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Summary

Neuronal death is induced by a series of pathogeneses in different
neurodegenerative diseases, and one of them, which has been widely
accepted previously, is the overload of intracellular calcium (Ca?") in
neurones. This study has investigated ryanodine receptor (RyR) on the
endoplasmic reticulum (ER) and several potassium (K*) channels which
might be neuroprotective, such as the large conductance Ca**-activated
K" channel (BK) and adenosine-5'-triphosphate (ATP)-sensitive K*
channel, in both neuronal and astrocytoma cell lines. The reverse
transcription (RT)-polymerase chain react (PCR) results in this Thesis
show that the messages of RyR, BK channel and ATP-sensitive K+
channel (Katp) exist at the messenger ribonucleic acid (RNA) level in
those cell lines. And, the expression of RyRIll message was found
being increased in SH-SY5Y cells but decreased in NTERA-2 cells after
differentiation. The BK channel was confirmed as functional in SH-
SY5Y cells with patch clamp recording. Cell insults which increase
intracellular Ca®* ([Ca®']), such as cobalt (I1) chloride (CoCl,), hydrogen
peroxide (H,0,), beta-amyloid (ABi142) and glutamate, were found to
reduce cell number in those cell lines in cell proliferation MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] assays, and the cells with higher expression of
RyRIIl message were more sensitive to CoCl, and H,O; insults. In cell

proliferation assays testing RyR or K' channel modulators in the
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presence of insults, it has been found that generic blockade of RyR or
K" channel might be neuroprotective, and the activation of RyR or BK
channel and the blockade of Karp channel may aggravate the insults.
Selective blockade of RyRI and RyRIl cannot protect the cells, which
probably indicates that RyRIIl is the key target in neuroprotection.
Activators of the Katp channel cannot protect the cells at a low dose of
CoCl; but might be protective at a high dose, although cromakalim was
an exception. Hence, blockade of RyRIll and the BK channel, and
activation of the Karp channel, could be possible neuroprotective
strategies. Future study should measure [Ca®']; and cell apoptosis
through Ca®" imaging and fluorescence-activated cell sorting (FACS)

respectively, and design selective a RyRIII blocker.

Vi
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1. Introduction

Neurodegeneration is the progressive loss of structure and/or function of
neurones, including the death of neurones. Most of the neurodegenerative
diseases are related to the damage or loss of brain tissues, or related to the
dysfunction of neurones. For example, Parkinson’s disease (PD), which is a
movement disorder, is contributed by the loss of dopaminergic neurones in the
substantial nigra and the degeneration of monoaminergic neurones in the brain
stem and basal ganglia (Stutzmann and Mattson, 2011). Alzheimer’s disease
(AD), which is a progressive deterioration in a broad range of cognitive
functions including language, personality, visual-spatial abilities, and
characteristically, memory (Arispe et al., 2007, Kagan et al., 2002), is caused
by the shrinkage and dysfunction of brain tissues, such as hippocampal
neurones (Mattson and Kater, 1989). Huntington disease (HD), which is a
genetic disease contributed by a disorder of gene, is also found with
dysfunction of brain areas like striatum, cortical structures (Mattson and
Magnus, 2006) and limbic system (Mattson, 2003). Stroke, which is caused by
a clot formed in a cerebral blood vessel, has been found to cause dysfunction of
neurones because of the high energy demand and results in neurone death
(MacDonald et al., 2006). Finally amyotrophic lateral sclerosis (ALS) is also
related to neurodegeneration linked to peripheral neuropathies (Fernyhough

and Calcutt, 2010), although it is not a brain disorder.

Neurodegenerative diseases are widely spread nowadays. According to a report
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from the World Health Organisation (WHO), the prevalence rate of stroke is
ranging from 5 to 10 per 1,000 population and it is estimated that 5.5 million
subjects die from stroke every year (Prilipko, 2004). In Europe, the number of
persons with stroke, including extension, has been estimated as 8.2 million in
2010, the number in UK being estimated as 947 thousand by then (Gustavsson
et al., 2011). The prevalence of dementia has been estimated as 18 — 25 million
subjects in 2000 and 50% - 75% of them are AD cases which is the commonest
pathology in dementia. The prevalence of dementia including AD is age-
dependent and doubles with every five-year increment in age from 1% for 60 —
64 years old group to 45% for those aged 95 years or over (Prilipko, 2004).
There were more than 6.3 million dementia subjects in Europe by 2010 and
738 thousand of them exist in the UK (Gustavsson et al., 2011). WHO has
estimated the incidence of PD as between 16 — 19 per 100,000 people per year
and the crude prevalence is 160 per 100,000 people per year (Prilipko, 2004).
The prevalence of PD in Europe is estimated as 1.2 million subjects, while 110

thousand of them are in UK (Gustavsson et al., 2011).

The cost for neurodegenerative diseases cannot be neglected neither. The
average cost of stroke was €7,775 per patient in Europe and was €8,967 in UK
in 2010 (Gustavsson et al., 2011), which means the total cost was about 64
billion Euros all over the Europe including about 8.5 billion Euros in UK. The
average cost for dementia was about 17 thousand Euros per patient in Europe
and was about 30 thousand Euros in UK in 2010 (Gustavsson et al., 2011),

which means the total cost was about 107 billion Euros all over Europe
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including about 22 billion Euros in UK. The average cost of PD was about 11
thousand Euros per patient in Europe and was 21.5 thousand Euros in UK in
2010 (Gustavsson et al., 2011), which means the total cost was about 13 billion
Euros all over Europe including about 2.4 billion Euros in UK. The total cost
for stroke, PD and dementia, although not all of the neurodegenerative diseases
are included, would be about 180 billion Euros over Europe. According to the
WHO report on the primary method of financing neurological care, 59% are
based on social insurance, 33% are tax-based, and 8% are out of pocket in
Europe (Prilipko, 2004). That means, the burden on neurodegenerative diseases
in Europe would be more than 165 billion Euros to the governments and

society and would be nearly thousand Euros to each individual patient.

Considering the wide prevalence of neurodegenerative diseases and the huge
cost to the government, society and patients themselves, it is essential to find a
way to prevent or treat these diseases. Since most of the neurodegenerative
diseases are related to the dysfunction of neurones or loss of brain tissues,
which progresses to neuronal death, this Thesis is focussed on “the cellular
basis of neurodegeneration” and establishes neuronal insult models to find
possible targets for a neuroprotective purpose, such as the ryanodine receptor

(RyR) and potassium (K") channels.

1.1 Cell death and calcium

Neurones are excitable cells that rapidly communicate electrical signals in a
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precise spatio-temporal manner. Calcium (Ca®*") is a major intracellular
messenger that mediates many of the physiological responses to chemical and
electrical stimulation. Hence, the influx of Ca** through channels is a critical
signal for the release of neurotransmitters from presynaptic terminals and for
the responses of the postsynaptic neurone (Mattson, 2007). Unfortunately such
an influx, if excessive, may eventually cause cell death. Ca®" activates calpains
and caspases, which are forms of cysteine proteases that degrade a variety of
substrates (Mattson, 2007, Nixon, 2003). They can also induce oxidative stress
(Mattson, 2007, Lafon-Cazal et al., 1993), and finally can trigger apoptosis
which is a form of programmed cell death (Ankarcrona et al., 1995, Mattson,

2007).

Intracellular Ca®* ([Ca®*];) overload caused by Ca** influx has been implicated
in several neurodegenerative diseases, such as ischemic stroke, ALS, PD, AD
(Stutzmann and Mattson, 2011) and HD (Mattson, 2007). In normal neurones,
large amounts of energy need to be spent to maintain the homeostasis of ion
gradients, and Ca**-ATPases on the cell membrane and the endoplasmic
reticulum (ER) membrane are one of the major adenosine-5’-triphosphate

(ATP) sinks (Mattson, 2007) and the ER is a large intracellular Ca?* pool.

In stroke, compromised blood flow in vascular damage results in a massive
release of glutamate which can activate the N-Methyl-D-aspartate (NMDA)
receptor. The activation of the NMDA receptor can cause a rise in [Ca'];

(MacDonald et al., 2006). In addition, membrane associated oxidative stress
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can impair the function of glutamate transporters, and promote membrane

depolarization and Ca?* influx through NMDA receptors (Mattson, 2007).

In ALS patients, the Ca®* content in motor neurones is significantly increased
(Mattson, 2007), and such an increase has been linked with a Copper (Cu)/Zinc
(Zn)-superoxide dismutase (SOD) mutation and with the death of motor

neurones (Kruman et al., 1999).

PD has been linked with the death of dopaminergic neurones (Stutzmann and
Mattson, 2011) and dopamine is a widely accepted treatment for PD.
Furthermore, previous studies have suggested that the death of dopaminergic
neurones is contributed by mitochondrial stress, with a possible role of
perturbed [Ca*"]i homeostasis downstream of the mitochondrial alterations
(Mattson et al., 2008). Previous experiments have also found that PD cybrids
(mitochondrially transformed cells) recovered from a carbachol-induced
increase in cytosolic Ca®* 53% more slowly than controls (Sheehan et al.,

1997).

For HD, it has been proposed in previous studies that a polyglutamine
expansion would modify huntingtin to mutant huntingtin fragmentation, and
the latter could be switched to huntingtin oligomers through polyglutamine
expansion and/or the increasing of ferrous (Fe®"), copper I (Cu®) or hydrogen
peroxide (H,0.). The huntingtin oligomers may then increase [Ca?*]; and cause

cell damage or death (Mattson and Magnus, 2006). Ca**-stabilizing agents
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which can prevent [Ca®*]; overload have therefore been proposed as a possible

treatment for HD (Mattson and Magnus, 2006).

AD is a chronic, fatal, neurodegenerative disease which causes progressive
deterioration in a broad range of cognitive functions including language,
personality, visual-spatial abilities, and characteristically, memory (Arispe et
al., 2007, Kagan et al., 2002). In the research on AD, a lot of attention has been
paid to the role of Ca®*. Some studies on brain tissue from AD patients have
revealed that alterations in cellular Ca** homeostasis contribute to the cell
death. Further, previous studies have reported that the amount of free and
protein bound Ca®*, and the activity of Ca**-independent proteases, are
increased in neurones containing neurofibrillary tangles as compared with
tangle-free neurones in brain tissue from AD patients (Mattson, 2007, Nixon,
2003). The Ca®* entering through putative Ca?* channels formed by B-amyloid
(AP) stemming from amyoid precursor protein (APP) may be one possible
pathogenesis of [Ca*']; overload (Alarcon et al., 2006), and, certainly a Ca**
current through an AP channel has been recorded with electrophysiological

techniques previously (Jang et al., 2010).

To summarise those studies mentioned above, it may be important to consider
that [Ca”*]; overload plays an important role in neuronal death and in most, if
not all, of the neurodegenerative diseases. However, the source of the [Ca*'];
rise might not be from solely the outside of the cell, but may also be derived

from an intracellular store. As soon as Ca?* has entered the cells, either through
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an NMDA receptor channel or AP, the increased [Ca®]; binds with the
receptors on the ER, which is known as an intracellular Ca** pool, and actives
the Ca®* channels on ER. This causes more Ca®* to be released from ER and
the [Ca®*); is further increased (Berridge, 2010). Importantly, this pathway is
called Ca®* induced Ca* release (CICR) path. In neurones, like many other
cells, apoptosis would be activated by the increased [Ca®*]i and cell death
would follow. Fig. 1.1 outlines Ca** signalling and the CICR pathway on the

ER.
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Figure 1.1 [Ca®']; signals and activation of cell death (Berridge, 2010)

The CICR system (see Fig. 1.1) has a key well understood physiological
function also in skeletal muscle and cardiac muscle by triggering release of
further Ca?* from the muscle sarcoplasmic reticulum (Endo, 1977). In neurones,

other studies have pointed out that any rise in [Ca®*]; may not solely result in
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inducing cell apoptosis, but might somehow be protective. Although it has
been mentioned above that neuronal death in ischemic stroke is contributed by
the Ca®* release from ER, another study has claimed that when neurones are
exposed to a mild brief ischemia they can be more resistant to a more severe
ischemic stroke (Calabrese et al., 2007). However, this result does not fit well
with a Ca®* hypothesis of neuronal death. The possible reason is that ER Ca**
release can stimulate NF-kB, which is a transcription factor. The activation of
NF-kB can down-regulate NMDA current and inhibit Ca®* release via inositol
1,4,5-trisphosphate (IP3) receptor (Stutzmann and Mattson, 2011). That means,
the brief ischemia, which can increase [Ca®'];, might not necessarily be
protective, but just temporally down-regulate NMDA receptor and prolong

further increasing of [Ca®'];.

1.2 Intracellular Ca?* and ER

As introduced before, in most of the models of neurodegeneration mimicking
stroke, PD, ALS, HD and AD, neuronal death or dysfunction is caused by, or
related to an increase of [Ca'];, even if the pathologies of [Ca**]; increase are
different. The ER plays an important role in [Ca*']; homeostasis. Thus, some
ER Ca?" release mechanisms are going to be briefly introduced here since ER

is known as an important intracellular Ca** pool.

1.2.1 Inositol 1,4,5-trisphosphate receptor
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IP5 receptor (IPsR) is a Ca** channel located on the ER membrane. There are 3
mammalian subtypes of IP3R (Stutzmann and Mattson, 2011). IP3R1 is a
tetramer of four subunits, and, for each subunit, the amino terminal is the IP3
binding domain, the carboxyl terminal is the channel-forming domain, and the
middle part is a modulatory domain. The other two subtypes of IP3R have
similar amino acid sequence with IP3R1 with a homology of 70.5% for IP3R2

and a homology of 64.6% for IP3R3 (Bezprozvanny, 2005).

IPsR is a cation-selective channel gated by IP3 (Bezprozvanny, 2005). When
there is limited intracellular [IP3], few receptors bind IP3; and localized small
Ca®" signals are generated by Ca®" released through a single IPsR channel.
When there is intermediate intracellular [IP3], coordinated openings of several
channels within a group is triggered by Ca®* release from one channel
stimulating gating of nearby channels through CICR process. When there is
high intracellular [IP3], global propagating Ca®* signals can be evoked and the
Ca®" released at one cluster can trigger Ca®" release at adjacent clusters by
CICR (Parker et al., 1996). According to previous measurements of Ca®*
current magnitude through RyR [< 0.5 pico ampere (pA)], and considering that
the relative magnitudes of Ca?* currents through IPsR and RyR can be
estimated to be about 2.85, the Ca”* current through an IPsR channel under
physiological ionic conditions is predicted to be 0.1 — 0.2 pA (Foskett et al.,

2007).

The reason that the cycles of Ca* release exist is that IPsR is a CICR channel,
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and can be activated by not only IPs, but also intracellular Ca®*. Under low
[Ca®*]i [about 50 nano moles (nNM)] in the environment, the activity of IPsR
channel is very low (Foskett et al., 2007). As the [Ca®"]; is increased from 100
nM, the IPsR channel activity can also be increased until [Ca®]; is 1 micro
mole (uM), and the maximum opening probability (P,) of IP3R is estimated as
about 0.8. Interestingly, channel P, stays at the maximum level over a wide
range of [Ca®*]; until about 10 — 20 uM. When the [Ca®']; is further raised
above 20 uM, the IP3R channel is inhibited (Foskett et al., 2007, Mak et al.,
1998). Hence, in the cycles of Ca** release mentioned above, high intracellular
[IP5] stimulates the IPsR channel and releases Ca®*, and increased [Ca®'];
actives the IPsR and continues the Ca®" release thereafter. Although Ca?* can
modulate the P, of the IPsR channel, Ca** cannot independently active IP3R
channel in the absence of IP; (Stutzmann and Mattson, 2011). Besides the
intracellular Ca®*, the IP3R channel can be modulated by luminal Ca®" also.
IPsR activity can be inhibited by luminal Ca**, and the channel can be rapidly
inactivated by high luminal Ca** after it is activated by IP; (Foskett et al.,

2007).

In addition to intracellular and luminal Ca?*, IPsR can be modulated by ATP
and pharmacological modulators. ATP [< milli mole (mM)] can active IP3R1,
and adenophostin A (nM) actives IP3R1 and IP3R2. Heparin [microgram per
millilitre (ug/mL)] and decavanadate (uM) also inhibit all 3 subtypes of IP3R,
while xestospongin C (uM) and caffeine (mM) can inhibit IP3R1 only

(Alexander et al., 2009).
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Previous studies have linked IPsR channel with some neurodegenerative
diseases. In ischemic stroke, Ca* release through the IPsR channel is enhanced
(Stutzmann and Mattson, 2011). In AD, presenilin (PS) 1 actives IP3R to

release more luminal Ca®* and increase [Ca®*]; (Berridge, 2010).

1.2.2 Ryanodine receptor

RyR is another important Ca®* release channel on the ER membrane
(Stutzmann et al., 2006a). The name of “ryanodine receptor” is given because
it is sensitive to a plant alkaloid ryanodine (Sorrentino, 1995), which is found
in the South American plant Ryania speciosa (Flacourtiaceae) (Rogers et al.,

1948). The chemical structure of ryanodine is shown in Fig. 1.2.

There are three isoforms of RyR found so far: RyRI, RyRIl and RyRIIl. They
are distributed in many different organs, tissues or cells (Giannini et al., 1995).
However, generally speaking, RyRI is mostly found in skeletal muscle, RyRII
is usually found in cardiac muscle, and RyRIII is widely found in neurones
(Vanterpool et al., 2006, Manunta, 2000). Thus, they are named skeletal type
(sRyR), cardiac type (cRyR) and brain type (bRyR) respectively in some
papers (Hakamata et al., 1992, Furuichi et al., 1994). The amino acid and
MRNA sequences of human RyRs have been studied before (Bhat and Ma,
2002, Yamaguchi et al., 2004, Tilgen et al., 2001, Pugh et al., 2005), and the
degree of homology on amino acid is quite high. It is 67% between RyRI and

RyRII, is 66% between RyRI and RyRIIl and is 70% between RyRII and
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RyRIIl (Manunta, 2000).

Fig. 1.2 Ryania speciosa and ryanodine. Left hand panel: ryania speciosa; right top:

ryania speciosa; and right bottom: chemical structure of ryanodine.

The three-dimensional of RyRIII is shown in Fig. 1.3.

Previous work with the RyR1 has shown that the three-dimensional structure of
RyRI is similar to that of RyRIIl shown above (Samso6 et al., 2005). The
differences between RyRI and RyRII, and even the selective RyRIl binding
areas, have been studied and described in 1990s (Manunta, 2000, Sorrentino,
1995). But, the differences between RyRIII and the other two isoforms have

not been completely revealed yet.

RyR, like the IP3R, is a CICR channel on the ER. It is a high-conductance but

relatively nonspecific cation channel [about 100 — 150 pico siemens (pS) for
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Fig. 1.3 Three-dimensional structure of RyRIIl (Sharma et al., 2000). a: RyRIIl in
open buffer. Open buffer favours the open state of RyR channel and contains 400 mM
sodium chloride (NaCl), 20 mM 1,4-piperazinediethanesulfonic acid (PIPES) (pH =
7.2), 5 mM Na,AMP, 2 mM dithiothreitol, 0.2 mM calcium chloride (CaCl,), 0.1 mM
ethylene glycol tetraacetic acid (EGTA), 0.6% 3-[(3-
cholamidoprophl)dimethylammonio]-1-propanesulfonic acid [CHAPS, weight to
volume (w/v)], 0.3% soybean phospholipid and 1 ug/mL leupeptin. And b: RyRIII in
closed buffer. Closed buffer contains 400 mM NaCl, 20 mM PIPES, 2 mM
dithiothreitol, 0.1 mM EGTA, 1% CHAPS (w/v) and 1 pg/mL leupeptin. This buffer
favours the closed state of RyR channel. Scale bar is 100 angstrom (A). The left panel
shows the cytoplasmic view, the central panel shows the face interacting with
junctional face membrane, and the right panel shows the interaction of transmembrane
assembly (TA) with the cytoplasmic assembly. All the numbers show the domains

which have been studied previously.

Ca®"], which is therefore quite different from IPsR (Stutzmann and Mattson,
2011). The three isoforms of RyR have different sensitivities to intracellular
Ca’* (RyRI > RyRIl > RyRIII). All of the three isoforms can be activated by
low concentrations of intracellular Ca®* (uM) to release luminal Ca?* and can

be inhibited by high [Ca*']; (Alexander et al., 2009). Ca®* release through RyRI
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can achieve maximal release at about 5 uM [Ca®']; and can be inhibited by
intracellular Ca®* at several hundred uM (Alexander et al., 2009) to low mM
range (Stutzmann and Mattson, 2011). The RyRII and RyRIII require higher
[Ca?*]; for inhibition, requiring about 1 mM (Alexander et al., 2009) to 10 mM
(Stutzmann and Mattson, 2011) or above. The RyR can also be modulated by
luminal Ca®* and high luminal Ca®** levels increase its responsiveness to some
cytosolic agonists (Stutzmann and Mattson, 2011). In addition, in a transgenic
(KM670/671NL + V717F) mouse model, importantly, enhanced expression of
RyR and increased [Ca*']i have been reported, but the [Ca®*]i is similar to
control in the transgenic model with silenced RyRIII (Supnet et al., 2006). This
result suggests that [Ca®*]; cannot be markedly increased without the existence

of RyR, even in the transgenic AD model.

In addition to both intracellular and luminal Ca®*, RyR can also be modulated
by ATP, calmodulin, cytosolic magnesium (Mg**) and some pharmacological
modulators. Cytosolic ATP (mM) can active RyR while Mg®* (mM) can inhibit
it (Stutzmann and Mattson, 2011). Calmodulin at low [Ca®*]i level actives
RyRI and RyRIII. Ryanodine (NM — uM) and caffeine (mM) can active all the
three isoforms of RyR, and suramin (uM) can active RyRI and RyRII.
Ruthenium red inhibits all the three isoforms of RyR, ryanodine (> 100 uM)
and procaine block RyRI and RyRII only, and dantrolene blocks RyRI and

RyRIII only (Alexander et al., 2009).

Intriguingly, previous studies have related the dysfunction of RyR to several
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neurodegenerative diseases. Ca®* release through RyR is enhanced in ischemic
stroke (Stutzmann and Mattson, 2011), and the study on a transgenic AD
mouse model (KM670/671NL + V717F), which has been mentioned above,
has revealed that both RyR expression and Ca®* release are enhanced in the
transgenic model comparing with the control (Supnet et al., 2006). Some
studies even claim that RyR induced Ca?* release in the ER may be crucially
involved in the formation of the pathological hallmarks of AD (Kelliher et al.,

1999).

1.2.3 Other considerations

Besides IP3R and RyR, there are other relevant targets on the ER which could
either modulate Ca®* release from ER directly, or modulate IPsR or RyR. These
include PS, Ca*" homeostasis modulator 1 (CALHMZ1) and the sarcoplasmic-

endoplasmic reticulum Ca?* ATPase (SERCA).

There are two types of PS, PS1 and PS2. PS has been widely studied in AD
research since it can cleave APP to generate AP (Stutzmann and Mattson,
2011). Previous studies have also found that PS, either wild type or mutant, can
increase the intracellular Ca?* level and can enhance IPs-evoked Ca®* responses.
PS can also increase the open probability of (ECso = 7 nM) and the Ca** release
current from the RyR channel (Rybalchenko et al., 2008). In addition, PS itself
may constitute a Ca®* leak channel to release luminal Ca** (Berridge, 2010,

Stutzmann and Mattson, 2011, Tu et al., 2006). Besides the release from
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luminal Ca?*, PS can also increase [Ca*']i by enhancing Ca®* entry from
extracellular sources (Lessard et al., 2005). In addition to modulating
intracellular Ca?*, PS increases potassium (K*) current in hippocampal
neurones, an action which may be related to neuronal apoptosis (Zhang et al.,

2004).

CALHM1 is a novel Ca** channel localised to both the ER and plasma
membrane (Stutzmann and Mattson, 2011). A previous study has proposed that
CALHM1 is an essential component of a previously uncharacterised Ca®*
channel that controls both AB level and [Ca®*];, both of which are related to AD
(Dreses-Werringloer et al., 2008), and, luminal Ca** can be released from
CALHM1 (Berridge, 2010). However, the link between CALHM1 and AD is
still arguable and some other studies have shown no support for CALHM1’s

role in AD. This is reviewed in Stutzmann and Mattson (2011).

In addition to those luminal Ca®" release channels mentioned above, IP3R, RyR,
PS and CALHML1, there is a Ca®* influx pump, SERCA, on the ER membrane.
It pumps cytosolic Ca*" into the ER using energy derived from ATP hydrolysis.
There are three (SERCA1, SERCA2 and SERCAJ) different proteins, and they
can be further divided to 7 isoforms (SERCAla, SERCAlb, SERCAZ2a,
SERCA2b, SERCA3a, SERCA3b and SERCA3c). SERCA2b and SERCA3
are expressed in nomuscle tissues, SERCAZ2b particularly is expressed in brain
(Stutzmann and Mattson, 2011). Previously it has been shown that the activity

of SERCA2b to pump Ca** into ER can be enhanced by higher expression of
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PS1, which means that high expression of PS1 would accelerate cytosolic Ca**
clearance (Green et al., 2008). This result does not suggest a neuroprotective
effect of PS1, since the enhanced activity of SERCA may not balance the

increased activity of IPsR and the Ca** leak through PS1 itself (Berridge, 2010).

1.3 Neuronal insult

Since this thesis is focused on the cellular basis of neurodegeneration, several
cell insult models, which can result in neuronal death and may be highly
relevant to neuronal degenerative diseases, have been considered. These are

now described in turn.

1.3.1 p-amyloid

AP is thought to be the main pathogenesis of AD (Zahradnikova and Palade,
1993). Some studies of the channel hypothesis claim that the AP peptides are
the major constituents of senile plaques found in the brain (Plant et al., 2003),
especially in the hippocampal regions (Mattson and Kater, 1989), of AD
patients. They accumulate in plaques in the brain, form ion channels, and
actually damage and/or kill neurones (Alarcén et al., 2006, Kagan et al., 2002,
Kelliher et al., 1999, Lin et al., 2001). Such a channel forming ability of AB
peptides was first demonstrated in lipid bilayers in 1993 (Arispe et al., 2007,
Kagan et al., 2002) and the 3D structure of the AP ion channel was reviewed in

2007 (Lal et al., 2007). Other studies have shown that AP peptides can insert
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into the plasma membranes of target cells, transport ions such as Ca*, and
mediate cytotoxicity in a manner consistent with channel formation (Kagan et
al., 2002). Further, patch clamping has also confirmed that the AB channel is

existent and functional (Jang et al., 2010).

However, neurones must maintain ionic gradients and membrane potential to
function properly in their signalling role, and even small decrements in
membrane potential can alter firing properties and lead to significant brain
dysfunction. In particular, neurones need to maintain [Ca*']; low (~ 100 nM),
hence the Ca?* entering into neurones from AP channels will potentially trigger

apoptosis or at least modify signalling function (Kagan et al., 2002).

Alzheimer’s disease
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Fig. 1.4 AP peptides and its actions on cells (Arispe et al., 2007)

Body fluids

Fig. 1.4 shows the principal of AP channel. The APP is a form of
transmembrane protein, and can generate AP following the activity of a
specific enzyme (Kelliher et al., 1999). Most AP remains in the medium in a

non-toxic and non-aggregated state. But, in the AD brain, the AB plaques can
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form neuritic plaques, soluble oligomers and ion channels in cells. Such a
channel will allow ions, such as Ca**, and neurotoxins to enter into, and will

cause neurofibrillary tangles (Arispe et al., 2007).

In addition to the Ca®* channel formation approach, AB can also modulate
acetylcholine (ACh) release in brain neurones. ACh dysregulation has been
linked to AD and other dementias in previous studies. The activity of the ACh
synthesizing enzyme choline acetyltransferase is reduced in the neocortex of
AD brain, and reduced ACh release and loss of cholinergic neurones occurs in
the basal forebrain region in AD brains (Kar, 2002). Importantly, a
fluorescence test on SK-N-MC cells (a human neuroepithelioma cell line) has
found that APi42 can bind with the a7 nicotinic ACh receptor with high
affinity and can reduce cell viability at a concentration of nM (Wang et al.,
2000). Another in vitro study with rat hippocampal slices has shown that 10
nM AP can inhibit ACh release in 2 hours (h) (Kar et al., 1998), and, such an
inhibitory effect is more significant in the aged cognitively-impaired rats than
it is in the aged cognitively-unimpaired rats or young adult rats (Vaucher et al.,
2001). These effects may also underlie the toxic effect of AP in neurones,
however whether intracellular Ca®* changes are involved in these actions is still

unknown.

1.3.2 Hypoxia mimicked by cobalt (I1) chloride

Hypoxia is a widely used model in cardiac disease studies and it has a major

role in the pathogenesis of cardiac dysfunction (Bautista et al., 2009). Hypoxia
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has also been found to promote chondrogenesis in stem cells (Kanichai et al.,
2008). In those models, hypoxia is linked with ischemia, and hypoxia/ischemia
can lead to the modulation of some bioactive lipid messengers such as
eicosanoids whose synthesis is highly regulated in reperfusion as well (Bazan
et al., 2002). Clearly, ischemia is a key pathogenesis of ischemic stroke and,
besides stroke, hypoxia has been implicated in several other brain disorders or
neurodegenerative diseases too, or even has been used as a model for those
studies. For example, hypoxia has been used as a model to induce generalized
seizure to study the role of potassium channels (Yamada et al., 2001). And,
hypoxia is also an important contributor to the onset and progression of AD

(Bazan et al., 2002).

In addition to having been considered as a model of a range of diseases,
hypoxia directly modulates [Ca®'];. Previous work believes that the modulation
of Ca®* by IP3R is based on hypoxia preconditioning in hippocampal neurones

(Bickler et al., 2009).

Cobalt (1) chloride (CoCl;) has been used as a hypoxia mimetic model in
previous studies (Gasperi et al., 2010, Bautista et al., 2009), and in neurones,
CoCl; can increase the generation of AP by up-regulating the expression of
APP as well as the expression of B-secretase and y-secretase (Zhu et al., 2009).
As described above, AP is the key pathogenesis factor for neurones in AD and

is an obvious neuronal insult model.
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1.3.3 Oxidative stress induced by hydrogen peroxide

Oxidative stress has been found to be increased in the aged brain, and aging is
obviously related to a range of neurodegenerative diseases or brain disorders
such as stroke and AD (Floyd and Hensley, 2002). Besides, oxidative stress is
allegedly involved in ALS as well since an increased level of Ca®*, and
oxyradicals are found in spinal cord motor neurones in ALS patients (Kruman
et al., 1999). Furthermore, some other studies believe that oxidative stress is
also involved in PD (Egea et al., 2007). In cells oxidative stress is essentially
an insult to mitochondria and causes mitochondrial dysfunction (Lin and Beal,

2006).

H,0, has been utilised effectively as an oxidative stress insult model for
cellular based studies before. Hence, the cell death with H,O, has been tested
with a mouse hippocampal cell line (Ishimura et al., 2008), and, there is
evidence to suggest that H,O, is not an oxidative stress insult only in
neurodegeneration, but also can modulate [Ca?*]; directly (Krebs et al., 2007).
A similar study has been done with cardiac cell lines to investigate the effect of
H,O, on gating Ca** release channel and to link this release with the function

of the RyR (Boraso and Williams, 1994).

1.3.4 Glutamate

Glutamate has often been studied in previous studies researching of
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neurodegeneration since it can bind with, and activate the NMDA receptor,

which is a Ca?* influx channel.

Glutamate has therefore been used as an insult in neuronal cell lines, and
glutamate induces neurodegeneration for example in hippocampal neurones
(Mattson, 1989). It can directly induce neuronal death and direct the cells to
apoptosis based on the modification of mitochondrial functions (Ankarcrona et
al., 1995), and can also induce neuronal death by deregulation of [Ca®*]i and
has been used as an ischemia model (Dolga et al., 2011). This effect could be
due in part to the activation of NMDA receptor since the latter can induce Ca®*
signals (Alford et al., 1993, Makarewicz et al., 2003). In addition, stimulation
of the NMDA receptor can produce superoxide (O~) which is toxic to cells, and
is linked with ALS (Lafon-Cazal et al., 1993). Amazingly experimental results
have shown that 1 mM glutamate can induce APP secretion in 30 minutes

(Jolly-Tornetta et al., 1998).

In addition, glutamate is involved in, and linked with the other insults. Previous
studies conclude that glutamate (1 mM) and the activation of NMDA receptor
are essential in the cell death in a hypoxia mimetic model, although this same
study has also indicated that 1 mM glutamate alone is not toxic to neurones if
hypoxia is absent (Rootwelt et al., 1998). There are even some studies that
have challenged the idea of a toxic effect of glutamate by suggesting that the
activation of CICR channel, such as IP3R, can be inhibited by glutamate (Kato

and Rubel, 1999).
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1.4 Possible neuroprotective targets studied in this thesis

As introduced above, the CICR channel plays an important role in luminal Ca®*
release and in [Ca*"]; homeostasis. Hence, the CICR channels could be selected
as a potential target for research on neuroprotection. As will be seen, this thesis
focuses on RyR, which is a CICR channel on the ER. In addition, dysfunction
of the K* channel and involvement of ATP has been mentioned above in some
cases of neurodegeneration and neuronal death. Hence several types of K"

channels are also considered here, given their possible roles in neuroprotection.

1.4.1 Ryanodine receptor

As introduced above, earlier studies have pointed out that RyR is implicated in
luminal Ca** release (Stutzmann et al., 2006a), and it is well known as a Ca**-
regulating protein on the ER membrane. Hence its blockade could potentially

protect neurones against excitotoxic injury (Mattson, 2007).

But why the RyR rather than the other important CICR channel IP3R? This is
based on a consideration of selectivity. [Ca’*]; overload and CICR are likely
factors in neurodegeneration, but do play a physiological role in skeletal and
cardiac muscles. Hence, if selected for a neuroprotective strategy, possible side
effects on other targets or tissues other than neurones are expected. In this case,
it is preferred to pick a target located in neurones only, rather than one widely

spread in other organs or tissues. The distributions of three isoforms of RyR
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have been investigated in previous studies, and RyRIII is the only isoform
which is mainly located in brain neurones (Sorrentino, 1995). However
importantly there is little difference in the distribution of the three IP3R

subtypes.

Equally the RyRIII target is a better target than the SERCA. Although the
distribution of different subtypes of SERCA are different, and only SERCA2b
is mainly distributed in brain, there are few pharmacology modulators available
for SERCA thus far. In addition, the effect of SERCA on [Ca?*]; modulation is
smaller than the effects of RyR or IP3R, although SERCA does play a positive

role in reducing [Ca*];. (Green et al., 2008, Berridge, 2010).

As introduced in Section 1.2.2, there are several pharmacological RyR
modulators available. This study proposes to test the effect of those modulators
on models of neuronal insult to see whether RyR blockade, particularly the
blockade of RyRIIl rather than the other two isoforms, would be

neuroprotective or not.

1.4.2 Potassium channel

As introduced above, there are three potential cell insults to be used in this
study, AP, hypoxia and oxidative stress. All of these can increase [Ca®']; and
induce neuronal death. However, besides the issue of [Ca®'];, K* channel

activity may play a role in those cell insults. A previous study has found that
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platelets from AD patients have a modified activity in a K* channel (Silva et al.,
1998), and, a mathematical model has also shown that any AB-mediated block
of the K* current could result in increased intracellular Ca** levels and hence
increased membrane excitability (Good and Murphy, 1996). However, there
are some other contrasting studies claiming the opposite. For example, one
study in 1998 has shown that tetraethylammonium (TEA), which is a K"
channel blocker, can reduce the neuronal death from a AP insult (Yu et al.,

1998).

So, there remains the big question whether activation or blockade of K"
channels would be neuroprotective. Several K* channels which have been
studied before, such as the large conductance Ca®* activated K* channel (BK),
ATP-sensitive K™ channel (Katp) and the voltage-gated K* channel (K,), are

therefore introduced here.

1.4.2.1 Large conductance Ca®*-activated K* channel

Some studies have claimed that the activation of BK channel is neuroprotective.
In an in vivo BK” mouse model (homozygous mice lacking the BKa subunit),
transient focal cerebral ischemia induced by middle cerebral artery occlusion
produced larger infarct volume and higher post-ischemia mortality than the
wild type counterpart, and NMDA-induced neurotoxicity was found to be
larger than in the wild type counterpart when NMDA is injected intracerebrally

(Liao et al., 2010). In an in vitro model of rat hippocampal tissue, electrically-
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induced glutamate release was reduced by a selective BK opener (Gribkoff et
al., 2001). For the possible neuroprotective function of the BK channel, one
review in 2006 has proposed that the activation of BK channel results in
hyperpolarization of membrane potential which will close voltage-gated Ca**
channels, reduce Ca** entry and diminish Ca** (Burg et al., 2006). In addition
to consideration at the cell membrane, one study on guinea pig ventricular cells
has suggested that the activation of mitochondrial BK channels can cause
mitochondrial K* uptake, and that such an uptake can protect the heart against

ischemic injury and infarction (Xu et al., 2002).

In contrast, some other studies have highlighted the opposite effect of BK
channel activation. The review mentioned above (Burg et al., 2006) has also
pointed out that the activation of BK channels can enhance transmembrane K*
efflux which can cause cell shrinkage, [Ca®]i increase and finally cell
apoptosis. One study on cardiomyocytes has claimed that the interference of
the BK B1 subunit mRNA increases cardiomyocyte resistance to ischemia

(Bautista et al., 2009).

So whether BK channel activation is neuroprotective, or not, is still uncertain.
Therefore, the BK channel is investigated in this Thesis to ascertain its role, if

any.

The BK is a channel with an a subunit and four similar or different  subunits.

The a subunit is the main and essential part of BK and its silence would render
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the whole channel nonfunctional. The expression of different B subunits is
variable in different areas. Bl is primarily expressed in smooth muscle, hair
cells, and some neurones, B2 is found in ovary and endocrine tissue, 3 is
found in testis, and B4 is the most abundant B subunit in the brain. The BK
channel with different B subunits may have different properties and processes

different functions. (Orio et al., 2002).

The topography of the BK channel is shown in Fig. 1.5.
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Fig. 1.5 BK o and B subunit topography (Orio et al., 2002).

1.4.2.2 ATP-sensitive K* channel

Some previous studies have proposed that the activation of Karp channel can
protect neurones. One in vivo study on the K;6.2 knocked out mouse model
has found that the neurones were severely damaged after focal cerebral

ischemia induced by middle cerebral artery occlusion, whereas few injured
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neurones were found in the wild type counterparts (Sun et al., 2006). Another
study on a K;6.2 mutant mouse model has also found that the activity of
substantia nigra pars reticulate neurones, which plays an important role in the
control of seizures, was enhanced during hypoxia, while th