokunaga A, Tsunoda H, Nakano K, Haraguchi K, Oda K, Motoyama N,
Nakajima T (1999) A novel adenovirus E1B19K-binding protein BS inhibits
apoptosis induced by Nip3 by forming a heterodimer through the C-terminal
hydrophobic region. Cell Death And Differentiation 6: 314-325.

Okada D (1995) Protein kinase C modulates calcium sensitivity of nitric oxide

synthase in cerebellar slices. ] Neurochem 64: 1298-1304.

-165-



Okada D (1996) Differential effects of protein kinase C on neuronal nitric oxide
synthase activity in rat cerebellar slices and in vitro. Journal of Chemical
Neuroanatomy 10: 213-220.

Oren M (1994) Relationship of p53 to the control of apoptotic cell death. Semin
Cancer Biol 5: 221-227.

Overgaard K (1994) Thrombolytic therapy in experimental embolic stroke.
Cerebrovasc Brain Metab Rev 6: 257-286.

Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, Donner DB (1999) NF-
kappa B activation by tumour necrosis factor requires the Akt serine-threonine
kinase. Nature 401: 82-85.

Pahlman S, Ruusala A-I, Abahamsson L, Mattson MEK, Esscher T (1984) Retinoic
acid- induced differentiation of cultured human neuroblastoma cells: a
comparison with phorbol ester- induced differentiation. Cell Differentiation 14:
135-144.

Panahian N, Yoshida T, Huang PL, HedleyWhyte ET, Dalkara T, Fishman MC,
Moskowitz MA (1996) Attenuated hippocampal damage after global cerebral
ischemia in mice mutant in neuronal nitric oxide synthase. Neurosci 72: 343-

354.

Park HJ, Makepeace CM, Lyons JC, Song CW (1996) Effect of intracellular acidity
and ionomycin on apoptosis in HL- 60 cells. European Journal of Cancer Part A
32: 540-546.

Perez-Polo JR, Werrbach-Perez K, Tiffany-Castiglioni E (1979) A human clonal cell
line model of differentiating neurons. Dev Biol 71: 341-355.

Perrino BA, Fong YL, Brickley DA, Saitoh Y, Ushio Y, Fukunaga K, Miyamoto E,
Soderling TR (1992) Characterization of the phosphatase activity of a

-166-



baculovirus-expressed calcineurin A isoform. J Biol Chem 267: 15965-15969.

Petito CK, Feldmann E, Pulsinelli WA, Plum F (1987) Delayed hippocampal damage
in humans following cardiorespiratory arrest. Neurol (Ny) 37: 1281-1286.

Piantadosi CA, Zhang J (1996) Mitochondrial generation of reactive oxygen species
after brain ischemia in the rat. Stroke 27: 327-331.

Pleasure SJ, Lee VMY (1993) NTera 2 cels: a human cell line which displays
characteristics expected of a human committed neuronal progenitor cell. ] Neur

Res 35: 585-602.

Pleasure SJ, Page C, Lee VMY (1992) Pure, postmitotic, polarised human neurons
derived from NTera 2 cells provide a sysytem for expressing exogenous proteins

in terminally differentiated neurons. J Neurosci 12: 1802-1815.

Poluha W, Poluha DK, Chang B, Crosbie NE, Schonhoff CM, Kilpartick DL, Ross
AH (1996) The Cyclin-Dependent Kinase inhibitor p21-wafl is required for the
survival of differentiating neuroblastoma cells. Mol Cell Biol 16: 1335-1341.

Posmantur RM, McGinnis JM, Nadimpalli R, Gilbertsen RB, Wang KKW (1997)
Characterization of CPP32-like protease activity following apoptotic challenge
in SHSY-5Y neuroblastoma cells. ] Neurochem 68: 2328-2337.

Pulsinelli WA, Brierley JB, Plum F (1982) Temporal profile of neuronal damage in a
model of transient forebrain ischemia. Ann Neurol 11: 491-498.

Riccio A, Esposito E, Eboli ML (1996) Modulation by protein-kinase-c of nitric-
oxide and cyclic-gmp formation in cultured cerebellar granule cells. Br Res 718:

159-164.

Romashkova JA, Makarov SS (1999) NF-kappa B is a target of AKT in anti-
apoptotic PDGF signalling. Nature 401: 86-90.

-167-



Ross RA, Spengler BA, Biedler JL (1983) Coordinate morphological and
biochemical interconversion of human neuroblastoma cells. J Natl Canc Inst 71:
741-749.

Sakahira H, Enari M, Nagata S (1998) Cleavage of CAD inhibitor in CAD activation
and DNA degradation during apoptosis. Nature 391: 96-99.

Sakr MF, McClain CJ, Gavaler JS, Zetti GM, Starzl TE, Van Thiel DH (1993) FK
506 pre-treatment is associated with reduced levels of tumor necrosis factor and
interleukin 6 following hepatic ischemia/reprefusion. Journal of Hepatology 17:

301-307.

Samdani AF, Dawson TM, Dawson VL (1997) Nitric oxide synthase in models of
focal ischemia. Stroke 28: 1283-1288.

Savill JS, Henson PM, Haslett C (1989) Phagocytosis of aged human neutrophils by
macrophages is mediated by a novel "charge sensitive" recognition mechanism.

J Clin Invest 84: 1518-1527.

Scheibler P, Kronfeld A, Illes P, Allgaier C (1999) Trichloroethanol impairs NMDA
receptor function in rat mesencephalic and cortical neurones. Eur J Pharmacol

366: R1-R2.

Schwarzschild MA, Cole RL, Meyers MA, Hyman SE (1999) Contrasting calcium
dependencies of SAPK and ERK activations by glutamate in cultured striatal
neurons. J Neurochem 72: 2248-2255.

Sessa WC, Harrison JK, Luthin DR, Pollock JS, Lynch KR (1993) Genomic analysis
and expression patterns reveal distinct genes for endothelial and brain nitric

oxide synthase. Hypertension 21: 934-938.

Sharkey J, Butcher SP (1994) Immunophilins mediate the neuroprotective effects of
FK506 in focal cerebral ischaemia. Nature 371: 336-339.

-168-



Sharkey J, Butcher SP (1995) Characterisation of an experimental model of stroke
produced by intracerebral microinjection of endothelin-1 adjacent to the rat

middle cerebral artery. J Neurosci Methods 60: 125-131.

Sharkey J, Crawford JH, Butcher SP, Marston HM (1996) Tacrolimus (fk506)
ameliorates skilled motor deficits produced by middle cerebral-artery occlusion

in rats. Stroke 27: 2282-2286.

Sharkey J, Ritchie IM, Kelly PAT (1993) Perivascular microapplication of
endothein-1: A new model of focal cerebral ischaemia in the rat. J Cereb Blood
Flow Metab 13: 865-871.

Shaw KTY, Ho AM, Raghavan A, Kim J, Jain J, Park J, Sharma S, Rao A, Hogan
PG (1995) Immunosupressive drugs prevent a rapid dephosphorylation of
transcription factor NFATI1 in stimulated immune cells. Proc Natl Acad Sci

USA 92: 11205-11209.

Siekierka JJ, Hung SHY, Poe M, Lin CS, Sigal NH (1989) A cytosolic binding
protein for the immunosuppressant FK506 has peptidlyl-prolyl isomerase

activity but is distinct from cyclophilin. Nature 341: 755-757.

Silverstein AM, Galigniana MD, Chen MS, Owens-Grillo JK, Chinkers M, Pratt WB
(1997) Protein phosphatase 5 is a major component of glucocorticoid
receptor.hsp90 complexes with properties of an FK506-binding immunophilin. J
Biol Chem 272: 16224-16230.

Snyder SH, Sabatini DM (1995) Immunophilins and the nervous system. Nature
Medicine 1: 32-37.

Spinelli W, Sonnenfield KH, Ishii DN (1982) Effects of phorbol ester tumor
promoters and nerve growth factor on neurite outgrowth in cultures human

neuroblastoma cells. Cancer Research 42: 5067-5073.

-169-



Steiner JP, Connolly MA, Valentine HL, Hamilton GS, Dawson TM, Hester L,
Snyder SH (1997) Neurotrophic actions of nonimmunosuppressive analogues of
immunosuppressive drugs FK506, rapamycin and cyclosporin A. Nature
Medicine 3: 421-428.

Steiner JP, Dawson TM, Fotuhi M, Glatt CE, Snowman AM, Cohen N, Snyder SH
(1992) High brain densities of the immunophilin FKBP colocalised with
calcineurin. Nature 358: 584-587.

Stroke Unit Trialists' Collaboration (1999) Organised inpatient (stroke unit) care for
stroke (Cochrane Review). In: The Cochrane Library,]I Oxford: Update
Software.

Sundt TM, Grant WC, Garcia JH (1969) Restoration of middle cerebral artery flow

in experimental infarction. J Neurosurg 31: 311-322.

Symon L (1980) The relationship between CBF, evoked potentials and the clinical
features in cerebral ischaemia. Acta Neurol Scand Suppl 78:175-90: 175-190.

Takaishi H, Konishi H, Matsuzaki H, Ono Y, Shirai Y, Saito N, Kitamura T, Ogawa
W, Kasuga M, Kikkawa U, Nishizuka Y (1999) Regulation of nuclear
translocation of Forkhead transcription factor AFX by protein kinase B. Proc

Natl Acad Sci USA 96: 11836-11841.

Takei N, Endo Y (1994) Ca** ionophore-induced apoptosis on cultured embryonic
rat cortical neurons. Br Res 652: 65-70.

Takei N, Ogaki H, Endo Y (1995) Basic fibroblast growth factor inhibited Ca**
ionophore-induced apoptotic cell death of cultured cortical neurons from

embryonic rats. Neurosci Lett 192: 124-126.

Tamura A, Graham DI, McCulloch J, Teasdale GM (1981a) Focal cerebral ischaemia

in the rat: 1. Description of technique and early neuropathological consequences

-170-



following middle cerebral artery occlusion. J Cereb Blood Flow Metab 1: 53-60.

Tamura A, Graham DI, McCulloch J, Teasdale GM (1981b) Focal cerebral
ischaemia in the rat: 2. regional cerebral blood flow determined by

["*Cliodoantipyrine autoradiography following middle cerebral artery occlusion.
J Cereb Blood Flow Metab 1: 61-69.

Tegtmeier F, Weber C, Heister U, Haker I, Scheller D, Nikolov R, Holler M (1990)
Eicosanoids in rat brain during ischemia and reperfusion--correlation to DC

depolarization. J Cereb Blood Flow Metab 10: 358-364.

Tenneti L, D'Emilia DM, Troy CM, Lipton SA (1998) Role of caspases in N-methyl-
D-aspartate-induced apoptosis in cerebrocortical neurons. J Neurochem 71: 946-

959.

The National Institute of Neurological Disorders Stroke rt-PA stroke study group
(1995) Tissue plasminogen activator for acute ischaemic stroke. N E J M 333:

1581-1587.

Theiler K (1972) The house mouse (development and normal stages from

fertilisation to 4 weeks). Berlin: Springer.

Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T, Garcia-Calvo M,
Houtzager VM, Nordstrom PA, Roy S, Vaillancourt JP, Chapman KT,
Nicholson DW (1997) A combinatorial approach defines specificities of
members of the caspase family and granzyme B. J Biol Chem 272: 17907-
17911.

Tokime T, Nozaki K, Kikuchi H (1996) Neuroprotective effect of FK506, an
immunosuppressant, on transient global ischemia in gerbil. Neurosci Lett 206:

81-84.

Tominaga T, Kure S, Narisawa K, Yoshimoto T (1993) Endonuclease activation

-171-



following focal ischaemic injury in the rat brain. Br Res 608: 21-26.

Toung TJ, Bhardwaj A, Dawson VL, Dawson TM, Traystman RJ, Hurn PD (1999)
Neuroprotective FK506 does not alter in vivo nitric oxide synthase production

during ischemia and early reperfusion in rats. Stroke 30: 1279-1285.

Uematsu D, Greenberg JH, Reivich M, Hickey WF (1989) Direct evidence for

calcium-induced ischemic and reperfusion injury. Ann Neurol 26: 280-283.

Umegaki H, Yamada K, Naito M, Kameyama T, Iguchi A, Nabeshima T (1996)
Protective effect of interleukin-6 against the death of pc12 cells caused by serum
deprivation or by the addition of a calcium ionophore. Biochemical

Pharmacology 52: 911-916.

Vacanti FX, Byung Duk Kwun (1996) Vascular occlusion produced over 24 hours
increases spinal cord tolerance to occlusion. Journal of Surgical Research 62:

29-31.

van Engeland M, Ramaekers FCS, Schutte B, Reutelingsperger CPM (1996) A novel
assay to measure loss of plasma-membrane asymmetry during apoptosis of
adherent cells in culture. Cyto 24: 131-139.

Velier JJ, Ellison JA, Kikly KK, Spera PA, Barone FC, Feuerstein GZ (1999)
Caspase-8 and caspase-3 are expressed by different populations of cortical
neurons undergoing delayed cell death after focal stroke in the rat. J Neurosci
19: 5932-5941.

Wagenknecht T, Radermacher M, Grassucci R, Berkowitz J, Xin H-B, Fleischer S
(1997) Locations of calmodulin and FK506-binding protein on the three-
dimensional architecture of the skeletal muscle ryanodine receptor. J Biol Chem

272: 32463-32471.

Wahl F, Obrenovitch TP, Hardy AM, Plotkine M, Boulu R, Symon L (1994)

-172-



Extracellular glutamate during focal cerebral ischaemia in rats: Time course and

calcium dependency. J Neurochem 63: 1003-1011.

Wahlgren NG, Ranasinha KW, Rosolacci T, Franke CL, van Erven PM, Ashwood T,
Claesson L (1999) Clomethiazole acute stroke study (CLASS): results of a
randomized, controlled trial of clomethiazole versus placebo in 1360 acute

stroke patients. Stroke 30: 21-28.

Wang C-Y, Mayo MW, Komeluk R, Goeddel DV, Baldwin AS (1998) NF-kappa B
antiapoptosis: Induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to

supress caspase-8 activation. Science 281: 1680-1683.

Wang DZ, Rose JA, Honings DS, Garwacki MD, Milbrandt JC (2000) Treating acute
stroke patients with intravenous tPA. The OSF Stroke Network experience.
Stroke 31: 77-81.

Wang HG, Pathan N, Ethell IM, Krajewski S, Yamaguchi Y, Shibasaki F, McKeon
F, Bobo T, Franke TF, Reed JC (1999) Ca2+-induced apoptosis through
calcineurin dephosphorylation of BAD. Science 284: 339-343.

Wang T, Donahoe PK, Zevros AS (1994) Specific interaction of Type 1 receptors of
the TGF-beta family with the immunophilin FKBP12. Science 265: 674-676.

Wardlaw JM, Dennis MS, Lindley RI, Sellar RJ, Warlow CP (1996) The validity of a

simple clinical classification of acute ischaemic stroke. J Neurol 243: 274-279.

Wardlaw JM, Yamaguchi T, del Zoppo G (1999) Thrombolytic therapy versus
control in acute ischaemic stroke (Cochrane Review). In: The Cochrane
Library,1 Oxford: Update Software.

Warlow C, Dennis MS, van Gijn J, Hankey GJ (1996) Stroke: A Practical Guide to

Management. Oxford: Blackwell Science.

-173-



Weil M, Jacobson MD, Coles HSR, Davies TJ, Gardner RL, Raff KD, Raff MC
(1996) Constitutive expression of the machinery for programmed cell- death. J
Cell Biol 133: 1053-1059.

Wen TC, Yoshimura H, Matsuda S, Lim JH, Sakanaka M (1996) Ginseng root
prevents learning disability and neuronal loss in gerbils with 5-minute forebrain

ischemia. Acta Neuropath 91: 15-22.

WHO (1999) The World Health Report. Geneva, World Health Organisation.

Wiesner DA, Dawson G (1996) Staurosporine induces programmed cell death in
embryonic neurons and activation of the ceramide pathway. J Neurochem 66:
1418-1425.

Wyllie AH (1980) Glucocorticoid-induced thymocyte apoptosis is associated with

endogenous endonuclease activation. Nature 284: 555-556.

Xia Z, Dudek H, Miranti CK, Greenberg ME (1996) Calcium influx via the NMDA

receptor induces immediate early gene transcription by a MAP Kinase/ERK-

Dependent mechanism. J Neurosci 16: 5425-5436.

Xu DG, Bureau Y, Mclntyre DC, Nicholson DW, Liston P, Zhu YX, Fong WG,
Crocker SJ, Korneluk RG, Robertson GS (1999) Attenuation of ischemia-
induced cellular and behavioral deficits by X chromosome-linked inhibitor of
apoptosis protein overexpression in the rat hippocampus. J Neurosci 19: 5026-
5033.

Yang GY, Betz AL (1994) Reperfusion-induced injury to the blood-brain barrier
after middle cerebral artery occlusion in rats. Stroke 25: 1658-1664.

Yao R, Yoshihara M, Osada H (1997) Specific activation of a c-Jun NH,- terminal
kinase isoform and induction of neurite outgrowth in PC-12 cells by
staurosporine. J Biol Chem 272: 18261-18266.

-174-



Yem AW, Tomasselli AG, Heinrikson RL, Zurcher-Neely H, Ruff VA, Johnson RA,
Deibel MRJ (1992) The Hsp56 component of steroid receptor complexes binds
to immobilized FK506 and shows homology to FKBP-12 and FKBP-13. J Biol
Chem 267: 2868-2871.

Yoshida T, Limmroth V, Irikura K, Moskowitz MA (1994) The NOS inhibitor, 7-
nitroindazole, decreases focal infarct volume but nit the response to topical
acetylcholine in pial vessels. J Cereb Blood Flow Metab 14: 924-929.

Zanette EM, Roberti C, Mancini G, Pozzilli C, Bragoni M, Toni D (1995)
Spontaneous Middle Cerebral Atrery reperfusion in ischemic stroke : A

followup study with transcranial doppler. Stroke 26: 430-433.

Zea Longa EL, Weinstein PR, Carlson S, Cummins R (1989) Reversible middle

cerebral artery occlusion without craniectomy in rats. Stroke 20: 84-91.

-175-



