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Abstract
This thesis is primarily concerned with the pathological remodelling of
calcium homeostasis and signalling in murine Alzheimer’s disease (AD)
models, namely the 3xTg-AD (APPSWE/PS1M146V/TauP301L) mouse and
TgF344-AD (APPSWE/PS1∆E9) rat models.
The majority of data contained herein was amassed from calcium
imaging of primary neuronal hippocampal cultures. The development of a
new protocol for the primary culture of mouse hippocampal neurons also
represents a major research output of this thesis (Kaar et al., 2017). In
addition to simplifying and optimising each facet of the culturing process, we
identified the mechanical dissociation of hippocampal tissue (trituration) as
the critical factor in determining the success or otherwise of culture
preparations. Furthermore, we demonstrated that successful primary mouse
hippocampal cultures could be prepared without the need for specialised and
expensive proprietary supplements which many researchers in the field
propose as being essential for this purpose. As such, this method fills a niche
in the current published literature where efficient, cost-effective and succinct
methods for postnatal mouse cultures are lacking.
Calcium imaging experiments were predominately conducted using
cultures produced from three to 6-day-old mice and rats. In using animals at
such a young age it is thought that any observed calcium dysregulation may
reflect early pathological or perhaps even initiating AD events. In line with the
“Calcium hypothesis of Alzheimer’s disease” (Berridge, 2010), this research
points to cellular Ca2+ remodelling in terms of both basal Ca2+ levels and
Ca2+ signalling as an early pathogenic event in AD. In particular, we have
studied how the main neuronal calcium store, the endoplasmic reticulum
(ER), functions in both maintaining calcium homeostasis and mediating
intracellular signalling processes, and how these functions might be
disrupted in AD. Using calcium imaging, group 1 metabotropic glutamate
receptor (I-mGluR)-mediated somatic responses were measured under basal
conditions and also under conditions where the ER was ‘preloaded’ with
calcium (using a depolarising stimulus (15mM K+) which, we propose, mimics
a ‘learning event’ in the hippocampus). In non-transgenic neurons from both
murine models, I-mGluR activation combined with the loading stimulusevoked enhanced Ca2+ signals relative to I-mGluR activation alone. In
contrast, enhanced calcium responses were not observed in 3xTg-AD mouse
hippocampal neurons, suggesting a loss of this signalling function. Notably
however, under basal conditions, we did observe significantly larger
responses to I-mGluR activation as well as attenuated SOCE in 3xTg-AD
neurons suggesting a pathological increase in resting ER calcium levels in
these neurons relative to controls. Furthermore, in TgF344-AD neurons,
there were also subtle differences in I-mGluR response parameters when
1

compared with non-Tg controls. The fact that such stark alterations in
calcium homeostasis and signalling were observed in neurons from 3xTg-AD
mice at such a young age (≤6 days), suggests that calcium dysregulation
may occur at a much earlier stage in the disease progression than previously
thought and appear to greatly precede the appearance of Aβ or tau
pathology.
The third major theme of this thesis involved identifying the
downstream signalling cascade(s) involved in I-mGluR activation. The
classical understanding of I-mGluR activation involves phospholipase C β
(PLCβ)-mediated production of IP3 and Ca2+ release from the ER via the IP3
receptors (IP3R). However, we show here that a significant contribution
(approximately 10 - 40%) of I-mGluR mediated Ca2+ mobilisation from the
ER is in fact mediated by the second messenger, cyclic ADP-ribose
(cADPR), which culminates in RyR-mediated Ca2+ release. Furthermore, the
relative contribution of both PLCβ/IP3R and cADPR/RyR pathways to overall
I-mGluR elicited signals is altered in transgenic neurons of both murine
models.
Finally, the expression of key calcium toolkit components including
relative IP3R and RyR isoform expression, as well as the expression of Bcl-2
and Bcl-XL, which modulate ER Ca2+ release channel function, was
determined in hippocampal tissue from 5-, 15- and 21-day-old 3xTg-AD
mice. It was found that there was a trend towards decreased expression of
Bcl-2 and Bcl-XL and a trend towards increased expression of RyR and IP3R1
with development (P5 vs P15 and P5 vs P21) regardless of transgenic
status, however, this was significant solely in 3xTg-AD tissue and only in the
case of Bcl-2, Bcl-XL and RyR (2) expression (and generally, solely at the
latest stage of development tested, P21).
In summary, the work set out in this thesis investigates neuronal Ca2+
homeostasis and I-mGluR/ER signalling as well as relevant protein
expression with a particular focus on possible AD-mediated dysregulation of
these processes. Lastly, the method of primary hippocampal culture, the
sources of experimental units from which this data has been accrued has
been extensively optimised.

2

1. General introduction
1.1. Alzheimer’s disease
According to the ‘World Alzheimer Report 2015’ by Alzheimer’s
Disease International the number of individuals worldwide aged 60 years and
older will increase from the current figure of approximately 895 million to
2022 million by 2050, a trend that is mainly fuelled by increases in average
life expectancy in the developing world. Unfortunately, as average life
expectancy increases so too does the prevalence of age-related diseases
such as dementia. There were an estimated 47 million people worldwide with
dementia in 2015, with an associated cost of US$ 818 billion (1.09% of
global GDP). Worryingly, the number of individuals affected by dementia is
projected to increase to 131.5 million individuals by 2050. As an indication of
the situation in the developed world, conservative estimates predict that 5.4
million people suffer from the most prevalent form of dementia, Alzheimer’s
disease (AD), in the US alone, where it is currently the sixth leading cause of
death. These figures are projected to increase to 13.8 million by 2050,
fuelled in large part by the ageing baby boom generation (Alzheimer’s
Association, 2016). As such, AD, is set to become one of the major public
health concerns facing mankind in the 21st century and therefore the need for
research into the underlying causes of the condition is more imperative than
ever.
AD is an inexorably progressive neurodegenerative disorder
characterised phenotypically by progressive memory and behavioural
impairments, and histopathologically by both the progressive deposition of
extracellular amyloid β (Aβ) protein plaques, formed from the polymerization
of Aβ proteins and the formation of intracellular neurofibrillary tangles
(NFTs), consisting of hyperphosphorylated, proteolysis-resistant, aggregates
of tau protein (Buée et al., 2000; Gendron and Petrucelli, 2009). Chronic
neuroinflammation and frank neuronal loss, particularly in the hippocampus
and neocortical regions of the brain, complete the disease profile (Querfurth
and LaFerla, 2010).
The first neuropathological changes of AD present in regions of the
brain primarily associated with the acquisition of new memories, namely, the
hippocampus and entorhinal cortex, and subsequently, the medial temporal
lobe (Belleville et al., 2008; Reitz et al., 2009; Small et al., 2011). This likely
explains the corresponding early effects of the disease, which primarily
impair anterograde episodic memory (Ally et al., 2013; Collie and Maruff,
2000; Selkoe, 2002). The condition spreads out to affect the neocortex in
later stages of the disease, whilst initially affected regions worsen and
massive neuronal cell death becomes evident, with a concurrent
deterioration in cognition, leading to fully developed AD (Braak et al., 2006).
3

AD is somewhat arbitrarily divided into two subtypes: sporadic/lateonset AD (LOAD) and early-onset AD (EOAD), based upon the respective
ages of their clinically diagnosed onset. However, both types are positively
associated with a family history of AD. The majority of cases (~ 95%) are
classified as LOAD, which presents after 60 - 65 years (Bertram and Tanzi,
2004a). As the name implies, EOAD is diagnosed earlier than LOAD, at 30 60 years of age, and accounts for 1 – 6% of all cases. Of these, early onset
familial AD (EOFAD), where there are multiple cases of AD within families,
accounts for approximately 60% of cases, whilst 13% of EOFAD cases are
inherited in an autosomal dominant manner, with at least three generations
affected. This autosomal dominant inheritance pattern is due to mutations in
either amyloid precursor protein (APP; on chromosome 21), presenilin 1
(PS1; on chromosome 14) or presenilin 2 (PS2; on chromosome 1; Campion
et al., 1999). Complicating matters further, EOAD can also occur in families
with a history of LOAD (Brickell et al., 2006).
Aside from these autosomal dominant cases which I will return to later
in this Introduction, AD is generally thought to be due to the complex
interaction of environmental and lifestyle factors combined with multiple
susceptibility genes (Bekris et al., 2010; Bertram and Tanzi, 2004b; Kamboh,
2004; Roses, 2006; Serretti et al., 2005). Furthermore, it has been proposed
that approximately 60 – 80% of ‘sporadic’ AD cases may, in fact, be
genetically determined (Gatz et al., 2006), with each of the following three
genetic ‘risk factors’ thought to contribute significantly to this genetic
component of LOAD (Harold et al., 2009; Lambert et al., 2009): a)
inheritance of the ε4 allele of the polymorphic apolipoprotein E (ApoE4) gene
(chromosome 19; Coon et al., 2007; Roses et al., 1995) which results in less
efficient breakdown and clearance of Aβ proteins (Liu et al., 2013), b)
mutations in Triggering Receptor Expressed on Myeloid cells 2 (TREM2),
which regulates microglial removal of Aβ (Colonna and Wang, 2016;
Guerreiro et al., 2013; Neumann and Daly, 2013; Yaghmoor et al., 2014)),
and c) mutations in Clusterin (CLU/APoJ), which affects Aβ processing,
inflammation and apoptosis (Woody and Zhao, 2016).
The various hypotheses outlined in this general introduction to AD all
attempt to explain the onset and progression of AD in the context of either Aβ
proteins, Ca2+ dysregulation, tau pathology, mitochondrial impairment,
oxidative stress and/or neuroinflammation. In reality, although establishing
earlier versus later events in disease pathology is important for treatment
development, focussing on any single one of these hypotheses fails to
acknowledge the full breadth of the disease pathology. As such, it is likely
that single or multiple components described by each of these hypotheses
interact in a highly complex and feed forward manner to propagate the
spread of the disease.
4

1.2 APP and the amyloid β cascade hypothesis
1.2.1 APP
APP is a type 1 transmembrane (TM) glycoprotein, with three
isoforms: APP695 (neuron-specific isoform), APP751 and APP770 encoded for
by an APP gene on chromosome 21 (Sandbrink et al., 1996). It consists of a
long N-terminal ectodomain, a TM domain (within which an Aβ sequence is
partly embedded) and a short C-terminal domain (Muller et al., 2017). APP
expression is detectable from embryonic day 7.5 in mice (Ott and Bullock,
2001) and expression of APP mRNA and proteins in adult rodents is
ubiquitous (Lorent et al., 1995; Slunt et al., 1994). In the CNS, APP is
abundantly expressed in neurons (Guo et al., 2012) which predominantly
express the APP695 isoform (Gralle and Ferreira, 2007). APP is expressed
particularly strongly in cortical and hippocampal excitatory neurons and in
inhibitory gamma-aminobutyric acid (GABA)ergic interneurons (Hick et al.,
2015; Wang et al., 2014). The mammalian APP family consists of APP
(ubiquitously expressed), the APP-like proteins (APLP) 1 (nervous systemspecific expression) and APLP 2 (ubiquitously expressed; Lorent et al., 1995;
Slunt et al., 1994), which are all enriched at the pre-synaptic active zones
(Laßek et al., 2013). Aside from neuronal cells, in vitro experiments indicate
that all three APP isoforms are also expressed in microglia and astrocytes
(LeBlanc et al., 1991). However, in vivo glial APP expression has not been
detected (Guo et al., 2012).
APP is synthesised in the endoplasmic reticulum (ER) and transported
by the Golgi secretory apparatus to the trans-Golgi-network (TGN) and on to
the plasma membrane (PM; Jiang et al., 2014). The canonical pathway of
APP processing is carried out by α-, β- and ƴ-secretases. However, the
cellular localisation of APP metabolism is not definite, although it appears to
occur primarily within the ER/Golgi/TGN (Greenfield et al., 1999), the
endolysosomal system (Haass et al., 1993a, 1993b), as well as at the PM
(Sisodia, 1992; Fig 1.2).
APP has wide-ranging physiological functions and numerous modes
of action. It is beyond the scope of this thesis to describe these in detail (for
reviews see Dawkins and Small, 2014; Müller and Zheng, 2012). Briefly,
however, APP is known to function as both a cell surface receptor and as a
ligand which can mediate its effects either by activating downstream
signalling cascades or via active proteolytic fragments such as soluble APP
fragment-α (APPsα; see below for APPsα production in the nonamyloidogenic pathway; Muller et al., 2017).
APP knockout (KO) mice are viable but exhibit abnormalities
including: reactive gliosis (Burda and Sofroniew, 2014; Pekny and Pekna,
2016), impairment in a molecular model of memory formation- long-term
5

potentiation (LTP) as well as impaired cognitive function and locomotion
(Dawson et al., 1999; Zheng et al., 1995). Interestingly, solely expressing the
APP metabolite APPsα in these mice can rescue these abnormalities,
suggesting it is the primary APP effector under normal physiological
circumstances (Ring et al., 2007).

1.2.2 Amyloid β cascade hypothesis
The central tenet of the Aβ hypothesis is that alterations in the
processing of APP, leading to the abnormal accumulation of Aβ into Aβ
oligomers (Aβo), insoluble fibrils and plaques and/or alterations in its
degradation and clearance, are responsible for the onset of AD (Selkoe and
Hardy, 2016). In addition to the deposition of Aβ plaques in AD patients’
brains, the strongest argument in support of the Aβ hypothesis of AD
remains the correlation between AD susceptibility genes and Aβ production
(Tanzi and Bertram, 2005). In this regard, there are currently 24 known
associated pathogenic mutations of APP, which have been identified in
several families across the world. These mutations include missense
mutations which code for amino acid substitutions flanking, or within, the Aβ
encoding region of APP. Most of these are near the γ-secretase cleavage
site but there is one known double mutation which flanks the β-secretase
site, known as the Swedish mutation (APPSWE; cleavage at both sites are
part of the amyloidogenic processing of Aβ, as explained in Section 1.2.3
APP processing) which is one cause of autosomal dominant EOFAD (Selkoe
and Schenk, 2003). This APPSWE mutation is expressed in both the 3xTg-AD
(APPSWE/PS1M146V/TauP301L) mouse and TgF344-AD (APPSWE/PS1∆E9) rat
model of AD, both of which have been examined for the work presented in
this thesis. Generally, these mutations either increase the overall amount of
Aβ production or the ratio of Aβ42, the more toxic form of Aβ highly implicated
in neuronal dysfunction, to Aβ40 (Cacace et al., 2016). Notably, in Down
syndrome (DS) where chromosome 21 is partially or fully triplicated (which is
why it is also known as Trisomy 21), if this triplication includes the APP gene
region it almost inevitably results in those individuals developing AD-like
symptoms and pathology (Margallo-Lana et al., 2004; Rumble et al., 1989).
This DS-related AD pathology occurs 20 to 30 years earlier than in the nonDS population (Wisniewski et al., 1985) and almost all adults over 40 with DS
display AD neuropathology (Menéndez, 2005). The Aβ hypothesis of AD is
further supported by the relatively recent discovery of the APPA673T mutation
in an Icelandic population. This mutation, rather than causing AD, actually
seems to confer an ‘immunity’ against the development of the disease as
well as age-related cognitive decline (Jonsson et al., 2012).
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Although I have only provided a ‘snapshot’ here of the research
implicating the role of APP in AD pathogenesis, this cascade has been the
primary focus of AD research for the last 15 years (Hardy and Higgins, 1992;
Selkoe and Hardy, 2016). As such, a large body of evidence on the
pathological profile of APP metabolites has been generated from both human
patients and animal models, a summary of which is provided in Section 1.2.6
Molecular actions of Aβ.

1.2.3 APP processing
APP undergoes extensive and complex proteolytic processing,
resulting in numerous biologically active fragments with specific and even
opposing functions. The so-called non-amyloidogenic and amyloidogenic
pathways comprise the canonical APP processing pathway and involve the
sequential activity of α- and β-secretase, respectively, followed by ysecretase activity. The δ- and η-pathways, meprin-β cleavage and caspase
cleavage comprise non-canonical APP processing (Fig 1.1 Muller et al.,
2017). It is important to note that all of these APP processing pathways exist
in normal healthy individuals throughout life such that Aβ proteins are
detectable in the plasma and cerebrospinal fluid (CSF) of healthy individuals
as well as those with AD (Selkoe and Schenk, 2003).
APP is either cleaved at the PM by secretases or un-cleaved/partially
cleaved APP (as well as secretases) are internalised within clathrin-coated
vesicles where they are expressed throughout both early and late
endosomes and the lysosome recycling system (Caporaso et al., 1994;
Nordstedt et al., 1993). A fraction of the internalised APP is also recycled to
the PM or retrieved back to the TGN. As such, the PM pool of APP reflects
its secretion, internalisation and the efficiency of secretases (Jiang et al.,
2014). In overexpression studies, APP is found targeted to the endosome
(primarily) and TGN, as well as the plasma membrane (Huse et al., 2000;
Vassar et al., 1999; Walter et al., 2001). The components required for APP
processing, including secretases and APP as well as the products of
processing, including Aβ, are expressed throughout these intracellular
organelles (Fig 1.2; Jiang et al., 2014).
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Figure 1.1. APP processing
APP can undergo canonical (a) and/or non-canonical (b) processing.
a) Canonical processing involves either the non-amyloidogenic or amyloidogenic pathway. In the non-amyloidogenic pathway
APP is sequentially processed by 𝛼-secretase (cutting in the Aβ region of APP) and the γ-secretase complex to form what are
generally considered non-toxic APPsα, p3 and AICD. In the amyloidogenic pathway APP is sequentially processed by βsecretase and the γ-secretase complex forming substances implicated in AD such as Aβ40 and Aβ42 monomers, sAPPβ and AICD.
b) Non-canonical processing. It is proposed that δ-, meprin-β and caspase cleavage also produce toxic Aβ monomers and
oligomers. One identified function of non-canonical APP processing is the production of AICD via δ-, meprin-β and caspasecleavage. Caspase cleavage can also, possibly in an isoform-specific manner, cleave within the AICD region of CTF to form the
fragment C31 and leave a membrane bound fragment CTFα/β∆C31. This fragment is, in turn, cleaved by γ-secretase to form
Jcasp and possibly toxic Aβ.
Reproduced with permission from Muller et al. (2017).
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Figure 1.2. APP trafficking and flux
Newly synthesised APP, α-secretase, BACE1 (β-secretase) and γ-secretase are transported through the secretory pathway from
the ER to the Golgi/TGN and from there to the plasma membrane (PM). This is counterbalanced by protein turnover and
retrograde transport mechanisms directing proteins back to the PM or to the TGN. Non-amyloidogenic processing of APP
(releasing soluble APP metabolite α (sAPPα/APPsα)) is thought to occur primarily at the PM. Conversely, un-cleaved/partially
cleaved APP, as well as secretases, can undergo endocytosis and be expressed on early and late endosomes and lysosomes.
Although toxic Aβ monomers can be produced in the majority of locations that APP flux occurs through, it is in these acidic
endosomes/lysosomes where β-secretase activity is optimal and therefore amyloidogenic processing primarily occurs.
Reproduced with permission from Jiang et al. (2014).
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Although toxic Aβ monomers can be produced in the majority of
locations that APP flux occurs, including the PM, it is in acidic organelles of
the endolysosomal system (particularly early endosomes (Das et al., 2015))
where β-secretase activity is optimal and therefore where amyloidogenic
processing primarily takes place (Jiang et al., 2014; Tarassishin et al., 2004).
Any AD-mediated redistribution of β- or γ-secretase which favours coexpression with APP in suitable organelles could increase Aβ generation
(Zhang et al., 2011). The cleavage of APP by β-secretase is a critical ratelimiting step in Aβ production. Interestingly, the ‘Icelandic’ APP mutation
mentioned earlier greatly attenuates APP-β-secretase interactions (Das et
al., 2015). The endocytosis of APP and β-secretase to the early endosome is
spatially segregated via targeted sorting. Manipulation of this process can
decrease their interaction in early endosomes and therefore modulate APP
processing and Aβ production (HeLa cells; (Sannerud et al., 2011). Neuronal
activity is known to induce convergence of APP and β-secretase in recycling
endosomes (Das et al., 2015, 2013) which may link the early-stage AD
phenotypes of neuronal excitotoxicity and network hyperexcitability with Aβ
production (Palop et al., 2007). That being said, neuronal and synaptic
activity, including N-methyl-D-aspartate receptor (NMDAR) activation, which
is critical for mediating forms of LTP and long-term depression (LTD;
molecular models of learning), also stimulate the non-amyloidogenic pathway
(Hoe et al., 2012; Hoey et al., 2009). It is possible that the latter occurs in a
manner which is below the threshold for the induction of amyloidogenic
processes.

Non-amyloidogenic APP processing
The non-amyloidogenic processing of APP occurs as a result of αsecretase cleavage of APP. These particular -secretases appear to be
primarily PM-bound endoproteases (Sisodia, 1992) which cleave APP at a
point in the Aβ domain of the molecule, ensuring APP metabolism without
the formation of β-amyloids. This proteolysis also releases the secreted
ectodomain segment of APP, APPsα, whilst leaving a carboxy-terminal
fragment-α (CTFα/C83; Zhang et al., 2011). It is notable that, amongst other
activities, APPsα attenuates neuronal excitability by altering intracellular
calcium ([Ca2+]i) responses to stimuli such as glutamate (see Section 1.2.6
Molecular Actions of APP metabolites; Barger et al., 1995; Furukawa et al.,
1996a, 1996b; Hooper, 2005; Mattson, 1994). The other non-amyloidogenic
pathway product, CTFα, is further hydrolysed in a series of cleavage events
by the γ-secretase complex. Endoproteolytic ε-cleavage (near the
cytoplasmic membrane boundary of APP) releases an APP intracellular
domain metabolite (AICD/CTFγ), whilst sequential exoproteolytic cuts
towards the N-terminus, termed y-cleavage, produce metabolites including
P3 (also called P83) produced by a cut in the middle of the membrane
domain (Tomita, 2014; Weidemann et al., 2002). This P3 fragment is rapidly
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degraded, has no established physiological function and does not assemble
into stable oligomer formations which are synonymous with AD (Dulin et al.,
2008).
The γ-secretase complex is composed of four integral membrane
proteins; presenilins (PS1/PS2), nicastrin - a PS cofactor and scaffolding
protein, which may have a role as an APP receptor for the complex (Luo et
al., 2003), anterior pharynx defective 1 (APH-1) - implicated in γ-secretase
complex assembly (Kimberly et al., 2003) and presenilin enhancer-2 (PEN-2)
- which regulates PS endoproteolysis (Ahn et al., 2010) and genetic
knockdown of which, is associated with increased ER calcium leak (therefore
PEN-2 may have a role in regulating PS-mediated Ca2+ leak, discussed in
Section 1.4 The Ca2+ hypothesis of AD; Bandara et al., 2013; Edbauer et al.,
2003; Kimberly et al., 2003; Takasugi et al., 2003). Whilst this enzyme
complex is located primarily within the ER/Golgi/TGN network as well as the
endocytic and intermediate compartments, γ-secretase cleavage of APP
occurs primarily within the TGN and early endosomal domains (Cupers et al.,
2001; Kovacs et al., 1996).

Amyloidogenic APP processing
Processing of APP via the amyloidogenic pathway (Fig 1.1) involves
its sequential cleavage by β- and γ-secretases, generating Aβ proteins which
have become synonymous with AD pathology (Mattson, 2004, Shirwany et
al., 2007).
APP is hydrolysed by β-secretase resulting in the shedding of the Nterminal soluble APP fragment-β (APPsβ), leaving a C-terminal fragment β
(CTFβ/C99) on the endosomal membrane (Fig 1.1). The endogenous βsecretases are beta-site APP cleaving enzyme (BACE) 1 and BACE2, of
which BACE1 is more widely implicated in this process (Cai et al., 2001; Luo
et al., 2001). For example, in transgenic mouse models of AD involving APPoverexpressing APPSWE mice (3 - 4-months-old) and 5xTg-AD mice
APPSWE/I716V/V717I /PS1M146L/L286V (15 -18-months-old), BACE1 KO rescues
cholinergic dysfunction, neuronal loss and memory deficits with
corresponding near removal of the β-secretase metabolites Aβ40 and Aβ42
(Luo et al., 2001; Ohno et al., 2007, 2004). Furthermore, BACE1 protein and
activity were increased relative to healthy controls in the temporal and frontal
cortex and hippocampal regions in human AD patients (Fukumoto et al.,
2002; Tyler et al., 2002; Yang et al., 2003).
Following β-secretase cleavage, the γ-secretase complex further
cleaves CTFβ in a sequential manner similar to the cleavage of CTFα. εcleavage again produces AICD, whilst y-cleavage releases either monomeric
Aβ40 (majority) or Aβ42 (minority; Suh and Checler, 2002).γ-secretasemediated cleavage also produces Aβ monomers ranging from 39 to 49
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residues (Nunan and Small, 2000) via ζ-site (Aβ46; G. Zhao et al., 2004) and
ε-site (Aβ49) cleavage (Sastre et al., 2001). It is well known that APPsβ,
AICD and Aβo (especially Aβ42), as well as Aβ fibril and plaque formation,
play significant roles in AD-associated neurodegeneration (Berridge, 2010).
Indeed, these molecules are the primary focus of AD research in this area
and will be discussed in more detail in subsequent sections.
The production of AICD, previously ascribed solely to γ-secretase
activity, may also be generated through non-canonical APP processing (Fig
1.1), via δ-, meprin-β and/or caspase-cleavage (predominately caspase-3
(Gervais et al., 1999)). Furthermore, whilst research into the non-canonical
pathway is still in its relative infancy, δ- and meprin-β cleavage have also
been implicated in AD pathogenesis (Andrew et al., 2016; Jefferson et al.,
2011) and can also produce toxic Aβ monomers and Aβos (Muller et al.,
2017). Aside from Aη, which attenuates neuronal activity (Willem et al.,
2015), the physiological roles of these cleavage mediators are currently
unknown (Muller et al., 2017).
Caspase cleavage, the most well characterised non-canonical
pathway cleavage enzyme, cleaves CTFα/β at Asp664 (within the AICD
region) yielding a C31 fragment (Fig 1.1; (Lu et al., 2003), which is implicated
in neuronal apoptosis (Nhan et al., 2015). However, caspase cleavage has
been implicated in both AICD production (Gervais et al., 1999) and AICD
proteolysis (Lu et al., 2003; Muller et al., 2017), possibly in a caspase
subtype-specific manner (Harada and Sugimoto, 1999; Marín et al., 2000; Y.
J. Park et al., 2014; Sáez-Valero et al., 2000). A Jcasp fragment composed
of residues located between caspase- and γ-secretase cleavage sites on
APP is also produced via this pathway (Park et al., 2009). Jcasp fragments
may act to inhibit pre-synaptic transmitter release via interactions with, and
sequestering of, molecules involved in vesicle release (Fanutza et al., 2015).
Importantly, Aβ induces caspase cleavage of APP and production of C31,
creating an apoptosis-promoting feed-forward cycle (Lu et al., 2003; Marín et
al., 2000). Indeed, mutation of APP at the caspase cleavage site rescues
electrophysiological impairments, synaptic loss, dentate gyrus atrophy and
behavioural abnormalities in APPSWE/V717F mice, despite the presence of
Aβos and plaques(Galvan et al., 2006). It is unknown, however, whether or
not caspase cleavage ultimately affects the production of Aβo (Gervais et al.,
1999; Soriano et al., 2001).
In healthy individuals, Aβ formation through the amyloidogenic pathway is
usually balanced either by its subsequent degradation, primarily by the
enzyme neprilysin and insulin-degrading enzyme (IDE; Hersh & Rodgers,
2008), and/or its extrusion from the brain, primarily via the efflux transporters
LDLRs, particularly the low-density lipoprotein receptor-related protein 1
(LRP1) and the ATP-binding cassette (ABC) transporters. Conversely, the
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main influx transporter is the advanced glycosylation end product-specific
receptor (RAGE). Aβ accumulation and toxic insult, therefore, reflect an
imbalance in the ratio of production to degradation and/or clearance
mechanisms (Murphy and LeVine, 2010; Pearson and Peers, 2006).
Interestingly, it is suggested that in LOAD, that impaired Aβ degradation,
rather than increased production, underlies the disease (Saido et al., 2000).
In support of this, neprilysin levels are decreased in AD brains, particularly in
regions with high Aβ loads such as the hippocampus (Wang et al., 2003;
Yasojima et al., 2001). This decreased degradation activity is likely
exacerbated in AD by increased Aβ transport into the brain as there is a
lower expression of LRP1 and ABC transporters and overexpression of
RAGE (Tarasoff-Conway et al., 2015).
Whilst the majority of Aβ is secreted out of the cell where, in AD, it
eventually forms Aβ plaques, Aβ molecules spend a significant portion of
time in intracellular compartments following their production as well as when
they are internalised and/or targeted for degradation. Under such
circumstances, Aβ can impair mitochondrial (Zhao et al., 2010) and synaptic
function (Takahashi et al., 2002) and thus contribute directly to AD pathology
(Zheng et al., 2012).
Interestingly, alterations in the flux of APP itself may be involved in AD
progression. It is thought that PM-localised APP is primarily processed via
the non-amyloidogenic pathway. Therefore, upregulation of the
endosomal/lysosomal recycling pathway may encourage amyloidogenic APP
processing due to optimal β-secretase activity occurring within acidic
organelles (Jiang et al., 2014; Muller et al., 2017). Two separate AD
susceptibility genes illustrate the subtleties of subcellular localisations in AD
pathology. Firstly, sortilin-related receptor 1 (SORL1), which regulates APP
trafficking and processing, particularly anterograde and retrograde
movement between TGN and early endosomes, is modulated by ApoE and
tau (Yin et al., 2015). SORL1 normally functions in a neuroprotective manner
through its targeting of APP to the recycling pathway. However, alterations in
SORL1 expression or SORL1 mutation appear to direct APP towards
amyloidogenic processing (Rogaeva et al., 2007). Secondly, internalisation
of APP and Aβ can be enhanced by mutations in the gene coding for
phosphatidylinositol binding, clathrin assembly protein (PICALM), which
enhances Aβ40 and Aβ42 production (Kanatsu et al., 2014; Xiao et al., 2012).
ApoE also removes Aβ molecules from the CNS by chaperoning them to
insulin degrading enzyme (IDE) and/or by enhancing LDL receptor-related
protein (e.g. SORL1)- mediated endosome recycling (Jiang et al., 2008).
Increased expression of APP, partly due to the production of interleukin-1
(IL-1), a mediator in the inflammatory response to AD, may also accelerate
the formation of ‘toxic’ Aβ metabolites (Griffin, 2006).
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ApoE
Inheritance of the ε4 allele of the apolipoprotein ApoE gene is the
strongest known genetic risk factor for the development of LOAD (Coon et
al., 2007; Roses et al., 1995). The most likely mechanism for this increased
risk is due to the fact that ApoE4 expression results in decreases in the
efficiency of Aβ breakdown and clearance (Liu et al., 2013).
ApoE expression is highest in the liver, followed by the brain (Vance,
2012). The highest dynamic concentrations of ApoE are found in nonneuronal cells, primarily in astrocytes and, to some extent, in microglia
(Grehan et al., 2001; Pitas et al., 1987). Neurons can also produce ApoE
under certain conditions, such as in response to excitotoxicity, although it is
present at much lower levels than in astrocytes (Grehan et al., 2001; Pitas et
al., 1987; Xu et al., 2006).
Astrocytes produce and secrete ApoE which acquires cholesterol and
phospholipids, generating ApoE-containing lipoproteins (Vance, 2012). ApoE
then functions as a ligand in LDLR family-mediated endocytosis of lipoprotein
particles (Boyles et al., 1989; Posse De Chaves et al., 2000). Following
endocytosis, the majority of ApoE is recycled back to the cell surface by
retro-endocytosis, whilst minor levels of ApoE degradation also occurs
(Rensen et al., 2000). This process enables the transport of cholesterol
between astrocytes and neurons (Michikawa et al., 2000; Vance, 2010),
which is essential for normal neuronal function (Vance, 2012). ApoE
containing lipoproteins are implicated in synaptogenesis (Mauch et al.,
2001), maintenance of synaptic connections (Pfrieger, 2003) and axonal
growth (Hayashi et al., 2004) and they prevent neuronal cell death (Hayashi
et al., 2009). Outside of this specific cholesterol role, however, some ApoE
receptors also function as signalling receptors (Beffert et al., 2004; Hayashi
et al., 2007; Herz, 2001). ApoE synthesis is also increased 150-fold in
response to nerve injury, suggesting a role for ApoE in nerve repair (Comley
et al., 2011; Ignatius et al., 1986). Notably, ApoE also enhances the
proteolytic breakdown of Aβ proteins, both within and between cells and thus
regulates the clearance from and/or aggregation within the CNS of these
proteins (Liu et al., 2013).
The human ApoE gene exists as three polymorphic alleles, ε2, ε3 and
ε4, with a worldwide frequency of 4%, 77.9% and 13.7%, respectively. In the
sporadic AD population, however, the frequency of the ε4 allele is
approximately 40% (Farrer et al., 1997). These alleles give rise to ApoE
isoforms, ApoE2, ApoE2 and ApoE4. These isoforms differ by only one or
two AAs, but are profoundly different in terms of their structure and function
(Mahley et al., 2006), including their ability to bind lipids, receptors and Aβ (J.
Chen et al., 2011; Frieden and Garai, 2012; Zhong and Weisgraber, 2009).
As mentioned previously, inheritance of the ε4 allele is the strongest known
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genetic risk factor for the development of LOAD, whilst inheritance of the ε2
allele is neuroprotective (Bertram et al., 2007; Corder et al., 1993; Farrer et
al., 1997; Huang and Mucke, 2012; Strittmatter et al., 1993). For example,
people with a single or double copy of the ε4 allele have approximately four
and twelve- times (conservative estimates) the likelihood of developing AD,
respectively, when compared to those with ε3 allele inheritance (Bertram et
al., 2007; Guojun Bu, 2009). Inheritance of the ε4 allele is also associated
with an earlier age of AD onset (Gómez-Isla et al., 1996; Roses, 1996).
The reason why the ε4 form of ApoE leads to a decrease in the age of
AD onset and speeds up its progression is likely due to the role that this
lipoprotein plays in Aβ metabolism. Specifically, ApoE normally serves to
facilitate Aβ clearance and/or degradation from/within the brain (Sanan et al.,
1994). This is illustrated by the fact that ApoE KO mice exhibited impaired Aβ
clearance, degenerating nerves (Fagan et al., 1998) and learning deficits
(Masliah et al., 1995; Veinbergs et al., 1998). It has also been demonstrated
that increasing ApoE-containing lipoprotein production in the hippocampus
and cortex of a mouse model of AD (using the retinoid X receptor agonist
bexarotene) enhanced Aβ degradation, reduced Aβ plaque area and
improved memory and cognition (Cramer et al., 2012). Specifically, with
regard to ε4 allele carriers, it is known that they have lower plasma and brain
ApoE levels (Gupta et al., 2011). This is significant as low levels of ApoE in
the brain also correlate with an increased risk of developing AD (Bales et al.,
2009). Furthermore, in terms of ApoE4 function, it binds with less avidity to
Aβ than ApoE3, thereby decreasing the efficiency of Aβ clearance
(Castellano et al., 2011; Koistinaho et al., 2004; LaDu et al., 1994).
Furthermore, ApoE2 and ApoE3, but not ApoE4, can form dimers which may
enhance Aβ degradation (Xue et al., 2011). In support of this suggestion,
there is increased Aβ deposition in mice expressing the ε4 allele compared
with ε3 or ε2 (Bales et al., 2009; Castellano et al., 2011). In humans,
inheritance of the ε4 allele acts to increase the generation and accumulation
of Aβ proteins, particularly at early/pre-symptomatic AD stages in the cortex
(Polvikoski et al., 1995), and decrease their removal from cerebrospinal fluid
(Berridge, 2010).
Aside from Aβ degradation, the cholesterol-carrying, metabolism and
homeostatic function of ApoE may also be implicated in AD, in the context of
Aβ clearance. As mentioned previously, when the ε4 allele is expressed in
transgenic mice, Aβ clearance mechanisms are inefficient, in comparison to
those animals expressing ε3 allele (Bien-Ly et al., 2011). Cholesterol levels,
can also modulate γ-secretase activity and increase Aβ production
(Osenkowski et al., 2008).
Polymorphisms in the ApoE receptors, LRP and ApoER2, also appear
to correlate with an increased risk of AD development (Elder et al., 2007;
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Fryer et al., 2005; Kim et al., 2009b). These receptors function in both ApoE
mediated endocytosis and signalling pathways (Beffert et al., 2004).
Furthermore, LRP is involved in the uptake and clearance of Aβ (G. Bu,
2009).
ABC transporters, including ABCA1, ABCG1 and/or ABCG4 mediate
the shuttling of cellular lipid to ApoE which contributes to the formation ApoEcontaining lipoproteins (Vance, 2012). ABCA1 has been linked to AD and to
the regulation of ApoE and cholesterol homeostasis in the brain (HirschReinshagen and Wellington, 2007; Vance, 2010). ABCA1 is required for the
normal acquisition of lipids by ApoE during lipoprotein assembly (HirschReinshagen and Wellington, 2007; Wahrle et al., 2004). Furthermore,
ABCA1 KO mice exhibited an 80% reduction in ApoE levels, illustrating its
importance in ApoE homeostasis (Hirsch-Reinshagen and Wellington, 2007;
Wahrle et al., 2004). Interestingly, when ABCA1 KO mice were crossed with
mouse models of AD, there was no effect on Aβ production. However, poorly
lipidated ApoE lipoproteins particles were responsible for an increased Aβ
load, suggesting, once more, that reduced ApoE function/efficiency is
involved in reduced brain Aβ clearance in AD (Hirsch-Reinshagen and
Wellington, 2007; Wahrle et al., 2005). Furthermore, overexpression of
ABCA1 in transgenic AD mice decreased Aβ deposition (Wahrle et al.,
2008). Interestingly, the effect of ABCA1 may be ApoE isoform-dependent as
the lack of one copy of ABCA1 resulted in decreased Aβ clearance,
increased Aβ plaque deposition and memory deficits in mice carrying the ε4
allele, but not in those carrying the ε3 allele (Fitz et al., 2012). This evidence
suggests that alterations in the machinery regulating lipid homeostasis are
involved in the transport, processing and clearance of Aβ proteins.
More specific roles for ApoE in Aβ removal from the brain involve its
transport to the systemic circulation across the BBB. ApoE4 impedes this
process to a greater extent than both ApoE2 and ApoE3 (Deane et al.,
2008). ApoE3 is also more efficient in stimulating microglial-mediated
degradation of Aβ when compared with ApoE4 (Jiang et al., 2008). ApoElipoprotein particles may also sequester Aβ and promote its cellular uptake
and degradation (Kim et al., 2009a). Conversely, ApoE4 enhances Aβ
fibrillogenesis (Bales et al., 2009; Kim et al., 2009a; Liu et al., 2013).
Thus, it is clear that that isoform-specific expression of ApoE4 is
strongly implicated in AD pathogenesis. The effects of ApoE4 appear to be
multi-factorial, although the strongest link connecting it to AD pathology is via
its involvement in the Aβ cascade. This has important implications for our
understanding of the genetic component of AD, given that ApoE has such
diverse effects and that inheritance of the ApoE ε4 allele is the main genetic
determinant of AD risk.
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1.2.4 Presenilins
Presenilins (PS) are integral membrane proteins containing nine
transmembrane domains (Spasic et al., 2006), which are primarily localised
to ER membranes (Annaert et al., 1999) and are ubiquitously expressed
throughout the brain and most peripheral tissues. There are two PS
mammalian homologs (with 80% sequence homology); PS1 (located on
chromosome 14) and PS2 (located on chromosome 1), which are recognised
as the catalytic subunit of the γ-secretase complex (De Strooper et al.,
2012). PS undergo endoproteolytic cleavage to amino-terminal (NTF) and
CTF fragments and it is this cleaved PS which forms a complex with
nicastrin, aph-1, and pen-2 subunits. Together they function as the γsecretase complex (Zhang et al., 2010) which directly processes APP to form
Aβ (and related molecules), and indirectly processes Notch (Wolfe, 2010).
Indeed, cells (SH-SY5Y, HEK293 and blastocyst cells) lacking in PS do not
exhibit γ-secretase activity and produce no Aβ or AICD (Hass and Yankner,
2005; Zhang et al., 2000). That being said, Aβ42 production remains after
PS1 and PS2 KO in embryonic stem cells (Wilson et al., 2003), possibly due
to the previously mentioned non-canonical APP processing pathway.
Mutations in human PS1, of which there have been 212 recorded to
date, account for 2-3% of all AD cases and over half of EOFAD cases. The
3xTg-AD mouse model and TgF344-AD rat model studied for this thesis
express human PS1 mutations associated with EOFAD (PS1M146V and
PS1∆E9 respectively; Clark et al., 1995; Luo et al., 2014; Riudavets et al.,
2013; Rogaeva et al., 2001). By contrast, mutations in PS2 only account for
approximately 0.1% of AD cases (Tsai et al., 2002). Many of these known
PS1 and PS2 mutations are implicated in Ca2+ signalling dysregulation,
including mobilisation of calcium from the ER, ER-mitochondrial signalling
and refilling of the ER through store-operated calcium entry (SOCE;
Bezprozvanny and Mattson, 2008; Filadi et al., 2016; Stutzmann, 2007;
Supnet and Bezprozvanny, 2010; Zampese et al., 2011; see Section 1.4 The
Ca 2+ hypothesis of AD). Mutations in both PS homologs have been tangibly
linked to altered APP processing resulting in increased Aβo and AICD
production (Duff et al., 1996). It is likely that these roles are not independent
as PS effects on Ca2+ dysregulation partially involves y-secretase activity
(Akbari et al., 2004; Bojarski et al., 2009). Conversely, however, some PS1
FAD mutations can also reduce γ-secretase activity (Bentahir et al., 2006;
Fernandez et al., 2014; Xia et al., 2015a).
In terms of effects on brain function, conditional PS1 and 2 KO in the
postnatal mouse forebrain resulted in deficits in memory and hippocampal
synaptic plasticity, as well as progressive neurodegeneration in the cerebral
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cortex and an increased inflammatory response (Beglopoulos et al., 2004;
Saura et al., 2004).
Aside from APP processing and modulation of intracellular calcium
homeostasis however, it is worth noting that PS has numerous other
biological substrates such as APoER2 lipoprotein receptor, the LDLR-related
protein, ErbB4 receptor tyrosine kinase, CD44, p75 neurotrophin receptor,
nectin-1α, syndecan-3, E- and N-cadherins and β subunits of voltage-gated
sodium channels which are involved in functions like cell adhesion, cell
signalling, neuronal structure and neuronal development (Koo and Kopan,
2004; Wong et al., 2005). Although it is beyond the scope of this thesis to
detail in depth the function of these proteins, and the possible effects that PS
activity has on them, it is clear that due to its potentially multiple effects on a
host of biological activities, in addition to APP processing and calcium
homeostasis, a clear and simple elucidation of the effects of PS mutations in
conditions such as AD is challenging.
PS/γ-secretase mutations can also mediate cellular dysfunction via
alterations in the processing of the integral membrane protein Notch
(Pardossi-Piquard et al., 2005; Zhang et al., 2000). Notch functions as a
receptor for ligands including Jagged and Delta, the binding of which results
in Notch being proteolytically cleaved within its TM domain by PS1, resulting
in the release of Notch Intracellular Domain (NICD). This, in turn, affects the
expression of genes which are essential for a wide variety of development
processes, including haematopoiesis, somitogenesis, vasculogenesis, and
neurogenesis (for reviews see (Baron, 2003; Lasky and Wu, 2005)). In the
brain, NICD-mediated gene expression also affects proteins involved in
structural and functional plasticity processes of learning and memory,
processes which also implicate Notch dysfunction in AD memory
impairments (Lathia et al., 2008). In support of altered Notch function arising
from PS mutation, PS1 KO mice die shortly after birth (Conlon et al., 1995;
Swiatek et al., 1994) and exhibit skeletal and neurological development
abnormalities, which would be expected due to altered Notch activity (Selkoe
and Schenk, 2003). Furthermore, γ-secretase inhibition in adult mice alters
lymphocyte development and intestinal morphology, again likely via Notch
cleavage alterations (Wong et al., 2004).

1.2.5 Types & activities of Aβ molecules
As discussed above, the biochemical mechanisms underlying APP
processing and the production of numerous APP fragments and Aβ
molecules is reasonably well understood. However, how this accumulation
might lead to the progressive development of AD remains unclear. To date,
much research has been conducted on the role that Aβ plaques play in AD
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pathology. Indeed, AD is only definitively diagnosed following the
identification of Aβ plaques in the brain post-mortem (Braak and Braak,
1991; McKhann et al., 1984). However, to date, clinical trials aimed at
targeting such plaques and/or inhibiting their formation have been
unsuccessful as they failed to alleviate cognitive impairments or even slow
the rate of progression of AD (Galimberti and Scarpini, 2011). Additionally,
cognition does not correlate well with plaque density in that cognitively
healthy people at the time of death can also have high plaque loads. For
example, 69% of cognitively normal people at a mean age of 84 had neuritic
plaques in the neocortex and hippocampus and at least 25% had sufficient
numbers of plaques and NFTs to meet diagnostic criteria for a diagnosis of
AD (Maarouf et al., 2011). Furthermore, Aβ plaques can form directly after
brain trauma. For instance, 30% of cognitively normal people who die within
days of severe head injury exhibit Aβ plaques (consisting of both Aβ40 and
Aβ42) in one or more cortical areas (Roberts et al., 1994). These lines of
evidence suggest that plaque load in and of itself does not correlate well with
cogitation and/or with cognitive decline in AD (Berg et al., 1998; Perry et al.,
2000; Snowdon, 1997). That being the case, amyloid plaques are now
generally regarded as ‘markers’ of AD rather than actual initiators of the
disease process, although this does not necessarily rule out a role for them
as the disease progresses. For instance, Ca2+ dysregulation and neuronal
hyperexcitability occur in neurons close to Aβ plaques (Busche et al., 2008;
Kuchibhotla et al., 2008). Thus, it is also possible that the plaques are acting
to localise and target Aβo to extracellular/synaptic sites of action via
‘secondary nucleation’ (i.e. the catalyses of Aβo formation from Aβ
monomers; Fig 1.3; Verma et al., 2015). These shortcomings of Aβ plaques
in fitting with AD pathology lead to the question of where Aβ proteins do they
‘fit’ into the pathogenesis of AD?
In attempting to answer this question, the general focus in Aβ
research has shifted from the insoluble amyloid plaques to the shorter,
soluble, oligomers of Aβ which are the precursors to plaque formation (Fig
1.3; Deshpande et al., 2006; Haass and Selkoe, 2007; Klein et al., 2001;
Lesné et al., 2006; McGowan et al., 2005; Näslund et al., 2000; Shankar et
al., 2008; Walsh et al., 2002; Walsh and Selkoe, 2004).

19

Figure 1.3. Amyloid aggregation
(A) Amyloid beta (Aβ) monomers form heterogeneous prefibrillar oligomers (Aβo) which
aggregate to form insoluble protofibrils. These, in turn, form mature fibrils and, eventually,
plaques.
(B) Mature fibrils undergo fragmentation to produce fibrillar oligomers (i.e. oligomers originating
from fibrils) which can form protofibrils/mature fibrils again.
(C) Mature fibrils can also catalyse the formation of oligomers from monomers via ‘secondary
nucleation’. Such secondary nucleated oligomers are toxic, diffusible and can, in turn, contribute
to fibril formation.
Adapted with permission from Verma et al. (2015)
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Aβ dysregulation, as detected by alterations in CSF levels of Aβ42
and/or PET imaging of fibrillar Aβ, occurs well before clinical diagnosis of AD
and as such is one of the first detectable biomarkers for LOAD. This would
suggest that these non-plaque Aβs play some role in the earlier stages of the
disease or may even initiate the disease process (Holtzman et al., 2011).
Non-toxic Aβ monomers can aggregate to form various toxic species (Fig
1.3) such as heterogeneous Aβo (also referred to as Aβ–derived diffusible
ligands (ADDLs) and prefibrillar oligomers) which are composed of between
approximately two to fifty Aβ monomers. These oligomers form protofibrils,
insoluble mature fibrils and, eventually, plaques. Importantly, these Aβ
molecules are likely to exist in dynamic equilibrium (Selkoe, 2002). Indeed,
mature fibrils which undergo fragmentation to produce fibrillar oligomers (i.e.
oligomers originating from fibrils) can re-form protofibrils/mature fibrils again
(Fig 1.3, B; Kayed et al., 2009; Verma et al., 2015). Furthermore, mature
fibrils can also catalyse the formation of oligomers from diffusing monomers
via ‘secondary nucleation’ (Fig 1.3, C). These secondary nucleated
oligomers are toxic, diffusible and can, in turn, contribute to fibril formation
(S. I. A. Cohen et al., 2013).
It should be noted that although Aβo, particularly those composed of
Aβ42 (Sakono and Zako, 2010; which is more hydrophobic, and aggregates
more readily, than Aβ40; Burdick et al., 1992; Gu and Guo, 2013; Nunan and
Small, 2000), are widely recognised as the most toxic form of Aβ and
believed to be most pertinent to AD onset and progression, the dynamic
equilibrium of Aβ molecules is not well understood. Notably, FAD mutations
increase the ratio of Aβ42/40 (Borchelt et al., 1996; Scheuner et al., 1996),
indicating that elevated Aβ42 levels relative to Aβ40 could be a factor in the
disease pathogenesis. One hypothesis proposes that Aβ42 provides the core
for the assembly of oligomers, fibrils and plaques (Iwatsubo et al., 1994;
Jarrett et al., 1993). Other studies have found that Aβ40 maintains the
solubility of Aβ42 (J. Kim et al., 2007) and that an increase in Aβ40
concentration results in 60 – 90% Aβ deposition decrease in vivo (Giuffrida et
al., 2009).
Notably, the structure of Aβo is variously described as consisting of
Aβo, Aβ42o, Aβ40o, ADDLs, low and high molecular weight Aβo (LMW- &
HMW- Aβo), fibrillar oligomers, secondary nucleated oligomers, spherical
oligomers and annular oligomers, among other components. These different
descriptions may reflect either a difference in molecular structure, the
specificity of the molecules for their related pathological roles and/or the
formation of structures (such as protofibrils, fibrils, mature fibrils and plaque
aggregates) into which these molecules tend to aggregate (Finder and
Glockshuber, 2007; Kotler et al., 2014; Verma et al., 2015).
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Importantly, as discussed above, APP undergoes extensive and
complex processing into numerous bioactive molecules. A further level of
complexity is added to this signalling system when one also takes into
account that the effects of one group of these molecules, Aβ monomers,
depends upon their structure, concentration and length of exposure, all of
which results in great difficulties modelling the behaviour of these entities in
vivo (Deshpande et al., 2006; Glabe, 2008; Renner et al., 2010). For
instance, when investigating the synaptic binding of Aβo, LMW-Aβo applied
at a low concentration, it initially diffused in the manner expected of regular
proteins, then subsequently slowed with time. This did not result in any
detectable synaptotoxicity over a 24hr time course. However, HMW-Aβo
acted differently, demonstrating rapid and widespread synaptic binding which
resulted in significant synaptotoxicity within 24 hrs (Lacor et al., 2007;
Renner et al., 2010). Furthermore, the length of incubation time with Aβo
also alters their effects, illustrated by the fact that acute application of Aβo
induces calcium and mitochondrial dysregulation as well as widespread cell
death, whilst chronic application of lower concentrations of Aβo induces more
subtle mitochondrial alterations (human cortical neurons; HCNs; Deshpande
et al., 2006).
The specific molecular actions of Aβ molecules, with a particular focus
on Aβo and their Ca2+ dysregulating effects, will be described in the following
section.

1.2.6 Molecular actions of Aβo and related metabolites
Several molecular mechanisms have been proposed to explain the
varying and widespread effects of Aβo on neuronal physiology, including the
formation of Ca2+ pores in the PM, modulation of membrane channel function
and/or conductance (both PM and ER), synaptic impairment and
mitochondrial dysfunction (Fig 1.4). A large proportion of these actions
involve Ca2+ or act to destabilise intracellular calcium dynamics, which in turn
can increase the amyloidogenic processing of APP (Mattson et al., 1992). It
is this evidence that forms the basis of the Ca2+ hypothesis of AD (Section
1.4). In the following section, I will outline some of the effects of Aβo on
neuronal physiology.
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Figure 1.4. Molecular actions of APP metabolites
There are several molecular mechanisms for the varying and widespread effects of amyloid beta oligomers (Aβo; formed from
sequential cleavage by β-secretase (β) and γ-secretase (γ)) on neuronal physiology including:
2+

2+

a) enhancing Ca entry including through: i) the formation of Ca specific channels/pores in the PM which is enhanced by
phosphatidylserine (PtdS) positioning on the outer leaflet of the PM, which is in turn enhanced by mitochondrial impairment ii)
2+

+

alterations in membrane permeability via interactions with Fe and Cu and subsequent generation of reactive oxygen species
(ROS; including H2O2) at the PM. This results in lipid peroxidation, generating neurotoxic aldehyde 4-hydroxynonenal (HNE).
2+

2+

HNE covalently modifies membrane transporters including PM Ca ATPases (attenuating Ca extrusion) and ion channels
2+

including VGCCs and NMDARs, iii) direct modulation of Ca conductances through a plethora of PM channels including:
NMDARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropanoic acid receptors (AMPARs) and VGCCs.
2+

2+

b) Aβ causes mitochondrial oxidative stress which is exacerbated by Ca dysregulation. Cell-wide Ca increases result in
2+

2+

mitochondrial Ca overload (via uptake the through mitochondrial Ca uniporter (MCU) which results in impairment of the
electron transport chain, increased ROS production and decreased ATP production. These effects eventually result in the
opening the mitochondrial permeability-transition pore damaging the ultrastructure of the mitochondria and release Ca
2+

2+

2+

Cell-wide Ca dysregulation also has causes stark disruption of ER Ca dynamics, explained in Section 1.4 Calcium
2+

hypothesis. Furthermore, AICD migrates to the nucleus where it modifies expression of genes important for Ca homeostasis.
2+

Ultimately, this Ca dysregulation results in impaired synaptic plasticity (including long-term potentiation (LTP) and long-term
depression (LTD), synaptic loss, oxidative damage, excitotoxicity and cell death.
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Adapted with permission from Yu et al. (2009).

Membrane Alterations
Modulation of Receptor Activity
Ca2+ flux through the PM is controlled by three main transporters; the
Na+/K+-ATPase, which serves to maintain the resting membrane potential
and restores membrane potential following depolarisation (Stahl, 1984), the
plasma membrane Ca2+-ATPase (PMCA), which maintains basal [Ca2+]i, and
the Na+/Ca2+ exchanger (NCX) which rapidly removes Ca2+ following
stimulation, but can reverse direction with membrane depolarization.
Acute Aβo exposure (Aβ1-40 & Aβ25-35) in cultured rat hippocampal
neurons selectively impaired Na+/K+-ATPase activity and induced an
elevation of [Ca2+]i and apoptosis, effects which could be reversed by
antioxidant treatment. The same acute Aβo exposure did not affect the
activities of Mg2+-dependent ATPases or NCX (Mark et al., 1995).
Furthermore, exposure of synaptosomes derived from post-mortem human
hippocampus (from neurologically normal individuals aged 79-85 years) to
Aβ also impaired Na+/K+-ATPase and PMCA activity, without affecting other
Mg2+-dependent ATPase activities or NCX (Mark et al., 1995). Therefore, Aβ
exposure has the potential to alter membrane potential and alter the flow of
critical ions through the PM, all of which would have profound deleterious
effects on neuronal activity/viability.
Aβo can also modulate the function and expression of several plasma
membrane-, and ER-bound channels, including those involved in Ca2+
signalling. Consequently, there are a number of mechanisms by which they
can affect neuronal function and stability. The receptors upon which Aβo
exert modulatory effects include, a) voltage-gated calcium channels (VGCCs;
N-, T-, L-, P- & Q- VGCCs (Dursun et al., 2011; Webster et al., 2006)), b)
nicotinic acetylcholine receptors (nAChR; Dougherty et al., 2003; Liu et al.,
2009), c) N-methyl-D-aspartic acid receptors (NMDARs; De Felice et al.,
2007; Li et al., 2011), d) α-amino-3-hydroxy-5-methyl-4-isoxazolepropanoic
acid receptors (AMPARs; Hsieh et al., 2006; Whitehead et al., 2017), e)
metabotropic glutamate receptors (mGluRs; Haas et al., 2014; Renner et al.,
2010; Sokol et al., 2011; Um et al., 2013), f) angiotensin II receptors (AbdAlla
et al., 2009) and g) the ER calcium release channels, IP3R (Demuro and
Parker, 2013) and RyR (Supnet et al., 2006).

Aβ Pores
It is proposed that Aβo can form Ca2+-specific channel-like structures
which allow unregulated movement of Ca2+ into cells (Arispe et al., 1993a;
Durell et al., 1994). These initial findings were supported by human studies in
which electron microscopy was utilised to identified channel-like pores in
post-mortem AD brains. Numerous Aβ oligomers, including Aβ42, Aβ40, as
well as truncated Aβ fragments, Aβ11-42 and Aβ17-42 (generally considered
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non-amyloidogenic but present in AD and DS plaques (Jang et al., 2010)),
have been implicated in this ion channel forming ability (Bode et al., 2017;
Huang et al., 2000; LIN et al., 2001; Sanderson et al., 1997; Sepulveda et al.,
2010). Significantly, these types of Aβ pore were not found in healthy
controls (Inoue, 2008).
Aβo-mediated Ca2+ entry into cells is enhanced by the presence of
phosphatidylserine (PtdS) on the cell surface (Lee et al., 2002). However, the
movement of PtdS to the cell surface is usually indicative of cells undergoing
apoptosis (van den Eijnde et al., 1998). Thus, it is proposed that AD-related
mitochondrial impairment could cause PtdS to flip from the inner to the outer
leaflet of the plasma membrane, allowing it to come in contact with Aβ which,
in turn, appears to induce Ca2+ influx and cell death (Simakova & Arispe,
2006). Furthermore, neurons exhibiting increased surface PtdS are more
vulnerable to Aβ toxicity (Simakova and Arispe, 2007).
There is also some evidence that Aβos (both Aβ40 and Aβ42) can
disrupt membrane lipid integrity via interactions with phospholipids and
modulation of membrane composition, with Aβo found to bind more avidly to
phospholipids than fibrillar Aβ (Askarova et al., 2011; Williams and Serpell,
2011). Furthermore, Aβo may also cause an increase in membrane
permeability in a receptor-independent fashion, through membrane thinning,
thereby causing alterations in Ca2+, Na2+ and K+ conductance/homeostasis.
This, in turn, would impair transporter and ion channel activity (Sokolov et al.,
2006), ultimately resulting in the induction of neurite and neuronal
degeneration (Mattson, 2004). This disruption of membrane integrity may be
mediated by interactions between Aβo (which is inserted in the PM) and Fe2+
and Cu+ to generate hydrogen peroxide and hydroxyl radicals (Morgan et al.,
2000). Indeed, antioxidants which inhibit reactive oxygen species (ROS)
formation such as vitamin E, oestrogen and uric acid, prevented impairment
of membrane transporters, stabilised intracellular Ca2+ levels and prevented
cell death in Aβ-treated neurons (Ba et al., 2004; Keller et al., 1997).
However, as mitochondria are significant generators of cellular ROS
(Murphy, 2009), this neuroprotective effect of antioxidants may also be due
to their ability to ‘mop up’ mitochondrially-generated ROS (Birben et al.,
2012), as opposed to that mediated by Aβo at the PM.

Synaptic Disruption
A key characteristic of Aβ-mediated pathology in AD is related to its
ability to disrupt synaptic function, likely through factors such as altered Ca2+
homeostasis, dysregulation of PM and ER receptors, as well as more
general cellular homeostatic and structural alterations. As an indication that
synaptic dysfunction may be an early-stage disease event, cortical soluble
Aβ levels correlate with the degree of synaptic loss, in mildly cognitively
impaired (MCI) patients (Lue et al., 1999).
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In this respect transgenic APP mice (APP695SWE and APPV717F) exhibit
significant deficits in synaptic transmission and LTP compared with controls
(hippocampal CA1 field; Aβ plaque independent; Hsiao et al., 1999; Larson
et al., 1999). Failure to maintain LTP was also observed in 5-7-month-old
APP(Val642 → Ile) mice (Moechars et al., 1999) and 15 – 17-month-old APP
(Lys670 → Asn, Met671 → Leu double mutation) mice (Chapman et al., 1999).
In the latter study, no alteration in basal synaptic transmission was observed.
Conversely, in hippocampal slices taken from APPSWE mice at 12 and 18
months, LTP was normal but there were significant alterations in basal
synaptic transmission (Fitzjohn et al., 2001).
Discrepancies such as these may illustrate specific alterations in
synaptic activity as the disease progresses. For example, in work utilising
APPV717F mice, at 1-4 months there was a 40% decrease in basal
hippocampal SC-CA1 synaptic transmission, but no change in LTP.
However, by 8 – 10 months, basal synaptic transmission had decreased by
80% and LTP was inhibited. This impairment appeared to be due to reduced
synapse number rather than a decline in the function of individual synapses
between 2 to 10 months. Interestingly, when these results are compared to
those derived from a mouse cell line with lower APP expression, but higher
Aβ production (APP695SWE), impairment of synaptic transmission at 2-4
months was exacerbated, implying that Aβ-specific effects of APP are
involved in mediating this effect (Hsia et al., 1999). Indeed, synaptic
dysfunction appears to be specifically dependent upon Aβ 42 levels, and not
on Aβ plaque burden or APP levels in APP transgenic mice (Hsia et al.,
1999; Mucke et al., 2000).
The suggestion that the degenerative effects of Aβo are selectively
targeted towards synapses, as opposed to being a generalised ‘attack’
across the entire neuronal surface, is supported by the fact that they
accumulate extracellularly and selectively at hippocampal synapses (Renner
et al., 2010). APP is also actively transported to pre-synaptic terminals and
accumulates within synaptic regions, allowing a mechanism for mutated APP
to cause a direct disruption of synaptic function (Bezprozvanny and Mattson,
2008). Receptors at the post-synaptic membrane are stabilised via
interactions with scaffolding proteins (Renner et al., 2008). However, this
stabilisation is transient, with receptors able to diffuse into and out of the
post-synaptic membrane in a manner dependent upon synaptic activity
(Renner et al., 2008; Triller and Choquet, 2008). Importantly, the population
of synaptic receptors exists in equilibrium with extrasynaptic receptors, a fact
which can leave synapses vulnerable to disruption if receptor diffusion is
altered (Ehlers et al., 2007).
Such a vulnerability, specifically to the effects of Aβo, has clearly been
demonstrated in experiments utilising single particle tracking of Aβo in living
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synapses. These experiments showed that clusters of Aβo diffused laterally
and accumulated at excitatory synapses. These clusters increased in
number over time in mature cultured hippocampal neurons (21 – 27 days in
vitro (DIV); Renner et al., 2010). Significantly, however, Aβo decreased
(Renner et al., 2010) the ability of mGluR5 to diffuse laterally away from the
synapses (Sergé et al., 2002). mGluR5 is primarily located on dendrites
outside synapses, whilst any mGluR5 near the synapse is normally stabilised
in a ring at the periphery of the post-synaptic density (Lujan et al., 1996;
Luján et al., 1997). The decrease in mGluR5 mobility induced by Aβo is likely
due to the formation of pathological extracellular stabilising matrices,
resulting in their aggregation and the formation of ‘artificial signalling
platforms’ which, in turn, results in aberrant Ca2+ signalling (neuronal Ca2+
signalling and that mediated by I-mGluRs is detailed in Section 1.3 Ca2+
signalling) that ultimately decreases synaptic NMDAR expression (Renner et
al., 2010). The decrease in mobility induced by Aβo was specifically selective
for mGluR5 as they had no effect on α-amino-hydroxy-5-methyl-4isoxazolepropionic receptor (AMPAR) and GABAR mobility (Renner et al.,
2010). These effects induced by Aβo were mimicked both by artificial
clustering of mGluR5 (induced by crosslinking mGluR5s) and antagonists of
mGluR5 (Renner et al., 2010). Furthermore, mGluR5 KO hippocampal
cultures exhibited a large decrease in Aβo binding to the neuronal surface
and a near halting of effects on synaptic NMDAR loss, revealing the
mGluR5-dependent nature of the Aβo effects (Renner et al., 2010).
Aβo-mGluR mediated synaptic impairment is also supported by the
following observations: a) membrane depolarisation is evoked by Aβ42 and
involves mGluR1 in differentiated human hNT neuronal cells and rat nerve
growth factor-differentiated PC12 cells (Blanchard et al., 2002), b) Aβo
suppresses hippocampal LTP and enhances LTD, actions which are
reversed by mGluR5 agonists and antagonists, respectively (Rammes et al.,
2011; Shankar et al., 2008; Q. Wang et al., 2004), c) mGluR5 antagonism or
antibody intervention also reversed synapse loss in hippocampal neurons in
vitro and in vivo, as well as memory deficits (Chung et al., 2010; Haas et al.,
2014; Hu et al., 2014; Rammes et al., 2011; Renner et al., 2010; Um et al.,
2013) and d) Aβo decreased the availability of phosphatidylinositol-4,5bisphosphate (PIP2), the substrate for PLC which could decrease levels of
the Ca2+ liberating second messenger IP3 following I-mGluR stimulation
(primary cortical neurons; Berman et al., 2008).
The evidence described in this section illustrates that mGluR5 is
implicated in Aβo-mediated synaptic impairment. However, the nature of
synaptic alterations, particularly with regard to NMDAR activity and
expression, is variable across studies and may reflect differences in Aβo type
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(natural or synthetic), concentration and length of exposure or may reflect a
progression from one type of pathology to another (Renner et al., 2010).
Group I mGluRs (I-mGluRs) modulate NMDAR-dependent LTP and
LTD in the hippocampus and are implicated in NMDAR-dependent learning
(Benarroch, 2008). In agreement with the aforementioned study by Renner et
al. (2010), research by Lacor’s group found that Aβo (high concentrations of
synthetic oligomers) induced increases in the immediate early gene
Arc/Arg3.1 (Lacor et al., 2007, 2004a). mGluR5-LTD is dependent upon this
memory-related immediate early gene (Waung et al., 2008) as Arc couples
changes in neuronal activity patterns to alterations in synaptic plasticity
(Bramham et al., 2010). Activation of Arc is enhanced above normal levels
by Aβo binding to mGluR5 and may contribute to the pathological effects of
Aβo at the synapse (Lüscher and Huber, 2010; Um et al., 2013). It also
results in altered spine morphology, decreased spine number, depletion of
surface NMDAR and dysregulation of NMDA signalling pathways (Lacor et
al., 2007; Shankar et al., 2007; Snyder et al., 2005). Furthermore, mGluR5
antagonism or antibody intervention reverses synapse loss in hippocampal
neurons in vitro and in vivo, as well as memory deficits (Chung et al., 2010;
Haas et al., 2014; Hu et al., 2014; Rammes et al., 2011; Renner et al., 2010;
Um et al., 2013). Interestingly, elevated Arc, mediated by mGluR5 activation,
also stimulates Aβ production by redistributing APP and PS1 to endocytic
vesicles (Wu et al., 2011), possibly leading to another deleterious AD feedforward cycle.
An alternative mechanism of synaptic plasticity impairment by Aβo is
proposed by Wang et al. (2004). This was adapted to include the recently
discovered actions of Aβo mediated mGluR5 pathological signalling at the
synapse (Renner et al., 2010). High-frequency stimulation (HFS) induces
LTP via NMDAR activation and influx of Ca2+ (see Section 1.7). mGluR5 is
pathologically stimulated due to cellular prion protein (PrPC)-Aβo (see below)
mediated activation and/or activation by the neurotransmitter glutamate
released during HFS or by glia following their activation by Aβo. This
combined activation then stimulates kinase-mediated inhibition of LTP.
Specifically, the kinases proposed to be involved are c-Jun N-terminal kinase
(JNK), cyclin-dependent kinase 5 (CdK5) and p38 mitogen-activated protein
kinase (MAPK) which have been shown to be activated by Aβo (Bolshakov et
al., 2000; Liu et al., 2001; Rush et al., 2002).
mGluR5 signalling can exacerbate NMDAR-induced excitotoxicity via
activation of the Ca2+ dependent enzyme calcineurin (CN; Bruno et al., 2000,
1995). Furthermore, mGluR5 antagonism has been shown to protect
neurons against Aβo-induced toxicity (cortical cultures; Bruno et al., 2000).
This pathological mGluR5/NMDAR signalling may underlie the molecular
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mechanism by which the NMDAR modulator memantine protects against
Aβo-induced toxicity (De Felice et al., 2007; Lacor et al., 2007).
Notably, membrane fluidity and localisation of mGluR5 to the
aforementioned artificial signalling platforms may also be influenced by PrP C,
which is known to localise with and form complexes together with group 1
mGluRs (comprised of mGluR1 and mGluR5) and NMDARs (Khosravani et
al., 2008; Perroy et al., 2008a; Renner et al., 2010; Tu et al., 1999; Um et al.,
2013).

Role of Cellular Prion Protein (PrPC)
PrPc is a glycosylphosphatidylinositol (GPI)-anchored protein, tethered
to the extracellular surface of the cell membrane, which signals via complex
formation with other TM receptors (Beraldo et al., 2016) such as mGluRs
(Beraldo et al., 2016, 2011, Haas et al., 2016, 2014; Um et al., 2013) and
NMDARs (Black et al., 2014).
PrPc is of particular interest within AD research as a growing body of
evidence suggests that it can function as a high affinity, Aβo-specific receptor
which is essential for mediating the toxic effects of Aβo such as the
suppression of synaptic activity (including hippocampal LTP), synapse loss,
axonal degeneration and cell death as well as learning and memory deficits
in transgenic APP/PS1 animals (Bate and Williams, 2011; Chen et al., 2010;
Gimbel et al., 2010; Haas et al., 2014; Hu et al., 2014; Kudo et al., 2012;
Larson et al., 2012; Laurén, 2014; Laurén et al., 2009; Ostapchenko et al.,
2013; Um and Strittmatter, 2013). This is evidenced by the fact that anti-PrPc
antibodies not only reduce the binding of Aβo to the PM but also rescue Aβo
–induced impairments such as synaptic dysfunction in hippocampal slices
(Barry et al., 2011; Chung et al., 2010; Freir et al., 2011; Laurén et al., 2009).
Furthermore, in support of a disease-relevant role for PrPC in AD, human AD
brains contain PrPc- interacting Aβo and Aβ – PrPc complexes (Barry et al.,
2011; Freir et al., 2011; Laurén et al., 2009; Um et al., 2013; Zou et al.,
2011).
At the post-synaptic density (PSD) these Aβ–PrPc complexes interact
with intracellular Fyn kinase (Larson et al., 2012; Um et al., 2012). Indeed,
both PrPC and Fyn are enriched in the PSD (Collins et al., 2006; Um et al.,
2012). Fyn kinase functions are diverse and in the CNS include the
regulation of synaptic function, plasticity and myelination (for review see
(Resh, 1998). Under normal physiological conditions, Fyn kinase can
regulate glutamate receptor trafficking and plasticity, in part, by
phosphorylating NMDARs (Grant et al., 1992; Prybylowski et al., 2005).To
this end, Aβo–PrPC-Fyn complexes can evoke synaptic disruption via
alterations in both mGluR5 (Beraldo et al., 2016) and NMDAR trafficking and
activation (Larson et al., 2012; Um et al., 2012), as well as the
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aforementioned effects on mGluR5 stabilisation at the PSD (Um et al., 2013).
Although mGluR1 and mGluR5 can both form PrPc-Fyn complexes, only
mGluR5 mediates Aβo-induced calcium signalling in oocytes. These AβoPrPC-mGluR5 complexes stimulate Fyn, which causes PLC-dependent
increases in [Ca2+]i (see Section 1.3 Ca2+ signalling) in both Xenopus
oocytes and neurons (Um et al., 2013). Notably, Fyn can also interact with
tau to mediate potentially mGluR5-independent neurotoxic effects (Ittner et
al., 2010; Lee et al., 2004; Roberson et al., 2011).Aβo-PrPC-mGluR5
complexes also appear responsible for eukaryotic elongation factor 2 (eEF2)
phosphorylation, impairments in LTP, spine loss and spatial memory
impairments (Um et al., 2013). eEF2 is a calcium/calmodulin (CaM) dependent kinase which is activated physiologically by mGluR5 and
mediates Arc translation (described previously).
Aside from mGluR5-specific effects, synaptic accumulation of Aβo and
fibrils could also account for the synaptic breakdown observed in AD
(Friedlich et al., 2004; Lee et al., 2002), which may also occur via increased
Arc transcription (Lacor et al., 2004). Furthermore, application of Aβo at very
low concentrations results in actin-depolymerizing factor/cofilin- (involved in
cytoskeleton plasticity) and CN - dependent decreases in NMDAR activity
and dendritic spine number after 5 -15 days. The number of cells expressing
NMDAR subunits (NR1 and NR2A subunits) was also lower in transgenic
mice (APPSWE mice at 18 -22 months). Furthermore, this deficit could be
reversed by the application of aducanumab (an anti-amyloid-β antibody;
Sevigny et al., 2016, Shankar et al., 2007). These synaptic alterations could
provide a mechanism for the synapse loss induced by Aβo application in
culture (Lacor et al., 2007) and that is also observed in AD mouse models
(Koffie et al., 2009).
Conversely, however, Aβo have also been shown to increase NMDAR
responses and induce excitotoxicity (De Felice et al., 2007; Szegedi et al.,
2005), effects which may mediate Aβo-stimulated oxidative stress and
increased [Ca2+]i (Bezprozvanny and Mattson, 2008; Cullen et al., 1996),
Furthermore, the production of Aβ at nerve terminals is regulated by synaptic
activity and downstream signalling pathways, likely involving the transport
and processing of Aβ in vivo (Cirrito et al., 2005; Gandy et al., 1993). This
overlap illustrates a continual trend therefore of molecular ‘opportunities’ for
feedforward disease progression linking to the degenerative nature of the
condition.
This summary provides a glimpse of the surfeit of mechanisms by
which both APP processing and cleavage, as well as the relative
concentrations of Aβ molecules and the assemblies that they form, can
influence disease pathology. It is unsurprising therefore that any inherent
neuroprotective mechanisms designed to clear or degrade such insults are
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overwhelmed or that pharmacological intervention targeting Aβ plaques in
the clinical setting is unsuccessful. Crucially, both Ca2+ dysregulation and Aβ
converge on the majority of the AD-affected processes outlined above.
Indeed, Ca2+ may often be the mediator of Aβo toxic effects and vice versa.
As such, both the Aβ cascade and Ca2+ hypothesis of AD are inextricably
linked. Before moving on to explain the Ca2+ hypothesis of AD, I will first
endeavour to provide the reader with an insight into key aspects of neuronal
calcium signalling, particularly as it pertains to hippocampal signalling. The
hippocampus is one of the first regions to be affected in AD and was
therefore chosen as the area from which the primary experimental unit
utilised in the production of data for this thesis, the cultured hippocampal
neuron, was harvested.
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1.3 Calcium signalling
1.3.1 Overview
Calcium is the central signalling molecule of neurons and is
intrinsically associated with their vital functions (Stutzmann, 2007). This
versatile molecule and the cytostructural and homeostatic system pertaining
to it allows for crucial physiological roles in cellular homeostasis, intracellular
signalling, as well as mediating and transducing responses to a wide range
of external stimuli. As such, it is implicated in cellular activities such as the
regulation of gene transcription (Berridge, 1998; Mellstrom & Naranjo, 2001),
modulation of membrane excitability (Davies et al., 1996; Stutzmann et al.,
2003), enzyme/kinase activity and mitochondrial function (Supnet &
Bezprozvanny, 2010). Ca2+ is also critical for determining synaptic activity
such as basal synaptic transmission, synaptic plasticity (short and long-term
forms) and dendritic spine morphology (Berridge, 2010; Chakroborty and
Stutzmann, 2014; Fujii et al., 2000; Hayashi and Majewska, 2005; Nakamura
et al., 1999).
The ability of calcium to regulate such diverse activities within the cell
is facilitated by its strict cellular compartmentalization which, in turn, is
mediated primarily via bi-directional interactions between the plasma
membrane and the ER, the main calcium store in neurons. Together, these
two structures form a continuous binary membrane within cells (Berridge,
2002). Structurally, the ER is relatively unorganised in neurons and whilst it
spreads throughout the cell, there appears to be a division between rough
ER in the soma, which is primarily involved in protein synthesis, but which
transforms into smooth ER responsible for pre- and post-synaptic Ca2+
signalling events surrounding synaptic plasticity in the dendrites and spines
(Berridge, 1998). The nuclear envelope, mitochondria, Golgi and lysosomes
are also capable of Ca2+ storage and release and add a further level of
complexity to cellular Ca2+ signalling and homeostasis which will be briefly
touched upon in the following sections (Giorgi et al., 2009; Michelangeli et
al., 2005; Rizzuto et al., 2009).

ER
The ER is implicitly involved in a number of signalling processes such
as
flux, apoptosis, arachidonic acid (AA) release and sterol biosynthesis
(Berridge, 1998). Ca2+ homeostasis is critical for signaling-specific functions,
but also for ER protein handling, including their synthesis, folding, trafficking,
disaggregation and degradation. The ER, as a signalling organelle, is
sensitive to numerous stimuli including Ca2+, IP3, cADPR, L-type channel
inputs, ROS, sphingosine-1-phosphate S-1-P and sterols, to which the ER
can respond through a variety of mechanisms including Ca2+ and arachidonic
Ca2+
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acid (AA) release, as well as activation of store-operated calcium channels
(SOCCs; see below), stress signals and numerous transcription factors with
wide downstream implications (including NF-κB, CHOP, ATF-6 and SREBPs;
Berridge 2002). Disturbances of these process result in the production of
numerous pathological phenotypes, so-called ‘calciumopathies’ (Stutzmann,
2007). Indeed, dysregulation of calcium homeostasis at the level of the ER
has the capacity to extensively disrupt Ca2+-dependent signalling events in a
global manner, given the concentration gradients involved, as well as the
extensive ER network in the neuron (Berridge, 1998).
Resting cytosolic Ca2+ concentration ([Ca2+]cyt) is normally maintained
between ~50-300nM (Verkhratsky et al., 2004). Thus, a large
electrochemical gradient exists between the cytosol and the ER (the
concentration of Ca2+ in the ER ([Ca2+]ER) ranges from 100 to 500µM;
LaFerla, 2002), and the extracellular space, with a [Ca2+]o of 2.5mM. The
differing Ca2+ concentrations within cells are maintained by four key
components: 1) heterogeneous Ca2+ channels on the plasma membrane
which allow Ca2+ entry into the cell, 2) transport to, from, and between
organellar Ca2+ stores, including the ER, mitochondria and lysosomes, 3)
Ca2+ release channels on the ER, including IP3R and RyR and 4) ER and PM
Ca2+ transporters, Ca2+ ATPases and Na+/Ca2+ exchangers, which establish
baseline concentration gradients, with respect to both intracellular and
extracellular compartmentalisation (Berridge et al., 2003). Indeed, it is the
intricate interplay between these four components which enables Ca2+
microdomain maintenance and the production of complex spatiotemporal
Ca2+ dynamics, which ultimately allow and control the disparate functions of
Ca2+ in the cell (Berridge, 2006; Berridge et al., 2003).
Ca2+ ATPases and Na+/Ca2+ exchangers on the plasma membrane
(PMCA and NCX) control Ca2+ extrusion into the extracellular space. The
concentration gradient between the ER and cytoplasm is maintained by the
sarco/endoplasmic reticulum Ca2+ ATPases (SERCA), which sequester Ca2+
into the ER. These pumps are sensitive to both [Ca2+]ER and [Ca2+]cyt, which
affects the rate that Ca2+ is pumped into the ER (Berridge et al., 2003).
However, once Ca2+ has been taken up by the ER, it does not remain there
indefinitely. In the absence of further stimuli, Ca2+ leaks out into the cytosol
over a finite time period in the order of seconds to minutes (Rae and Irving,
2003).
Several types of protein have been proposed to mediate this basal ER
These proteins include PS1 and 2 (Bezprozvanny and Mattson,
2008; Tu et al., 2006), Ca2+ homeostasis modulator 1 (CALHM1; DresesWerringloer et al., 2008), transient receptor potential (TRP) family-like
polycystin-2 (TRPP2), members of anti-apoptotic proteins of the B-cell
lymphoma 2 (Bcl-2 and Bcl-2-associated X protein (Bax)-inhibitor-1 (BI-1)
Ca2+ leak.
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families and hemichannel-forming proteins such as pannexins (Sammels et
al., 2010). Research concerning this ER leak function is in its infancy and
there are numerous conflicting reports for the importance of most of the
proteins listed above in the leak of Ca2+ from the ER. However, as described
in Section 1.4 Ca2+ hypothesis of AD, the role of PS in ER Ca2+ leak and its
AD-related impairment is generally accepted.
Mitochondria are localised close to the ER at specific contact sites,
particularly at ER Ca2+ release sites (Rizzuto et al., 1993). This factor allows
for a triad of communication with the ER, mitochondria and lysosomes
(Burgoyne et al., 2015), possibly enabling a role for this triad in Ca2+
signalling and ER refilling (Arnaudeau et al., 2001). What is known is that the
ER-mitochondrial network is critical in cell death regulation (Decuypere et al.,
2011; Pinton et al., 2008). Ca2+ entry into the mitochondria occurs via the
mitochondrial Ca2+ uniporter (MCU; Baughman et al., 2011) and voltagedependent anion channel 1 (VDAC1; Giorgi et al., 2015). Mitochondria act as
high-capacity, low-affinity transient calcium buffers in the cytoplasm, altering
the dynamics of intracellular Ca2+ signalling such as limiting the peak of
[Ca2+]cyt following stimulation and broadening the time profile of the elevation
(Nicholls, 2005). A strong driving force exists for mitochondrial Ca2+
accumulation due to the large negative membrane potential (approximately
−180 mV) across the inner mitochondrial membranes (Rizzuto et al., 2012).
This, combined with the existence of contact sites overcome the low-affinity
Ca2+ transport characteristics of the mitochondrial uniporter (Baughman et
al., 2011; De Stefani et al., 2011). Contact sites allow for significant localised
Ca2+ increases (up to 20 μM) upon opening of IP3Rs which can be taken up
efficiently by mitochondria (Csordás et al., 2010). In the recovery phase of a
calcium response, the mitochondrially-sequestered Ca2+ is released back
into the cytoplasm via Na+/Ca2+ and H+/Ca2+ exchangers (Palty et al., 2012;
Scanlon et al., 2000). It is then either returned to the ER by the SERCA
pump or extruded from the cell. Faster mechanisms (ms timescale) of Ca2+
entry into mitochondria are also proposed, which may enable a more
physiologically relevant continuity between ER and mitochondrial
membranes (Beutner et al., 2005; Sparagna et al., 1995).
The calcium buffers BiP, calreticulin and calnexin stabilise free [Ca2+]
in the ER, which influences the overall amount of Ca2+ that is available for
stimulus-evoked release (Prins and Michalak, 2011). This obviously directly
impacts upon ER-specific signalling processes, which are mediated by free
[Ca2+] (Corbett & Michalak, 2000). The presence of ER calcium sensor
proteins, including visinin-like protein (VILIP) and calcium-sensing processes
such as store-operated calcium entry (see below) also allows the cell to react
and adapt to different ER loading states (Mattson, 2007).
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In addition to the relatively immediate regulatory and signalling roles
described above, the ER itself is highly dynamic and can undergo longerterm (hours to days) regulatory adaptations. These adaptations can be in
physical size, shape and composition in response to changing demands,
such as that experienced during development, stress and/or disease and
ageing (Federovitch et al., 2005; Sammels et al., 2010). Pathological ER
adaptations will, in turn, have significant effects on cellular calcium dynamics,
including mitochondrial dysfunction (Bergner and Huber, 2008; Deniaud et
al., 2008; Roderick and Cook, 2008).

1.3.2 Extracellular calcium entry
Ca2+ ions can enter neurons from the extracellular space through a
variety of ion channels, with varying selectivity and permeability for calcium.
These channels include VGCCs and ligand-gated calcium channels such as
NMDARs, AMPARs, nicotinic receptors, ATP gated purinergic channels
(P2XCs), SOCCs and CALHM1 (Dreses-Werringloer et al., 2008;
Habermacher et al., 2016; Supnet and Bezprozvanny, 2010).
Store-operated Ca2+ entry (SOCE, a.k.a. capacitative Ca2+ entry
(CCE)) occurs through SOCCs of which the Ca2+ release-activated Ca+
(CRAC) channel and transient receptor potential canonical (TRPC) family of
calcium-permeable channels have been characterised thus far (Cheng et al.,
2013; Salido et al., 2009).
SOCE is thought to be triggered by ER Ca2+ depletion. This trigger
threshold depletion is thought to be more likely to arise from a reduction in
[Ca2+]ER at specific microdomains within the ER because widespread
depletion would activate stress signalling and disrupt cellular function
(Berridge 2002). Stromal interaction molecule (STIM) 1 is a protein located
on the ER membrane (Liou et al., 2005; Wu et al., 2006) which acts as a
sensor of calcium depletion (Cahalan, 2009). When this occurs, STIM1
proteins oligomerise and migrate to the ER-PM junction (Liou et al., 2007;
Roos et al., 2005). The oligomers then activate the PM channel Orai1 and
induce Ca2+ influx through CRAC channels (measurable by the Ca2+ releaseactivated current, ICRAC (Luik et al., 2008) and store replenishment via the ER
SERCA pumps (LaFerla, 2002). The SOCE pathway is the principal Ca2+
entry pathway in non-excitable cells where it is implicated in motility,
secretion and gene expression (Parekh and Putney, 2005). However, SOCE
has also been observed in excitable cells of the nervous system (Putney,
2003; Verkhratsky and Toescu, 2003), including cultured hippocampal
neurons (Baba et al., 2003; Berna-Erro et al., 2009).
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There are two STIM homologs (STIM1 and STIM2) present in the ER
of neurons (Moccia et al., 2015). Although a clear role for STIM 1 in neuronal
SOCE has been identified, there is now considerable evidence to suggest
that STIM2 also mediates neuronal SOCE (Gruszczynska-Biegala et al.,
2011; Gruszczynska-Biegala and Kuznicki, 2013; Sun et al., 2014; Zhang et
al., 2015b). Interestingly, although SOCE was originally thought to be
activated in response to ER depletion, STIM2-activated Ca2+ influx can be
activated by small decreases in [Ca2+]ER, and may thus play an important role
in maintaining the tight regulation of [Ca2+]cyt vs [Ca2+]ER gradients (Brandman
et al., 2007).
Briefly, TRPCs can be activated independently by the PLC-mediated
production of diacylglycerol (DAG) and/or in a coordinated manner with
CRAC channels following ER Ca2+ depletion, both of which can be mediated
by I-mGluR stimulation (see below; Putney and Tomita, 2012).

1.3.3 Intracellular calcium release
Ca2+ release from the ER occurs primarily via activation of IP3Rs
and/or RyRs in a highly regulated manner that is controlled by Ca2+, ATP,
kinases and phosphatases (Ivanova et al., 2014). RyRs and IP3Rs, of which
there are three subtypes each, differ significantly from one another in terms
of their expression, localisation, activation mechanisms and physiological
roles. Numerous tissues express multiple IP3R isoforms, although IP3R1 is
enriched in neurons, IP3R2 in the heart and liver, and IP3R3 in lymphocytes
and multiple cell lines (Ivanova et al., 2014).
Neurons express all three subtypes of both RyRs and IP3Rs, although
IP3R1 and RyR2 expression predominate (Berridge, 1998; FranziniArmstrong and Protasi, 1997; Furuichi et al., 1994; Simpson et al., 1995).
RyR2 is distributed widely in the brain, RyR3 expression is predominant in
the CA1 hippocampal region and RyR1 is almost exclusively expressed in
cerebellar Purkinje cells (Furuichi et al., 1994). Generally, IP3R and RyRs colocalise on subsurface cisternae originating from the ER and are distributed
throughout the compartments of the neuron (Fagni et al., 2000) including
axonal endings and dendritic spines (Berridge, 1998; Sharp et al., 1993).
Aside from this general pattern of co-localisation, RyRs are also distinctly
localised to the soma of neurons (Kano et al., 1995; Kuwajima et al., 1992;
Seymour-Laurent and Barish, 1995; Sharp et al., 1993). Furthermore, in the
CA3 and hilar hippocampal regions as well as in the cerebral cortex, RyRs
are more prominently expressed at dendritic spines than IP3Rs (Augustine
and Finch, 1998; Sharp et al., 1993; Takechi et al., 1998).
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IP3Rs are generally activated indirectly following agonist stimulation of
PM-bound receptors, specifically G-protein (Gq subunit)-coupled receptors
(GPCRs) such as I-mGluRs and M1 and M3 muscarinic acetylcholine
receptors (mAChRs; Foskett et al., 2007; Wettschureck and Offermanns,
2005). When an agonist binds to these types of Gq-linked receptors it
stimulates phospholipase C to cleave PIP2, forming diacylglycerol (DAG)
and IP3 (Niswender 2010). IP3 then binds to IP3Rs on the ER membrane,
opening them to allow Ca2+ efflux from the ER, down its concentration
gradient into the cytosol. IP3Rs are sensitive to both cytosolic and ER Ca2+,
with maximal stimulation occurring when both Ca2+ and IP3 are present in the
cytosol (Missiaen et al., 1994). This relatively simplistic picture is complicated
by the fact that I-mGluRs are part of a multi-molecular complex which
contains NMDAR and possibly PrPc, suggesting that their signalling is
inherently linked to these molecules and their downstream pathways and/or
substrates (Khosravani et al., 2008; Perroy et al., 2008b; Renner et al., 2010;
Tu et al., 1999). This is evidenced by the ability of I-mGluRs to modulate
NMDAR-dependent LTP and LTD in the hippocampus (Benarroch, 2008).
RyRs on the other hand, are generally activated by Ca2+-induced
calcium release (CICR) via Ca2+ influx or ER calcium release. For example,
CICR can be induced following membrane depolarisation and activation of
VGCCs and following ER Ca2+ mobilisation through IP3Rs and RyRs (Zalk et
al., 2007). Therefore, cytosolic calcium serves to enhance IP3R-and RyRmediated signals. However, upon reaching a threshold concentration,
cytosolic calcium then inhibits subsequent ER calcium release by negative
feedback (Stutzmann, 2007). This prevents an increase in cytosolic Ca2+
levels above a threshold which could lead to neurotoxic effects (Friel &
Tsien, 1992).
Although it is possible to activate IP3Rs and RyRs independently of
each another, as demonstrated in cultured hippocampal and sensory
neurons where receptor-stimulated- and IP3-mediated Ca2+ mobilisation was
independent of caffeine -sensitive (i.e. RyR-mediated) Ca2+ release (Murphy
and Miller, 1989; Thayer et al., 1988), there is evidence that both channels
can indirectly regulate each other’s activity. This is primarily due to the fact
that both channels are sensitive to cytoplasmic and luminal (ER) Ca 2+
(Burdakov et al., 2005; Györke and Terentyev, 2008; Missiaen et al., 1994) .
Thus, by altering ER and cytoplasmic Ca2+ levels it is possible to create an
excitable system whereby signals can spread throughout a cell (Berridge,
2002)
In support of this, cerebellar granule neurons exhibit characteristics of
a shared Ca2+ pool, as pre-application of RyR agonists significantly reduces
carbachol- and IP3R-mediated Ca2+ release and vice versa (Irving et al.,
1992; Simpson et al., 1996). The question as to whether or not IP3Rs and
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RyRs access the same ER Ca2+ pool, however, is unclear, although the
confluence or demarcation into microdomains of such Ca2+ pools could
represent a mechanism of signal regulation in a cell type and/or intracellular
localisation dependent manner (Berridge, 2006; Laude and Simpson, 2009).
Notably, both of these channel types are thought to also contribute to Ca2+
leak currents from the ER in both health and disease (Suzuki et al., 2012;
Szlufcik et al., 2006).
[Ca2+]cyt can increase up to 1-5µM in response to agonist stimulation
through the mechanisms outlined above. However, it is important to bear in
mind that any evoked calcium increase triggers distinct spatiotemporal
patterns of cytosolic Ca2+ release/accumulation depending on the initial
source of Ca2+. These patterns, in turn, can also result in different Ca2+dependent signalling cascades being activated (Supnet & Bezprozvanny,
2010). Due to the extensive and complex role of Ca2+ signalling in neurons,
even minor alterations in the Ca2+ signalling apparatus could potentially have
significant deleterious consequences at both a cellular and systems level
over the lifetime of a cell or individual. Indeed, subtle intracellular calcium
dysregulation has been linked to the pathogenesis of numerous proposed
‘calciumopathies’ including AD, Parkinson’s disease (PD) and Huntington’s
disease (HD; Berridge, 2014a; Chakroborty and Stutzmann, 2014; Mattson,
2007).
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1.4 The calcium hypothesis of Alzheimer’s disease
The central tenet of the calcium hypothesis of AD is that remodelling
of the Ca2+ signalling system, resulting in increased basal Ca2+ levels, is
caused by, or precedes, excessive stimulation of the amyloidogenic APP
processing pathway. This results in early-stage disease phenotypes
including oxidative stress, mitochondrial impairment, synaptic dysfunction,
cognitive deficits and, ultimately, widespread neuronal cell death which
characterises the later stages of AD (Berridge, 2010; Bezprozvanny and
Mattson, 2008; Deshpande et al., 2006; Glabe and Kayed, 2006; Kelly and
Ferreira, 2006; Stutzmann, 2007; Townsend et al., 2006). Importantly, it is
thought that these phenotypic changes can be induced by small fluctuations
in normal intracellular and/or luminal Ca2+ levels over the lifetime of a
neuron, as was postulated for ageing and neurodegeneration, in general,
several years previously by Khachaturian (Khachaturian, 1989).
Ca2+ is a key factor in cytotoxicity (Kass and Orrenius, 1999) and Ca2+
dysregulation is seen in neurons from both human AD patients and AD
animal models (LaFerla, 2002; Stutzmann and Mattson, 2011), as well as
with ageing (Gant et al., 2014). The sheer number of components of the
calcium signalling system altered in AD is staggering (Fig 1.4), as reviewed
by Yu et al. (2009) with more recent findings reviewed by The Alzheimer's
Association Calcium Hypothesis Workgroup (2017). The following section
aims to provide the reader with an overview of some of these alterations,
such as dysregulation of basal [Ca2+]i as well as Ca2+ influx and intracellular
mobilisation, which have particular relevance to the work conducted over the
course of this project. Such changes impact severely upon several critical
cellular systems including mitochondria and synapses (Berridge, 2010;
Bezprozvanny and Mattson, 2008; Smith et al., 2005; Thibault et al., 2007).
Significantly, several studies in animal models of AD suggest that
disruption of normal Ca2+ homeostasis occurs well in advance of any
behavioural or synaptic deficits (Chakroborty et al., 2009; Jacobsen et al.,
2006; Oddo et al., 2003a; Smith et al., 2005; Vale et al., 2010) and/or Aβ or
tau aggregation (Chakroborty et al., 2009; Chakroborty and Stutzmann,
2014; Del Prete et al., 2014; Popugaeva et al., 2012; Stiller et al., 2014;
Stutzmann et al., 2004; Zhang et al., 2010). The possibility exists therefore
that the cognitive deficits seen in AD patients are, in fact, a result of early
onset, chronic and insidious neurotoxic processes involving Ca2+
dyshomeostasis that occurs before any functional loss or amyloidogenic
processes became apparent (Stutzmann, 2007). This calcium hypothesis is
gaining credence within a field where scepticism continues to grow around
the proposal that amyloid plaques are solely to blame for the pathological
effects of AD (Castellani and Smith, 2011; Castello et al., 2014; Herrup,
2015).
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1.4.1 Remodelling of basal calcium levels
It is known from ageing studies that decreased serum calcium levels
correlate well with the level and rate of cognitive decline during ageing
(Schram et al., 2007). Therefore, it is interesting to note that, AD patients
also exhibit altered systemic calcium homeostasis in terms of decreased
serum Ca2+ and increased urinary Ca2+ excretion, relative to age-matched
controls (Landfield et al., 1992; Ogihara et al., 1990). Furthermore,
alterations in the levels of proteins and genes which are directly involved in
neuronal Ca2+ signalling are commonly observed in brain tissue samples
from AD patients and animal models of AD (Bezprozvanny and Mattson,
2008; Chin et al., 2007; Emilsson et al., 2006; Iritani et al., 2001; Landfield et
al., 1992; Ogihara et al., 1990; Stutzmann, 2007). For instance, overall levels
of both IP3 and PLC, as well as protein kinase C (PKC; important in synaptic
plasticity and activated by calcium-dependent pathways) activation, are
decreased relative to the degree of AD progression in the human brain
(Kurumatani et al., 1998).
Although there have been relatively few studies examining Ca2+
homeostasis in tissues and fluids from human AD patients, one study has
shown that lymphocytes from LOAD patients did exhibit higher basal [Ca2+]i
concentrations and an enhanced Ca2+ response to lymphocyte activation
than controls (Sulger et al., 1999). Similarly, lymphocytes from PS1M146L mice
also exhibited increased basal [Ca2+]i and larger Ca2+ responses to
lymphocyte activation, as well as increased sensitivity to Ca2+- and ROSmediated apoptosis (Eckert et al., 2001; Mattson, 2002). Furthermore,
double PS KO (DKO) or PS2 KO mouse embryonic fibroblasts (MEF)
displayed increased basal [Ca2+]i. Interestingly, however, MEFs from PS1 KO
mice only displayed modest [Ca2+]i changes relative to controls (Green et al.,
2008). In vivo studies measuring Ca2+ levels in spines and dendrites of
pyramidal neurons from the neocortex of mature APPswe/PS1ΔE9 and
APPSWE mice (4.5 – 5 and >17 months of age, respectively), found that
approximately 22% of neurites located near amyloid plaques had increased
resting [Ca2+]i above a pathological threshold. This apparently resulted in
structural and functional neuronal network dysfunction in these animals.
However, only about 5% of neurites from either wild-type, single transgenic
PS1∆E9, PS1M146V and young (4.5 – 5 months of age) APPSWE mice exhibited
similar signs of Ca2+ overload (Kuchibhotla et al., 2008), suggesting that this
phenomenon in mice is dependent upon APP mutations and is a late, rather
than early, stage disease effect, correlating with the appearance of plaques
at this stage. In contrast, cultured cortical neurons from 3xTg-AD and
APPSWE mice (8 – 12 months of age), which did not exhibit Aβ plaques but
did have chronically elevated intracellular Aβ levels (specifically, Aβ trimers
and Aβ56; Lesné et al., 2013), resting [Ca2+]i was double that of age-matched
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controls and was found to rely on both Ca2+ entry and ER mobilisation
(Lopez et al., 2008).
It is important to note that most of the evidence for increases in basal
neuronal [Ca2+]i in AD comes, in fact, from indirect observations of altered
Ca2+ transients due to Ca2+ influx or ER Ca2+ mobilisation as exemplified by
the following data. Firstly, the PS1∆E9 mutation is associated with increased
basal [Ca2+]i and enhanced basal phosphoinositide (PI) hydrolysis in cultured
human SH-SY5Y neuroblastoma cells. These effects can be reversed by the
PLC inhibitor neomycin and the IP3R inhibitor xestospongin C (CedazoMínguez et al., 2002). Secondly, in PC12 neurosecretory cells, expression of
the human PS1L286V mutation increased their susceptibility to apoptosis
induced by trophic factor withdrawal and synthetic Aβ25–35 (Guo et al., 1998).
These apoptotic stimuli resulted in an oxidative stress response and
increased [Ca2+]i levels which were much greater in PS1L286V cells than
controls. The authors proposed that this insult was superimposed upon
already increased basal [Ca2+]i, a suggestion that was supported by the
finding that the SERCA pump inhibitor, thapsigargin (TPN; Lytton et al.,
1991), evoked larger elevations in [Ca2+]i in PS1L286V PC12 cells relative to
controls, indicating that they possessed higher [Ca2+]ER (Guo et al., 1998).
Thirdly, this Ca2+ perturbation in PC12 cells could be counteracted by
blocking either Ca2+ influx (e.g. through VGCCs) or ER Ca2+ mobilisation
(e.g. by blocking IP3Rs and/or RyRs, or increasing the expression of the
constitutive IP3R modulator, Bcl-2; Guo et al., 1997, 1996). Lastly, cells from
a neuronal cell line (CTb) derived from the cerebral cortex of APPoverexpressing mice exhibited increased [Ca2+]i, and decay kinetics of the
Ca2+ responses to glutamatergic and nAChR agonists, and depolarization
(Rojas et al., 2008). These cells also displayed increased responses to the
calcium ionophore, ionomycin (Dedkova et al., 2000; Liu and Hermann,
1978), which causes the release of Ca2+ from most intracellular stores (into
the cytosol) thereby indicating that the ER of these cells was overloaded
relative to control cells (Green et al., 2008). Significantly, all of the effects
listed previously were normalised by APP knockdown (KD) in these cTb cells
(Rojas et al., 2008).
Aβo are thought to increase basal [Ca2+]i via increased Ca2+ entry and
ER mobilisation (as discussed in Section 1.3.3 Molecular actions of Aβo and
related metabolites; Hartmann et al., 1993; Mattson et al., 1993a, 1993b,
1992). For example, human foetal cerebral cortical cell cultures exhibited
increased [Ca2+]i levels and an increased vulnerability to neurotoxicity
following exposure to synthetic Aβ peptides. Conversely, chronic exposure of
the cell to elevated [Ca2+]i levels, in turn, enhances Aβ production (Buxbaum
et al., 1994; Querfurth et al., 1997).
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These increases in [Ca2+]i likely reflect an AD-mediated enhancement
of Ca2+ entry and impaired ER calcium release as well as the impaired
buffering capacity of both the ER and mitochondria. The ER and
mitochondria may either be directly impaired by Ca2+ overload or indirectly
impaired by ROS and mitochondrial collapse, mediated by Ca2+
dysregulation and/or other AD-related processes (Yu et al., 2009).

1.4.2 Enhanced calcium entry
Role of Aβ oligomers
There is a large body of evidence suggesting that APP mutations,
including APPSWE, in single as well as multi-transgenic animal models (e.g.
3xTg-AD mice; Lopez et al., 2008), APPSWE overexpression (Lopez et al.,
2008; Niu et al., 2009; Rojas et al., 2008), and Aβ42 aggregates, can all
induce calcium dysregulation by, generally, enhancing Ca2+ entry and
increasing [Ca2+]i (Arispe et al., 1993a, 1993b; Bezprozvanny and Mattson,
2008; Demuro et al., 2010, 2005; Deshpande et al., 2006; Green and
LaFerla, 2008; Hirakura et al., 1999; Kuchibhotla et al., 2008; Mirzabekov et
al., 1996; Shirwany et al., 2007; Simakova and Arispe, 2007; Walsh et al.,
2002). However, the mechanism(s) underlying Aβ-mediated Ca2+
dysregulation remains unclear, although numerous potential mechanisms,
including Ca2+ entry via PtdS and/or PrPc-dependent pore formation, PM
receptor modulation and impaired Ca2+ extrusion due to PM transporter
impairment, are postulated. This evidence is discussed in more detail in
Section 1.3.3 Molecular actions of Aβo and related metabolites).

CALHM1
CALHM1 is a Ca2+ selective pore subunit of a non-selective PM
channel which can also localise to the ER (Gallego-Sandín et al., 2011). It is
of interest here because mutations of this protein have been associated with
EOAD (Rubio-Moscardo et al., 2013) and LOAD (Dreses-Werringloer et al.,
2008; Lambert et al., 2010), although the latter finding is controversial
(Beecham et al., 2009; Bertram et al., 2008; Minster et al., 2009). CALHM1 is
expressed in neurons in all brain regions, with the highest concentrations
being observed in the hippocampus and temporal lobes (Dreses-Werringloer
et al., 2008; Rubio-Moscardo et al., 2013). In terms of its mechanism of
action, CALHM1 is allosterically regulated by both membrane voltage and
extracellular Ca2+ concentration (Dreses-Werringloer et al., 2008; Ma et al.,
2012; Moreno-Ortega et al., 2015). Indeed, CALHM1 is essential for
controlling extracellular Ca2+-dependent excitability in primary cultured
cortical neurons (E15) and may interact with IP3Rs in so doing (Ma et al.,
2012; Moreno-Ortega et al., 2011). Specifically, it is activated when
extracellular [Ca2+]i is decreased, as may happen during periods of high42

frequency synaptic activity (Benninger et al., 1980; Vassilev et al., 1997). In
CALHM1-expressing N2A cells (mouse neuroblastoma cell line), SH-SY5Y
and HeLa cells, as well as embryonic cortical neurons (Dreses-Werringloer
et al., 2008; Ma et al., 2012; Moreno-Ortega et al., 2015), when Ca2+ was
subsequently re-introduced, there was a significant Ca2+ influx through
CALHM1. This so-called ‘Ca2+ paradox’ (MacDonald et al., 2006) is observed
in cells of the heart and neurons of the hippocampus where decreased
[Ca2+]o leads to increased [Ca2+]i, particularly when [Ca2+]o is returned to
normal levels, which in turn often leads to toxic insult (Deshpande et al.,
2007; Zimmerman and Hülsmann, 1966).
Notably, a single nucleotide polymorphism in CALHM1 (CALHM1 P86L),
which has been associated with an increased risk of developing LOAD,
decreased PM Ca2+ permeability in CHO cells and decreased [Ca2+]i in HT22 cells (Dreses-Werringloer et al., 2008). Furthermore, CALHM knock-down
and CALHM1P86L transfection triggered an increase in amyloidogenic APP
metabolism and Aβ40 and Aβ42 secretion in SH-SY5Y cells and APP695
expressing N2a cells, respectively (Dreses-Werringloer et al., 2008). RubioMoscardo et al. (2013) also found that Ca2+ entry was abolished by two
CALHM1 mutations associated with EOAD (CALHM1G330D and
CALHM1R154H) and diminished in CALHM1P86L -transfected HEK 293 cells
relative to WT CALHM1. However, they did not witness any alterations in
APP metabolism resulting from the CALHM1 mutations (Rubio-Moscardo et
al., 2013).
However, in spite of the evidence above implicating CALHM1P86L in
various forms of calcium dysregulation, it remains a considerable point of
debate as to whether (Boada et al., 2010; Dreses-Werringloer et al., 2008;
Lambert et al., 2010; Li et al., 2008) or not CALHM1P86L on its own is a
significant risk fact for LOAD (Beecham et al., 2009; Bertram et al., 2008;
Lambert et al., 2010; Minster et al., 2009; Sleegers et al., 2009). Rather, it
appears to reduce the age of LOAD onset by interacting with the effect of the
ε4 allele of the ApoE gene on A metabolism (Lambert et al., 2010).

Store-operated calcium entry (SOCE)
SOCE, the process of ER Ca2+ refilling, which is triggered by the
intraluminal depletion of Ca2+ (Berridge 2002), is also significantly disrupted
in AD and will be discussed in more detail in following sections related to ER
calcium remodelling and synaptic dysfunction. However, given the fact that
SOCE is not just involved in replenishing ER Ca2+ levels but may also play a
role in the regulation of the ER/cytoplasmic Ca2+ gradient (Brandman et al.,
2007), alterations in SOCE could have important implications for overall
cellular Ca2+ homeostasis.
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1.4.3 ER remodelling
AD-associated Ca2+ remodelling at the level of the ER has important
effects on both neuronal/cellular Ca2+ homeostasis and associated Ca2+
signalling systems, disrupting physiological signalling cascades as well as
hijacking others to upregulate a variety of pathogenic processes.

ER overload
The steady-state level of Ca2+ within the ER, which will also reflect
[Ca2+]cyto, results from the balance between the passive leak of calcium
through PS, IP3Rs and RyRs (and potentially CALHM1), and the activity of
SERCA pumps (Bandara et al., 2013; Das et al., 2012; Tu et al., 2006).
However, enhanced [Ca2+]ER (relative to controls) has been observed in
several different cell types expressing PS mutations, such as T-lymphocytes
(PS1M146L and 5xTg-PS1 - M146L, H163R, A246E, L286V, C410Y; Eckert
et al., 2001), fibroblasts (PS1M146V; Leissring et al., 2000) oocytes
(PS1M146L, PS2NI121I and PS2M239V; Leissring et al., 1999a, 1999b),
HEK293 cells, neurosecretory PC12 cells (PS1M146L, PS1M146V &
PS1L286V; Chan et al., 2000; Guo et al., 1996) and cultured hippocampal
neurons (PS1M146V; Chan et al., 2000). This increased [Ca2+]ER also reflects
the broader dyshomeostasis of the intracellular environment and increased
[Ca2+]cyto due to AD-dependent processes (Berridge, 2010; Mattson, 2002).
The leading hypothesis concerning elevated [Ca2+]ER posits that dysfunction
in the ability of PS1 and 2 to act as Ca2+ leak channels, due to ADassociated mutations, causes an increase in luminal Ca2+ (Bezprozvanny
and Mattson, 2008; Nelson et al., 2007; Tu et al., 2006; Zhang et al., 2010).
However, the ability of PSs to form leak channels is still a contentious topic in
the field (Bezprozvanny et al., 2012; Shilling et al., 2012). This is despite the
fact that PSs (both PS1 and PS2) can function as low conductance, passive
Ca2+ leak channels in planar lipid bilayers (Tu et al., 2006) and serve to
counteract the activity of the SERCA pump (Green et al., 2008). This function
is supported by channel structure studies, which suggest that a PS
holoprotein structure, in particular, can allow for the movement of Ca2+ (Li et
al., 2012; Nelson et al., 2011).
Functional evidence in favour PSs playing a role in ER leak includes
the fact that HEK293 cells overexpressing non-mutated PS1 have decreased
ER Ca2+ release in response to IP3R activation relative to untreated cells
(Honarnejad et al., 2013). Furthermore, PS2 overexpression in HEK293 cells
decreased ER Ca2+ load relative to PS null cells (Bandara et al., 2013).
Conversely, PS1 KO (hippocampal neurons; Herms et al., 2003), PS2 KD
(HEK293 cells; Bandara et al., 2013) and PS DKO (cultured hippocampal
neurons and MEFs; Zhang et al., 2010 and Nelson et al., 2006, 2010; Tu et
al., 2006, respectively) increased [Ca2+]ER and mobilisation. Furthermore,
decreased or increased [Ca2+]ER is evident in cells depending upon the type
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of AD-associated PS mutation (e.g. ‘gain-of-leak’ vs ‘loss-of-leak’ function;
Zhang et al., 2010). Notably, utilising PS DKO MEFs, Tu et al. (2006)
revealed that PSs account for approximately 80% of the passive leak from
the ER, which was independent of any γ-secretase activity (Tu et al., 2006).
The majority of evidence for the role of PSs in mediating an ER leak
function has been determined by measuring ER calcium release in cells
either transfected with various PS mutations or cells from transgenic animals
which constitutively expressed selected PS mutations. Of particular
relevance to this thesis, increased [Ca2+]ER (as determined by robustly
increased ionomycin responses) was measured in cultured hippocampal
neurons from various genotypes of transgenic mice, including 3xTg-AD mice
(which expresses the PS1M146V mutation) and PS1L166P - and PS1D385Atransfected hippocampal neurons, relative to controls (Zhang et al., 2010).
Importantly, in the context of the TgF344-AD rat model which was also used
in the current study, the PS1∆E9 mutation was associated with a ‘gain of leak
function’ and decreased [Ca2+]ER relative to WT (Zhang et al., 2010). In
human lymphoblast cells from FAD patients, those cells which expressed
either PS1-M139V (in agreement with Zhang et al., 2010), M146L, K239E,
V261F, A431E or PS2-N141I, all displayed increased [Ca2+]ER (Nelson et al.,
2010). Conversely, in cells transfected with either PS1- ΔE9, P264L, R269G,
C410Y or A426P mutations, no differences in [Ca2+]ER relative to controls
were observed (Nelson et al., 2010).
Although the calcium ionophore ionomycin is a commonly used tool to
indirectly determine ER calcium levels, it should be borne in mind that it also
initiates the release of Ca2+ from all other intracellular organelles, which is an
effect that effectively ‘contaminates’ the desired measurement. However,
experiments described in the previous section which utilised ionomycin to
determine intracellular store content were confirmed by Zhang et al. (2010)
using the ER-targeted Ca2+ indicator D1ER (for review see McCombs and
Palmer, 2008). A 3-fold increase in the levels of [Ca2+]ER in transgenic
cultured hippocampal neurons, relative to controls, was determined using
this method. Interestingly, in the same study (Zhang et al., 2010), when TPN
was added to control and 3xTg-AD neurons (in Ca2+ free extracellular
medium), following ER Ca2+ loading, the ER Ca2+ levels of both cell types fell
to their respective basal levels (which were higher in 3xTg-AD mice).
Significantly, however, it took over three times longer for the 3xTg-AD
neurons to reach baseline compared to the control neurons, indicating the
presence of an intact, but severely impaired, leak pathway in the transgenic
neurons.
PEN-2, which is a key regulatory component of the γ-secretase
complex (Haass, 2004), may have a role in regulating PS-mediated Ca2+
leak by altering the expression of PS ‘holoprotein’ at ER membranes
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(Bandara et al., 2013; Edbauer et al., 2003; Kimberly et al., 2003; Takasugi
et al., 2003). Specifically, PEN-2 KD resulted in decreased PS
endoproteolysis leading to its stabilisation and the accumulation of a
holoprotein form of PS (Honarnejad et al., 2013; Takasugi et al., 2003; Xie et
al., 2005). This holoprotein form appears to be responsible for PS-attributed
ER Ca2+ leak (Tu et al., 2006) and is upregulated in human AD brain
samples (Honarnejad et al., 2013), possibly as a compensatory mechanism
for increased [Ca2+]ER (Popugaeva and Bezprozvanny, 2013). In support of
this finding, PEN-2 KD increased ER Ca2+ leak rate and attenuated Ca2+
mobilisation following stimulation by bradykinin, TPN and carbachol in
HEK293 cells (Bandara et al., 2013; Honarnejad et al., 2013).
The role of PSs as leak channels is also indirectly supported by the
observation that SOCE is attenuated in fibroblasts, SH-SY5Y and CHO cells
expressing PS1M146V and PS1M146L, in embryonic cortical cultures expressing
PS2N131I (Leissring et al., 2000; Yoo et al., 2000) and in 3xTg-AD and PS
DKO mouse hippocampal neurons, in comparison to WT controls (Zhang et
al., 2010). Such an effect makes intuitive sense as SOCE is normally
stimulated by low ER calcium, but if the ER is overloaded with Ca 2+, as
occurs in cells/neurons derived from transgenic animals with ER leakinhibiting PS mutations (as described previously), relative to wild-type
controls, then the stimulus for SOCE initiation will either be blocked or
attenuated. This SOCE disruption also stimulates Aβ42 generation, whereas
SOCE disruption itself is not due to Aβ-mediated effects (Herms et al., 2003;
Leissring et al., 2000; Yoo et al., 2000). Notably, the contribution of the PSmediated leak to ER Ca2+ homeostasis appears to be a brain regiondependent phenomenon as, in contrast to hippocampal neurons, ER store
levels were unaffected by AD-associated PS1 mutations in striatal neurons
(Zhang et al., 2010).
Interestingly, although most researchers point to a loss of PS leak
function as the primary factor underlying chronic increases in [Ca2+]ER due to
PS mutations, in Xenopus oocytes the PS1M146V mutation seems to mediate
a similar [Ca2+]ER increase via an enhancement of SERCA2b-mediated
sequestration of cytosolic Ca2+ (Green et al., 2008). Specifically, PS1 and
PS2 co-localise with SERCA in MEFs and PS1 or PS2 overexpression
enhance cytosolic Ca2+ clearance (Green et al., 2008). Conversely, PS null
fibroblasts and oocytes exhibit attenuated SERCA activity despite increased
SERCA2b steady-state levels (SERCA2b is the SERCA isoform expressed
in neurons; Green et al., 2008).
It is also important to note that in contrast to the studies outlined
previously, other studies have shown that PS DKO (or PS-null MEF and Bcells; Leissring et al., 2002; Shilling et al., 2012; Kasri et al., 2006), PS1 KO
(embryonic cortical neurons; Yang and Cook, 2004) and PS2 KO MEF cells
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seem to have decreased ER store content, including decreased TPN- and
ionomycin-induced Ca2+ signals (Green et al., 2008). This suggests that
SERCA filling of the ER is impaired without the normal PS regulatory input,
resulting in an increased [Ca2+]cyt relative to controls (Green et al., 2008).
Furthermore, FAD-PS mutations (PS2M239I - Zatti et al., 2004; PS2T122R –
human FAD fibroblasts - Giacomello et al., 2005) also resulted in lower
[Ca2+]ER. A noteworthy and extensive study in this regard by Zatti et al.
(2006) utilised numerous cell models to determine the effect of PSs [Ca2+]ER
content in human fibroblasts from controls and FAD patients as well as cell
lines (SH-SY5Y, HeLa, HEK293, MEFs) and rat primary neurons expressing
a number of PS mutations, i.e. P117L, M146L, L286V, and A246E in PS1
and M239I, T122R, and N141I in PS2. Importantly, independent of the cell
model used, agonist-stimulated Ca2+ mobilisation was either unchanged (in
the case of PS1L286V solely), or reduced in cells expressing these PS
mutations. ER Ca2+ content was also reduced in cells expressing PS2
(M239I, T122R, N141I, D366A) and modestly reduced or unchanged in cells
expressing PS1 (P117L, M146L, L286V, A246E; Zatti et al., 2006).
Taken together then, these observations suggest that ER calcium
dysregulation cannot be the sole explanation for the effects of all FAD PS1
mutations. Other possible mechanisms may include the modulation of γsecretase and caspase activities which would have numerous important
effects on intracellular homeostasis, including on APP metabolism and cell
death pathway stimulation (Miyoshi et al., 2009; Shen et al., 2007; Xia et al.,
2015b).

Alterations in receptor function
Enhanced ER-mediated Ca2+ release has been widely reported in
cellular systems expressing mutant PS (Cedazo-Mínguez et al., 2002; Chan
et al., 2000; Cheung et al., 2008; Guo et al., 1996; Johnston et al., 2006;
Leissring et al., 2001, 1999a, 1999b), transgenic AD mouse models (Barrow
et al., 2000; Guo et al., 1996; Leissring et al., 2000; Mattson et al., 2000;
Schneider et al., 2001; Stutzmann et al., 2006, 2004; Supnet et al., 2006;
Supnet and Bezprozvanny, 2010) and cells from human FAD patients
(Etcheberrigaray et al., 1998; Hirashima et al., 1996; Ito et al., 1994), which I
will discuss in more detail below.

IP3Rs
There is significant evidence, from the utilisation of murine- and
human-derived cells as well as in vitro brain slices, to support a connection
between PS mutation and enhanced IP3R activity. For example, fibroblasts
from PS1 M146V mice and from FAD patients, as well as Xenopus oocytes
expressing PS1 and PS2 mutant constructs, all had upregulated IP3R Ca2+
release (Ito et al., 1994; Leissring et al., 2000, 1999b, 1999a). Furthermore,
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PS1M146L and PS2N141I mutations expressed in cultured non-neuronal DT-40
(chicken B cell line) and Sf9 (insect cell line) cells (Cheung et al., 2008;
Müller et al., 2011), cultured FAD patient B cells and cortical neurons from
3xTg-AD and PS1M146L mice (Cheung et al., 2010, 2008) all exhibited
increased IP3R open-probability, resulting in the generation of ROS (Müller et
al., 2011). Ex vivo cortical brain slices from PS1M146V and 3xTg-AD mice also
exhibited increase IP3R-stimulated Ca2+ mobilisation, accompanied by an
increase in membrane Ca2+-evoked K+ conductance. This, in turn, decreased
overall membrane excitability (Stutzmann et al., 2006, 2004). However, it is
interesting to note that between 6 and 18 months of age, the enhanced
transgenic IP3R-mediated responses observed at 6 weeks, progressively
decrease (Stutzmann et al., 2006), possibly due to as-yet-unknown
compensatory mechanisms.
Somewhat surprisingly, the aforementioned increase in IP3R activity
observed in transgenic AD models does not seem to be mediated by a
significant increase in IP3R expression in either early or late stage transgenic
AD animal models (Schneider et al., 2001; Stutzmann et al., 2006, 2004;
Zhang et al., 2010). Furthermore, IP3R-mediated responses elicited by
GPCRs are enhanced by certain PS1 mutations (Müller et al., 2011; Shilling
et al., 2014). This has been confirmed in ex vivo brain slice pyramidal
neurons from several AD mouse models and in fibroblasts from AD patients
(Leissring et al., 2000; Stutzmann et al., 2006). This may be due to a PS1mediated increase in basal PLC (Abdul-Ghani et al., 1996; Hannan et al.,
2001) and [Ca2+]i, as has been determined in human SH-SY5Y
neuroblastoma cells expressing the PS1∆E9 mutation (Cedazo-Mínguez et al.,
2002).
IP3R activation specifically represents a convergence point for the
and Aβ hypotheses as well as cell death pathways. This is because not
only can the Aβ cascade influence IP3R-mediated ER Ca2+ mobilisation via
Aβ42 enhancement of IP3 production, and subsequent Ca2+ liberation
(Demuro and Parker, 2013), but apoptotic pathways which activate caspase3 can also evoke CTF cleavage of PS2 to form PS2-“loop peptide”, which
activates IP3R and results in pathological ER Ca2+ mobilisation in NRP-154
cells (rat prostate adenocarcinoma; Cai et al., 2006). Furthermore, ADmediated alterations in the Ca2+-sensitive receptor (CaR) also appear to be
mediated by IP3Rs.
Ca2+

Role of the CaR
CaRs are Gq-protein coupled, transmembrane receptors which
respond to, and regulate serum Ca2+ levels which may influence localised
Ca2+ regulation in the brain (Conley et al., 2009; Kos et al., 2003). At a
cellular level, CaRs are activated by high extracellular [Ca2+] and modulate
several signalling pathways such as PLC-mediated signalling, in a tissue48

specific manner (D’Souza-Li, 2006). This Gq-mediated PLC activation can be
inhibited by the regulator of G-protein signalling 4 (RGS4; Xu et al., 1999).
Interestingly, not only is there evidence for a mutation in the gene
encoding CaR, being involved in human AD development (Conley et al.,
2009) but in vitro receptor activation studies have also shown that Aβ and
ApoE can both modulate CaR function (Conley et al., 2009). Specifically, Aβ
directly stimulates CaR on HEK293 cells (Ye et al., 1997), Cos-1 cells
(Conley et al. 2009), cultured hippocampal neurons (Ye et al., 1997) and
cortical astrocytes (Armato et al., 2013), which resulted in increased IP3
levels and Ca2+ mobilisation. Importantly, RGS4 levels are decreased in
human AD brains, which may reveal a mechanism for exacerbated IP3R
signalling in the human condition (Emilsson et al., 2006).

RyRs
The RyR is also heavily implicated in mediating calcium dysregulation
in AD, with several studies demonstrating enhanced activity and expression
in transgenic models of AD, including 3xTg-AD and PS1M146V mice
(Chakroborty et al., 2009; Chan et al., 2000; Guo et al., 1999; Smith et al.,
2005; Stutzmann et al., 2006; Zhang et al., 2010). Specifically, RyR activity is
increased 2-3-fold in the soma and 10-fold in the dendrites and spines of
cortical pyramidal neurons from young (4 – 6 week-old) transgenic models,
including pre-symptomatic APPSWE/PS1 M146V and 3xTg-AD mice (Goussakov
et al., 2010). Moreover, RyR-mediated Ca2+ responses were increased
approximately 4-fold in 3xTg-AD hippocampal cultures and PS DKO
hippocampal cultures (P0 – P1, DIV12 – 13). This suggests that either the
PS1M146V mutation is a loss-of-function mutation (at least in terms of its
interaction with RyRs) or that this mutation enhances RyR-mediated ER Ca2+
release by a separate mechanism to that resulting from DKO/loss-of-function
mutation. Notably, in DKO neurons, the enhanced RyR signalling could be
rescued by transfection with PS1, only when its functioning leak ability was
intact (i.e. not by ‘loss-of-function’ leak mutant PSs such as PS1M146V) and
the effect was not dependent on γ-secretase activity (Zhang et al., 2010).
This study is of particular relevance to a major theme of this thesis
investigating ER Ca2+ dynamics in young murine models of AD (Chapter 3
and 4; P2 – 6; 2 – 20 DIV).
RyR sensitivity to both caffeine and cytosolic Ca2+ (which can, under
certain circumstances, induce CICR (Kong et al., 2008) is also enhanced in
animal models expressing either single PS, APP and/or multiple AD-related
mutations (Chakroborty et al., 2009; Chakroborty and Stutzmann, 2014; Del
Prete et al., 2014; Hayrapetyan et al., 2008; Rybalchenko et al., 2008; Smith
et al., 2005), possibly due to either increased ER Ca2+ loading (Koizumi et
al., 1999; Shmigol et al., 1996) and/or PS or Aβ42-mediated increases in RyR
open probability (Supnet et al., 2006). In the case of the PSs, PS1 increases
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RyR channel open probability and single-channel currents (Rybalchenko et
al., 2008), whereas PS2 appears to reduce feedback inhibition of RyR2
(Hayrapetyan et al., 2008; Payne et al., 2015).
Increased RyR expression, particularly of the RyR2 and RyR3
isoforms, which has been demonstrated across various models and studies
of AD, such as pre-symptomatic or early disease stage mice - where RyR2
was upregulated 2-5-fold (Chakroborty et al., 2009; Kelliher et al., 1999;
Oules et al., 2012; Stutzmann et al., 2006; Zhang et al., 2010), late-stage
murine models – where RyR3 was upregulated (Supnet et al., 2006), and in
human AD patients and those with mild cognitive impairment (MCI), which
displayed loss of synapses relative to age-matched controls (Bruno et al.,
2011; Kelliher et al., 1999). Not surprisingly, increased RyR expression
enhances overall RyR activity and evokes a concomitant increase in ER Ca2+
release (Chan et al., 2000; Smith et al., 2005; Supnet et al., 2006). Such
RyR upregulation may be due to the amyloidogenic production of the
transcription factor AICD, which both stimulates RyR expression and may be
enhanced by PS mutation (LaFerla, 2002; Leissring et al., 2002; Oules et al.,
2012). Furthermore, PS KO and/or inhibition of γ-secretase activity, which
both inhibit AICD production (Alves da Costa et al., 2006; Zhang et al.,
2007), decrease ER Ca2+ mobilisation.
Aβo may also play a role in RyR upregulation, as the application of
Aβ42 to wild-type cortical neuronal cultures (E16) resulted in a 3.5-fold
increase in RyR3 mRNA levels, but with no effect on either RyR2 or IP 3R1
expression (Supnet et al., 2006). Notably, Aβos and fibrillar Aβ (synthetic;
Aβ42) promoted ER Ca2+ release through RyRs (and IP3Rs) and promoted
ER stress, which resulted in glycogen synthase kinase-3 (GSK-3β)-mediated
tau phosphorylation (Liu et al., 2003), and caspase-9-dependent apoptosis
(Brewster et al., 2006) in cultured rat embryonic cortical neurons (Ferreiro et
al., 2008; Resende et al., 2008). Similarly, in cultured rat embryonic
hippocampal neurons, Aβos stimulated RyR-mediated Ca2+ mobilisation.
This generated prolonged Ca2+ signals which induced mitochondrial
fragmentation and attenuated BDNF/RyR-mediated dendritic spine
remodelling (Paula-Lima et al., 2011). Critically, increased RyR- and IP3Rmediated Ca2+ mobilisation enhanced γ secretase-mediated formation of
Aβ40, Aβ42, Aβo and increased Aβ42/Aβ40 ratio (Buxbaum et al., 1994;
Cheung et al., 2008; Green et al., 2007; Pierrot et al., 2004; Querfurth et al.,
1997; Querfurth and Selkoe, 1994; Zhang et al., 2010; Zhao et al., 2010). In
contrast to the aforementioned effects of AICD on RyR expression and
observations from animal models of AD, RyR2 and RyR3 mRNA and RyR2
protein expression were decreased 6 hours post-Aβo application, likely in a
negative-feedback manner due to increased RyR-mediated signalling (PaulaLima et al., 2011). Notably, although RyR-evoked Ca2+ release was
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increased in hippocampal pyramidal neurons from APPSWE/PS1M146V mice
(3–14 months of age) relative to control, this was independent of proximity to
Aβ plaques (Briggs et al., 2013), suggesting that at this relatively later
disease late stage, Aβ-mediated RyR modulation has peaked.
It is also possible that the RyR upregulation, described above in
response to ‘amyloidogenic’ stimuli and observed in animal models of AD
may be an early compensatory mechanism to ER overload and synaptic
deficits, including synaptic network depression (Chakroborty et al., 2012).
Indeed, Zhang et al. (2010) showed that impaired PS-mediated ER Ca2+ leak
resulted in increased [Ca2+]ER and RyR expression. Support for this
suggestion lies in the fact that in cultured 3xTg-AD hippocampal neurons (0 1-day-old; 12- 13 DIV), inhibition of RyRs for 6 days, either with dantrolene or
receptor knockdown, prior to ER Ca2+ measurements, exacerbated the
increase in [Ca2+]ER. Such an effect seems to illustrate that RyR upregulation
and an increased RyR ‘leak’ current serves to compensate for increases in
luminal Ca2+ (Zhang et al., 2010). A process known as store-overloadinduced Ca2+ release (SOICR), which occurs when the ER becomes
pathologically loaded with Ca2+, may be responsible for this RyR leak ability.
Thus, SOICR is proposed to hyper sensitise RyRs to release Ca2+ in
response to resting levels of [Ca2+]cyt (Zhang et al., 2010). To date, however,
SOICR has only been documented in cardiac cells (Jiang et al., 2004;
MacLennan and Chen, 2009).
However, compensatory or otherwise, there remains conflicting
evidence as to whether or not the type of RyR upregulation discussed above
in response to increased luminal Ca2+ is neuroprotective or actually
exacerbates Ca2+ dyshomeostasis. For example, in addition to the
normalisation of ER Ca2+ levels perturbed by impaired leak function
mentioned above, long-term feeding of dantrolene to APPSWE/PS1L166P mice
resulted in a 3-fold increase in amyloid load, loss of excitatory markers of
synaptic transmission in the hippocampus and cortical and hippocampal
neuronal atrophy, suggestive of a neuroprotective role for RyR currents
(Zhang et al., 2010). Furthermore, the increased RyR expression exhibited in
APPSWE/APPV717F cortical neurons was neuroprotective whereby despite
increased Aβ deposition and RyR-mediated ER Ca2+ release, basal
intracellular Ca2+ levels, depolarisation induced Ca2+ influx, SOCE and
vulnerability to glutamate and H2O2-mediated stress were no different to
control neurons. Significantly, these neuroprotective effects could be
reversed by siRNA knockdown of RyR3 expression and culminated in the
death of these neurons (Supnet et al., 2010). However, in complete contrast
to the studies described above, glutamate-mediated toxicity in PS1M146V and
3xTg-AD mouse hippocampal neurons was actually reduced by dantrolene
application (Guo et al., 1999; Zhang et al., 2010).
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A primary function of RyRs in AD is to amplify IP3-mediated ER Ca2+
release (Stutzmann et al., 2006). IP3-induced Ca2+ release in cortical
neurons from non-transgenic mice was mediated predominantly through
IP3Rs, with only a modest contribution from RyRs (Stutzmann et al., 2006).
In cortical neurons from PS1M146V and 3xTg-AD mice, the relative
contribution of the two channels seemed to be shifted such that RyRs (which
were up-regulated in these transgenic mice) accounted for the exaggeration
in IP3-induced Ca2+ release. Notably, mice expressing APPSWE and TauP301L
mutations had no effect on the measured Ca2+ dynamics, suggesting that the
PS1M146V mutation in the 3xTg-AD mice was the ‘calciopathic’ factor
(Stutzmann et al., 2006). Therefore, any upregulation of RyR expression, for
example through AICD production, RyR will amplify IP3-mediated signals,
leading to globally enhanced ER Ca2+ mobilisation. In support of this idea,
AICD can up-regulate IP3-mediated Ca2+ signalling (Leissring et al., 2002),
whilst AICD itself is not associated with direct alterations in IP3R expression
(Hamid et al., 2007).
Taken together then, this evidence implies that the ER has the
potential to be a devastating pathological environment, through a
combination of Ca2+ overload and enhanced SERCA pump activity, disrupted
leak function, increased IP3R and RyR channel sensitivity and expression,
and altered SOCE signalling. Together, these phenomena would result in
markedly increased ER Ca2 signals, calcium dyshomeostasis and increased
Aβ production, providing an overwhelming feed-forward cycle. Increased
basal cytosolic Ca2+ levels also enhance tau phosphorylation and
aggregation (Hartigan & Johnson, 1999). This inhibits axonal transport and
constitutes a significant toxic insult which contributes to AD-mediated
neurodegeneration (Maccioni et al., 2010).
Furthermore, this hypersensitive and exaggerated ER release network
would likely result in improper coupling to many associated calcium signalling
mechanisms including PM channels and their associated cascades. For
instance, Ca2+ activated K+ channels and nitric oxide (NO) synthase are both
activated via this type of ER remodelling (Bradley and Steinert, 2016;
Chakroborty et al., 2015; Colton et al., 2006; Kakizawa et al., 2012;
Nakamura and Lipton, 2011; Yuste et al., 2015). Under normal physiological
conditions Ca2+ activated K+ channels are activated by calcium entry through
L-type VGCCs and reduce membrane excitability (Chakroborty et al., 2012,
2009; Stutzmann et al., 2006; Supnet and Bezprozvanny, 2010) whereas NO
synthase is activated by NMDAR-mediated Ca2+ influx (Standaert, 1999) and
modulates synaptic activity, excitotoxicity (Mehta et al., 2008; Moreno-López
and González-Forero, 2006) and neuroprotection (Calabrese et al., 2007).
No less important in terms of neuronal survival, Ca2+-dependent
cysteine proteases called calpains, which regulate intracellular signalling
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pathways, begin to induce neuronal cell death and modulate APP and tau
function and metabolism in the presence of elevated neuronal Ca 2+ (Lebart
and Benyamin, 2006). They are also implicated in hippocampal and cerebral
cortical impairments in AD (Yu et al., 2009). Numerous studies have
illustrated the central role of calpain activation in mediating neuronal
apoptosis (for review see Momeni, 2011; Vosler et al., 2008), all of which are
supported by the finding that inhibition of calpains restores normal synaptic
function in hippocampal cultures and slices from APP/PS1 mice (Trinchese
et al., 2008).
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1.5 Tau hypothesis of AD
Although not a focus of the current thesis, for completeness sake it is
necessary to discuss one of the other main theories underlying AD
pathogenesis, the tau hypothesis.
Neuronal microtubule-associated proteins (MAP) include tau
(principally), MAP1 and MAP2. There are six tau isoforms, which exhibit
expression profiles determined by their development in the human brain
(Goedert et al., 1989) and which are coded for by a single gene on
chromosome 17 (Himmler et al., 1989). Tau is a phosphoprotein which
promotes tubulin assembly into microtubules and subsequently stabilises
these structures (Weingarten et al., 1975). Microtubules are involved in the
transport of nutrients, vesicles, mitochondria and chromosomes throughout
the neuron and are necessary for the development and growth of stable
neurites (Griffin, 2006).
In AD, and other related neurodegenerative conditions termed
‘tauopathies’, tau undergoes extensive post-translational modification
processes such as hyperphosphorylation (Šimić et al., 2016) and acetylation
(Tracy and Gan, 2017). This results in cytotoxic, self-assembling protein
aggregates including oligomers and insoluble fibrils or NFTs. NFTs occur as
paired helical filaments alone or combined with straight filaments which are,
as mentioned previously, a principal neuropathological hallmark of AD (Iqbal
et al., 2010; Noble et al., 2013). NFT formation and accumulation follow the
predicted norms of brain regions affected in AD, i.e. formation occurs initially
in layer II of the EC, from which emanates the performant pathway linking the
hippocampus and cerebral cortex (Gómez-Isla et al., 1996). As the disease
progresses, NFTs propagate throughout the limbic and associated cortices
(Hyman and Trojanowski, 1997). Interestingly, a TauP301L mutation which
was originally expressed in a fraction of layer II EC cells was transmitted
along with tau pathology to other neuronal regions (de Calignon et al., 2012).
Hyperphosphorylated tau and its accumulation are particularly evident
within the somatodendritic compartments of AD models. This results in
morphological alterations of the rough ER and Golgi within these regions
(Liazoghli et al., 2005; Lin et al., 2003). Furthermore, tau accumulation as
misfolded protein in the ER could contribute to ER stress-mediated
neurodegeneration (I. Kim et al., 2008). In terms of neuronal composition,
decreased mitochondria and rough ER has also been observed in TauP301S
mice (Yoshiyama et al., 2007).
Like the plaques which accumulate as part of the Aβ cascade, NFTs
are largely considered the end stage of a tau cascade which starts with
cytosolically-localised, abnormally hyperphosphorylated tau (P-tau). This Ptau seems to be oligomeric (Bancher et al., 1989; Iqbal et al., 1986) and
54

makes up ≥ 40% of abnormally hyperphosphorylated tau in AD brains (Iqbal
et al., 2010). The total level of tau is four- to eight- times higher in AD brains
relative to age-matched control brains (Khatoon et al., 1992), most likely due
to its resistance to proteolysis (J. Z. Wang et al., 1996), decreased turnover
(Poppek et al., 2006) and / or upregulation of tau translation via p70 s6
kinase activation in AD (An et al., 2003).
NFTs are inert and do not bind further tubulin or promote microtubule
assembly (Alonso et al., 2006), whilst P-tau actively inhibits these processes
(Alonso et al., 1994; B. Li et al., 2007) by sequestering functioning tau
(Alonso et al., 1996) and MAP1 A/B and MAP2 (Alonso et al., 1997).
Furthermore, the appearance of soluble P-tau correlates with cognitive
deficiencies in mice expressing a repressible TauP301L mutation. Such mice
also exhibit age-related NFT formation and neuronal loss (SantaCruz et al.,
2005). Cognitive deficiencies could be reversed and neuronal number
stabilised by suppressing tau expression. These changes were independent
of NFT load, which continued to accumulate over this period. This suggests
that NFTs, alone, are not sufficient to cause cognitive decline or neuronal
death. (SantaCruz et al., 2005).
Tau phosphorylation is tightly regulated and Ca2+ dependent (Yu et
al., 2009). For example, enzymes whose activity can be increased in the
presence of Ca2+ and are implicated in tau phosphorylation (Ahlijanian et al.,
2000; Flaherty et al., 2000), include cyclin-dependent kinase 5 (Cdk5; Cruz
et al., 2003; Lee et al., 2000; Lew et al., 1994) and (GSK3β; Hartigan and
Johnson, 1999).
Furthermore, tau phosphorylation/dephosphorylation is dependent
upon Ca2+ influx and its rate of influx, at least in SH-SY5Y cells (Shea and
Ekinci, 1999). In cultured neurons, membrane depolarisation results in Ca2+mediated transient tau phosphorylation by GSK3β and Cdk5 kinases, after
which it is subsequently dephosphorylated by calcineurin (Pierrot et al.,
2006). Such transient and reversible phosphorylation mechanisms are
employed by healthy neurons during development (Schmitt et al., 1977).
Therefore, Ca2+ dysregulation associated with AD has the potential to alter
this balance to favour tau phosphorylation via a number of mechanisms
including basal Ca2+ increases, enhanced NMDAR-mediated Ca2+ signals (Li
et al., 2004), CN impairment (Fleming and Johnson, 1995; Pierrot et al.,
2006), CAMKK2 activation/increased AMPK activity (Mairet-Coello et al.,
2013; Yoshimura et al., 2003), calpain activation (X. Chen et al., 2008) and
increased transglutaminase (Miller and Johnson, 1995). Conversely, tau
mutation can also affect the Ca2+ signalling system, including promoting
increased VGCC Ca2+ influx (Furukawa et al., 2003) and acute ER Ca2+
mobilisation through RyR and IP3R as well as synaptotoxicity (Moreno et al.,
2016), representing another AD mechanism for feed-forward degeneration.
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In terms of where the tau cascade fits into the progression of AD,
TauP301S mice displayed NFTs and profound neuronal loss at 9-12 months.
However, microglial activation, which is proposed to connect the
neuroinflammatory and tau hypotheses, as well as supposedly inducing
synapse dysfunction and loss, was evident from 3 months of age
(Yoshiyama et al., 2007). Tau pathology has been observed after Aβ
deposition in animal studies, (Hardy et al., 1998; Jack et al., 2010)
suggesting that tau pathology is secondary to Aβ proliferation (Lewis et al.,
2001). That being said, tau deposition in the temporal lobe correlates more
closely with dementia status in humans, and, indeed, deposition in any brain
region correlates more closely with cognitive performance than Aβ deposition
in early-stage AD (Brier et al., 2016). Moreover, as reviewed by (Bloom,
2014) “a steadily accumulating body of evidence has indicated that soluble
forms of Aβ and tau work together, independently of their accumulation into
plaques and tangles, to drive healthy neurons into the diseased state and
that hallmark toxic properties of Aβ require tau.”
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1.6 Impairment of hippocampal synaptic plasticity in AD
1.6.1 Hippocampal anatomy and function
Before discussing specific AD-induced alterations in synaptic
plasticity, it is first necessary to provide the reader with a brief overview of
the structure and function of this important brain area as all of the studies
described within this thesis were conducted upon hippocampal tissue.
The hippocampal formation, also referred to as the medial temporal
lobe (MTL), is an area of the brain that is essential for the acquisition (and
possibly storage and recall) of declarative memories (i.e. memories which
support fact and event recollection) and includes: the hippocampus proper
(composed of CA1, 2 and 3 fields), dentate gyrus (DG), subiculum (Sb),
parasubiculum (ParaSb), presubiculum (PreSb) and entorhinal cortex (EC;
which in turn is divided into medial and lateral EC (MEC and LEC; Hartley et
al., 2013; Squire et al., 2004; Squire and Zola-Morgan, 1991; Fig 1.5).
Interestingly, there are notable abnormalities with the myelination of
SC-CA1 fibres in 3xTg-AD mice as young as 2-months-old (Desai et al.,
2009). Significantly, this abnormality occurs prior to the appearance of any
Aβ or tau pathology, despite the fact that the hippocampus is a principal and
early target for Aβ pathology (Gouras et al., 2000). Furthermore, it is possible
that synaptic impairment precedes even these early myelination
abnormalities, as discussed below.
The CA1 region and Sub are the primary output structures of the
hippocampal formation (Naber et al., 2000), whilst the EC acts as an
interface for both incoming (via perirhinal and postrhinal cortices) and
outgoing information from/to the surrounding cortical/subcortical association
areas (van Groen et al., 2003). The perforant pathway (#1 in Fig 1.5) is the
main entrance for information to the hippocampus proper and nerves
projects from the EC to DG, CA3, CA1 and Sb. The mossy fibre projections
from DG granule cells to CA3 pyramidal cells (#2 in Fig 1.5) and the Schaffer
Collateral (SC) pathway from CA3 to CA1 pyramidal neurons (#3 in Fig 1.5)
complete the hippocampal ‘tri-synaptic pathway’, with each pathway
connected by excitatory/glutamatergic synapses (Hartley et al., 2013; Yeckel
and Berger, 1990). The SC pathway and CA3/CA1 synapses have been
extensively studied in terms of hippocampal LTP and are generally the sites
from which the numerous LTP studies referred to throughout this introduction
have garnered their data (Kumar, 2011).
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Figure 1.5. Hippocampal Formation Structure and Networks
A. Schematic drawing of the neocortex and its connections with components of the hippocampal formation in primates.
These components and networks are critical in the translation from perception to memory. Cortical regions (Ctx) receive sensory
information, which is transmitted to the hippocampal formation via projections to the parahippocampal gyrus (PHG) and
perirhinal cortex and from there to the entorhinal cortex (EC). The inputs are then processed through regions of the hippocampus
proper including the dentate gyrus (DG), CA3, CA2 and CA1 regions. The main output region of the circuit is the subiculum
(Sb) where widespread efferents return to the neocortex.
Adapted with permission from Squire and Zola-Morgan (1991).
B. Schematic drawing of major anatomical pathways in the hippocampal formation of the rat. Arrows indicate the
direction of projections, whilst circles indicate cell bodies. The left-hand side of the figure illustrates the gross morphology of
cell layers in the hippocampus and DG and their unidirectional projections. Following input from the EC, which is divided into
lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC) to the dentate gyrus (DG; perforant pathway), nerve fibers
project from the DG to CA3 (mossy fiber projection) and from CA3 to CA1 (Schaffer collateral pathway), completing the
classical tri-synaptic pathway. Entorhinal input to the hippocampus proper also consists of direct LEC and MEC projections to
58 and to Sb. Other circuits within the hippocampal formation, involve projections from subiculum to presubiculum
CA3, to CA1,
(PreSb) and to parasubiculum (ParaSb), and projections from PreSb to MEC, and ParaSb to both LEC and MEC.
Adapted with permission from Hartley et al. (2013).

The output from the hippocampus can return to the surrounding
neocortex via the deep layers of the EC and/or re-enter the formation via
projections from the deep to superficial EC (Kloosterman et al., 2004, 2003).
This ‘re-entrance’ process is believed to be critical for memory formation and
may act as a way to compare processed input with new information and/or
be involved in memory consolidation during sleep (Egorov et al., 2002;
Gerrard et al., 2008; Naber et al., 2000; Ribeiro et al., 2004).
The importance of the entire hippocampal formation in memory
processes (including spatial learning and memory) is evident in the profound
disruption of these regions within the MTL (Backman et al., 2001; Becker et
al., 1980; Buckmaster et al., 2004; Gouras et al., 2000; Jarrard, 1993; Olton
and Papas, 1979; Reed and Squire, 1997; Zola-Morgan et al., 1986).
Furthermore, it is well documented that this region is targeted early in AD,
which explains the characteristic concomitant learning and memory deficits
associated with the disease (Golby et al., 2005).
The ventral hippocampus is directly connected to the medial prefrontal
cortex (Ctx), both functionally and anatomically (Degenetais et al., 2003;
Tripathi et al., 2016) and exhibits prominent early tissue loss in AD
pathogenesis (Frisoni et al., 2008; Qiu et al., 2009). Aβ plaques and taucontaining dystrophic neurites appear primarily in the terminal zone of the
perforant pathway (Hyman et al., 1988, 1986) which is responsible for the
majority of cortico-hippocampal afferents (Van Hoesen and Pandya, 1975).
Tau pathology affects areas of the hippocampal formation responsible for
cortical and subcortical efferent projections, most notably in the Sb and CA1
regions and layer IV of the EC. Hippocampal input is also impaired by NFT
formation, particularly in stellate cells of the EC layer II, causing a
degenerative alteration in the perforant path (Van Hoesen and Hyman,
1990). Such changes disrupt the structural and/or functional circuitry of the
hippocampus on many levels, impairing efferent and afferent connections
with cortical and subcortical structures that are important for memory (Van
Hoesen and Hyman, 1990) and which may play a role in early AD cognitive
deficits (Davis et al., 2014).

1.6.2 Synaptic plasticity and its impairment in AD
Long-term potentiation (LTP) and long-term depression (LTD) are
enduring changes in synaptic strength and efficacy that are induced by
specific patterns of synaptic activity, (Bear and Malenka, 1994), and which
are proposed to be cellular models of memory storage and erasure,
respectively, that have been discovered to occur within the hippocampus and
numerous other brain regions (for reviews see Bliss and Cooke, 2011;
Malenka and Bear, 2004).
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In the context of the work conducted for this thesis and its specific
focus on neuronal calcium signalling, it is notable that the induction of almost
all forms of LTP and LTD so far investigated (and indeed synaptic
transmission itself; Malenka and Bear, 2004) are contingent on an initial
increase in intracellular Ca2+ (Lynch et al., 1983; Mulkey and Malenka, 1992).
However, it is the manner in which LTP or LTD is induced, in conjunction
with the different magnitudes and locations of calcium elevations, as well as
specific co-requirements of LTP/LTD for second messengers, which
determines if one or the other is induced (Cummings et al., 1996; Malenka et
al., 1988), e.g. high frequency, large amplitude Ca2+ influx generally evokes
LTP, whereas low frequency, prolonged, low-level Ca2+ influx and/or
mobilisation generally evokes LTD (Connor et al., 1999). Indeed, as
described previously, the calcium signalling system is replete with subtleties
and complexities which could allow for the selective, localised and
magnitude-specific increases of both pre-synaptic and post-synaptic [Ca2+]
required for the induction of different forms of plasticity. Molecular entities
specifically implicated in synaptic plasticity-induced Ca2+ signalling include;
glutamate-gated receptors (e.g. NMDAR and I-mGluRs), depolarisationactivated channels (e.g. VGCCs), and ER Ca2+ release via IP3Rs and RyRs
(Reyes-Harde et al., 1999b). Each of these signalling components has been
investigated in the context of an induced ‘learning event’ in control and ADtransgenic hippocampal neurons (Chapters 3, 4 and 5). Given the proposed
chronic disruption of intracellular calcium homeostasis and signalling and its
effects on synaptic function, it becomes clear how AD pathology may
correlate with deficits in learning and memory.
As alluded to above, both LTP and LTD rely upon similar molecular
mediators such as NMDARs and I-mGluRs in a manner that is not yet fully
understood. Additionally, interpreting exactly how pathological signals
mediated by such receptors equates to deficits in plasticity is difficult.
However, what is clear is that Ca2+ remodelling, the Aβ cascade and altered
CN levels may upset the normal delicate balance between the induction of
LTP and LTD (Deshpande et al., 2008). Indeed, as will be discussed next,
disruptions in plasticity that correlate with memory impairments and Aβ
proteins have been observed across disease stages in several murine AD
models (Jang and Chung, 2016; Marchetti and Marie, 2011; Oddo et al.,
2003b).
Impairments in NMDAR-dependent LTP and spatial working memory
have been noted in 3 and 8-month-old 3xTg-AD mice (Chakroborty et al.,
2015; Clark et al., 2015). Notably, non-NMDAR LTP appears to be dominant
at both 3 and 8 months of age in 3xTg-AD mice, possibly due to Aβ-mediated
upregulation of this LTP pathway in order to compensate for the deficits in
the NMDAR-dependent form (Clark et al., 2015). Indeed, reduced NMDAR60

LTP at CA1 synapses in vitro has also been reported in APPSWE, APPINDIANA
(Tozzi et al., 2015) and PS1M146V (Y. Wang et al., 2009) mutant mice at 2
months and 9 – 12 month-old, respectively. However, APPSWE/PS1M146L) and
Tg2576 mutant mice (APPLys670 → Asn, Met671 → Leu) at 10 months and 24 months
of age, respectively, exhibited decreased Na2+ currents, proportional to Aβo
load, which contributed to decreased VGCC activation (Brown et al., 2011). It
is possible then, that a failure of this compensatory upregulation of nonNMDAR LTP (which is mediated by L-type VGCCs and/or I-mGluRs) in
transgenic AD mice due to reduced VGCC activity, underpins a total
impairment of LTP observed at 8 months in the 3xTg-AD mouse (Clark et al.,
2015).
With regard to the Aβ cascade, intracellular Aβo and/or extracellular
Aβ accumulation can disrupt neuronal plasticity in vitro and in vivo in both the
hippocampus and dentate gyrus, as has been shown in numerous murine
models of AD (Hsiao et al., 1999; Larson et al., 1999; Li et al., 2009;
Moechars et al., 1999; Shankar et al., 2008; Tyszkiewicz and Yan, 2005; Q.
Wang et al., 2004). Generally, the appearance (due to transgene expression)
or acute administration of Aβo in various murine AD models results in a
decline in LTP (Oddo et al., 2003a; Townsend et al., 2006; Walsh et al.,
2002). Interestingly, at least in terms of adult rat hippocampal slices,
application of ‘natural’ Aβo with abundant monomers, but not solely
monomers or fibrils, mediated this effect on LTP (Walsh et al., 2002).
Synthetic Aβ peptides can induce similar deficits in LTP, but greater, possibly
non-physiological micromolar, as opposed to picomolar, concentrations are
required for them to exert this effect (Hartley et al., 1999; Lambert et al.,
1998). Furthermore, synthetic Aβ40 and Aβ43 application results in their in
vivo aggregation into amyloid deposits, the formation of which was
associated with impaired basal synaptic transmission and LTP maintenance
in rat hippocampal slices and which correlated with short-term working
memory deficits (Stéphan et al., 2001). Aβo-induced impairment of LTP may
be due to an inhibition of AMPAR mediated signalling (Palop et al., 2003;
Snyder et al., 2005) or via inhibition of calcium/calmodulin-dependent protein
kinase II (CAMKII; D. Zhao et al., 2004).
Consistent with the theory of the deleterious effects of Aβo on
synaptic plasticity being mediated by Ca2+ dysregulation, Aβ25-35-induced
depression of LTP could be reversed by applying an L-type VGCC
antagonist in vitro and in vivo (Freir et al., 2003). Furthermore, Aβo-induced
inhibition of LTP in the dentate gyrus is reversed by CN inhibition (Chen et
al., 2002). Ca2+ dyshomeostasis itself also appears to favour LTD whilst
increasing the threshold frequency required for LTP induction, at least in
aged neurons (Foster, 2007). Interestingly, supporting the theory that subtle
chronic alterations in Ca2+ regulation underlie AD, Briggs et al. (2017)
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suggest that short-term plasticity deficits are a function of the emergent stage
of the disease (where compensatory mechanisms can likely act) before
widespread synaptic deficits take hold. Indeed, 3-month-old 3xTg-AD mice
exhibit LTP characteristics which are very similar to age-matched controls. At
this stage in the disease early pre- and post-synaptic Ca2+ signalling
abnormalities, namely increases in pre-synaptic spontaneous vesicle
release, altered probability of vesicle release, and upregulated post-synaptic
small conductance calcium-activated potassium channels (SK) channel
activity, are masked by increased RyR-mediated Ca2+ mobilisation in
transgenic hippocampal neurons. However, progressive calcium
dysregulation, manifesting as increased [Ca2+]i, in these AD mice produces a
profound enhancement of LTD (Chakroborty et al., 2012; Chakroborty and
Stutzmann, 2014). Furthermore, short-term LTP is impaired in young and old
3xTg-AD models which are proposed to be reflective of alterations in presynaptic Ca2+ signalling via RyR (Chakroborty et al., 2012, 2009; Clark et al.,
2015; Unni et al., 2004). Aberrant RyR activation and subsequent excessive
Ca2+ release via NMDAR (Goussakov et al., 2010; Y. Wang et al., 1996),
AMPAR (Rossi et al., 2008) and VGCCs (Thibault et al., 2007) have all been
recorded in AD models. Although this increased calcium would logically
stimulate LTP, conversely, it will also activate small conductance calciumactivated potassium (SK) channels. This, in turn, will inhibit synaptic
depolarisation, thereby limiting Ca2+ influx via NMDAR which may act to
impede LTP and impair the post-excitation stabilisation of dendritic spines
(Faber et al., 2005; Zhang et al., 2015a). Furthermore, the transcription
factor Lim-only domain protein 4 (LMO4), a positive regulator of RyR2
expression, is upregulated by Aβ42 (Barucker et al., 2015) in the entorhinal
cortex and hippocampus in AD (Leuba et al., 2004). Knockout of LMO4 also
reduced RyR-mediated Ca2+ signalling and, of particular relevance to this
project, it also reduced the facilitation of glutamatergic synaptic transmission
and LTP (Qin et al., 2012).
CN is upregulated in aged rats and APP Tg mice which display related
defects in cognition (Dineley et al., 2007; Ferguson, 2001). The importance
of this fact is illustrated by the finding that the CN inhibitor, FK506, improved
memory function in APP transgenic mice as determined by fear conditioning
tests (Dineley et al., 2007).
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It is proposed then that the above effects, in particular, those driven by
increases in basal Ca2+, result in LTD being continuously enhanced,
preventing memory consolidation which ultimately may lead to severe
memory loss (Fig 1.6; Berridge, 2014a, 2014b).

Figure 1.6. The LTD hypothesis of Alzheimer's disease
During the day, the formation of memories and their ‘temporary’ storage relies on brief high concentration (approximately 1000
nm) Ca2+ spikes which activate long-term potentiation (LTP). These memories are consolidated to a ‘permanent memory store’
at night. Also during sleep, relatively long and low concentration (approximately 300 nM) Ca2+ signals stimulate long-term
depression (LTD) and erasure of the temporary store.
In Alzheimer’s disease, LTD is chronically stimulated due to increased basal levels of intracellular Ca 2+. This causes deletion of
new memories in the temporary store before consolidation during sleep can occur.
Reproduced with permission from Berridge (2013).
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Functionally and Structurally intact synapses are absolutely essential
for functioning memory systems (Harris and Weinberg, 2012; Mayford et al.,
2012). It is perhaps no surprise then that synaptic loss is the best known
correlate of cognitive impairment that we are aware of in human AD (as
opposed to, for example, the accumulation of plaques or NFTs, neuronal cell
death or cortical gliosis; Coleman and Yao, 2003; DeKosky and Scheff,
1990; Hamos et al., 1989; Robinson et al., 2014; Terry, 2000; Terry et al.,
1991). Therefore, it is significant that both APP mutations and the Aβ
cascade, as well as PS mutations, have all been implicated in disrupting
synaptic function (for review see; Koffie et al., 2011; Sheng et al., 2012). For
example, post-mortem cortical human AD brain samples exhibit a decrease
in synaptic density and a compensatory increase in synapse size, relative to
age-matched controls (Arnold et al., 2013; DeKosky and Scheff, 1990; Scheff
et al., 1990). Furthermore, biopsies performed 2 - 4 years after AD diagnosis
(mild to moderate AD patients) revealed a 25 – 35% decrease in synapse
density and 15 – 35% decrease in the number of synapses per neuron
(DeKosky and Scheff, 1990). Notably, a novel method which allows for the
imaging of synaptic density in living human brain has the potential to
extensively examine differences in synaptic density between control and AD
brains in situ (Finnema et al., 2016)
In terms of which specific aspects of synaptic physiology may be
affected by AD-related cognitive decline, studies have revealed a correlation
with loss of the presynaptic vesicle protein, synaptophysin in the
hippocampus and associated cortices (Dickson et al., 1995; Sze et al., 1997;
Terry et al., 1991). This is supported by the fact that synaptophysin
immunoreactivity was decreased by approximately 25% in the frontal cortex
in MCI and early AD patients (Masliah et al., 2001). This decrease was
mirrored by a 30% decrease in synaptophysin-containing pre-synaptic
terminals as well as decreased microtubule-associated protein (MAP) 2
(which promotes assembly and stability of the microtubule network; for
review see; Dehmelt and Halpain, 2005) positive neurons, in APP717V-->F and
APPSWE mice at 2-3 months of age, before any plaque formation (Hsia et al.,
1999).
It is also worth noting that pre-synaptic nerve terminals are particularly
vulnerable to Ca2+-mediated degeneration as they experience repeated
bouts of Ca2+ influx and have an unusually high energy demand to maintain
ion homeostasis and signalling systems. As such, the Ca2+- and/or ROSmediated pathological effects of mitochondrial dysregulation have the
potential to be particularly severe in these regions. Similarly, pre-synaptic
nerve terminals and post-synaptic dendritic spines are both also particularly
vulnerable to dysregulated Ca2+ signalling mediated by RyRs (Briggs et al.,
2017). The activity of these receptors plays a role in modulating dendritic
64

structure, function and NT release, and in so doing influences both shortand long-term plasticity (Briggs et al., 2017).
There are also numerous lines of evidence implicating PS mutations
in synaptic impairment. For instance, PS DKO in both hippocampal cultures
and acute hippocampal slices results in synaptic deficits (Saura et al., 2004;
Zhang et al., 2009). Hippocampal neurons from PS1A246E mice also exhibit a
reduction in the amplitude of evoked AMPAR- and NMDAR-mediated
excitatory currents and reduced frequency of spontaneous miniature synaptic
currents suggesting a decrease in synaptic activity and a reduction in the
number of functional synapses. These impairments could be rescued in
transgenic neurons with the application of a γ-secretase blocker (suggesting
involvement of PSs and/or APP processing) and could be replicated in WT
neurons with the application of monomeric Aβ42, suggesting APP processing
mediates the actions of PS1A246E mutation (Priller et al., 2007).
It is also postulated that PS-mediated synaptic deficits in AD are
mediated by dysregulated neuronal SOCE (Bezprozvanny et al., 2013;
Popugaeva et al., 2012; Tong et al., 2016) and/or synaptic vesicle recycling
(Zhang et al., 2009; D. Zhang et al., 2010). SOCE- mediated calcium entry
can stabilise dendritic mushroom spine synapses of pyramidal neurons via
CAMKII (Briggs et al., 2017). Conversely, STIM2 (ER Ca2+ sensor involved in
SOCE (Moccia et al., 2015) upregulation and SOCE enhancement in a
Huntington’s disease model results in dendritic spine disruption (Wu et al.,
2016). As such, SOCE- mediated effects on synaptic function appears to be
circumstance specific, i.e. it is likely to be dependent upon disease state, cell
type and a variety of other confounding factors.
Endogenous PS1 and STIM1 interact allowing γ-secretase cleavage
of STIM1, reducing its activity in human neuroblastoma SH-SY5Y cells,
human fibroblasts, and mouse primary cortical neurons (Tong et al., 2016).
On the other hand, PS1KO in SH-SY5Y cells (Tong et al., 2016) or cultured
cortical neurons as well as SH-SY5Y cells expressing loss-of-y-secretasefunction PS mutations (PS1D257A and PS1D385A; Yoo et al., 2000b) exhibit
enhanced SOCE. Moreover, PS-deficient MEFs and human FAD patient B
lymphocytes as well as PS1M146V mouse hippocampal neurons have
significantly elevated STIM1 protein levels and decreased STIM2 levels
(Bojarski et al., 2009; Sun et al., 2014). Conversely, SOCE is attenuated in
SH-SY5Y cells expressing PS1M146L which, specifically, exhibited impaired
STIM1 oligomerisation as well as impaired STIM1-ORAI1 interaction.
Furthermore, cultured hippocampal neurons expressing the PS1M146L
mutation exhibited destabilisation of dendritic spines which is rescued by
overexpression of STIM1 or γ-secretase (Tong et al., 2016).
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The study by Tong et al. (2016) proposes that PS-mediated SOCE
impairment is γ-secretase dependent (Shideman et al., 2009; Yoo et al.,
2000), a statement which is supported by studies utilising cells expressing
PS mutations (PS1M146L, V97L, A136G or A246E) which confer enhanced γsecretase activity (Bentahir et al., 2006; Fang et al., 2006) and exhibit
impaired SOCE (Bojarski et al., 2009; Tong et al., 2016). However, at least
one of the y-secretase enhancing PS mutations utilised in the study by Tong
et al. (2016) also confers impaired ER leak function (Nelson et al., 2010;
Zhang et al., 2010). Therefore, PS-mediated SOCE impairment may also
result from an indirect increase in [Ca2+]ER due to impaired leak function (as
discussed previously).
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1.7 Transgenic murine models
The well characterised 3xTg-AD mouse model and the novel TgF344AD rat model of AD were utilised for the completion of this study.

1.7.1. 3xTg-AD mouse model
The well characterised ‘triple transgenic’ model of AD expresses three
human transgenes: PS1M146V, APPSWE (or APPKM670/671NL) and TauP301L (Oddo
et al., 2003b). Whilst in humans the presence of either PS1 or APP
mutations results in EOFAD, in mice, knock-in of all three mutations is
required in order to recapitulate the main hallmarks of the disease: Aβ
oligomers and plaques, NFTs and calcium dysregulation. These primary
hallmarks likely underlie the appearance of a larger number of AD-related
phenotypes in this model including impairment of neuronal signalling,
synaptic efficacy, synaptic plasticity and behaviour and memory (Oddo et al.,
2003b; Selkoe, 2002; Sterniczuk et al., 2010a; Stover et al., 2015).
Importantly, Aβ and tau pathology has a similar temporal and spatial
pathological progression through the hippocampus and other MTL structures
as that seen in human AD, with concomitant cognitive decline (Mastrangelo
and Bowers, 2008; Oddo et al., 2003b).
Aβ is first detectable (in terms of immunoreactivity) in CA fields of the
hippocampus by 3 weeks of age (Billings et al., 2005; Oh et al., 2010, Kazim
2017) and has been independently documented to be present at 2 months in
the entorhinal cortex (both Aβ40 and Aβ42; Duffy et al., 2015) and at 3-5
months in the neocortex (Oddo et al., 2003b). Furthermore, soluble Aβ42
levels remain constant from 2-6 months of age in 3xTg-AD mice (Brown et
al., 2011), but increase by 8 months (Clark et al., 2015). Interestingly, there
appears to be a correlation between Aβ42 levels and spatial working memory
performance deficits at 3 months. However, exaggerated Aβ42 levels at 8
months of age do not correlate with exaggerated performance deficits,
perhaps because of the fact that deficits due to soluble Aβ42 have already
reached a pathological ‘threshold’ by 3 months of age (Clark et al., 2015;
Oddo et al., 2003a). In humans, elevated Aβ42 levels in the cortex are
correlated with mild clinical dementia prior to tau pathology (Näslund et al.,
2000). Similarly, transgenic AD mice with high levels of Aβ42 exhibited
synaptic loss and behavioural impairments in the absence of plaques or tau
pathology (Koistinaho et al., 2001; Mucke et al., 2000). Conversely, in
APPSWE/PS1M146L mice, Aβ42 burden appeared to only correlate with spatial
reference memory performance (tested using a Morris water maze (MWM))
when amyloid plaques were also present (Brown et al., 2011). Total Aβ load
may also be important, as in a behavioural study analysing 4 different
transgenic mouse lines with differing Aβ deposition profiles, it was concluded
that impaired acquisition and memory retention in the MWM were correlated
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with “diffuse” and “compact” Aβ deposition in the brain, respectively (Leighty
et al., 2004).
Neurotransmission and synaptic plasticity at CA1 synapses, as well as
spatial working memory, are impaired in 3xTg-AD mice from 3 months of age
(Clark et al., 2015). In vitro, abnormalities in synaptic transmission and
profound LTP deficits were also apparent in CA1 regions by 6 months of age
(LaFerla and Oddo, 2005; Oddo et al., 2003b).
The earliest cognitive deficits in this model appear by 2-3 months
(Davis et al., 2013b; Stevens and Brown, 2015). Specifically, there is a
decline in episodic-like memory which progresses to a complete deficit by 6
months (Davis et al., 2013a, 2013b). By 4 months of age, performance in
long-term retention, a hippocampal-dependent behavioural task Is impaired,
coinciding with the appearance of intraneuronal Aβ (Billings et al., 2005). By
7.5 – 11 months of age, behavioural alterations, including increased fear,
anxiety and restlessness, can also be observed (Sterniczuk et al., 2010b).
More subtle alterations are seen in the Ca2+ signalling toolkit well
before these overt cognitive or synaptic deficits, in accordance with the
proposal that AD may be a form of lifelong ‘calciumopathy’ (Stutzmann,
2007). Alterations in the Ca2+ signalling toolkit in the 3xTg-AD mouse are
well documented throughout Section 1.4 The Calcium Hypothesis of AD,
although of particular note are the following early-stage observations.
1) Reduced Kv2.1 potassium channel function, which likely contributes
to synaptic disruption, as it increased excitability in cultured hippocampal
neurons from embryonic 3xTg-AD mice (Frazzini et al., 2016).
2) 3xTg-AD primary neuronal hippocampal cultures exhibited impaired
leak function and altered ER Ca2+ release (Zhang et al., 2010). Importantly,
Zhang et al. (2010) concluded from reverse transcription PCR experiments
that APPSWE and tauP301L transgenes were not expressed in hippocampal
cultures from 3xTg-AD mice before DIV18 and therefore Ca2+ dysregulation
was most likely due to the PS1 mutation alone.
3) Enhanced ER mobilisation at 6 weeks in ex vivo hippocampal
slices, stimulated by IP3R stimulation is primarily via increased CICR due to
RyR expression upregulation (Stutzmann et al., 2006, 2004).
4) Increased coupling of [Ca2+]CYT with K+ channels to enhance
hyperpolarisation mediated by ER Ca2+ release (Stutzmann et al., 2006).
5) An increase in RyR-mediated Ca2+ responses (by 2-3-fold in the
soma and 10-fold in the dendrites and spines) in young (4 - 6-weeks-old),
pre-symptomatic, 3xTg-AD mice (Goussakov et al., 2010).
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6) Aberrant network activity, specifically CA3 network hyperexcitability
and enhanced seizure susceptibility, likely due to intraneuronal Aβ, is evident
at 3-weeks-old and is reversible with mGluR5 blockade (Kazim et al., 2017).
This increased excitability appeared to be a chronic process as increased
entorhinal cortex excitability was also observed in Tg2576 mice (APPSWE
mutation) at 2-4 months (Duffy et al., 2015) and has also been observed in
the hippocampal formation at 3-6 months after the appearance of episodic
memory deficits in the 3xTg-AD mouse (Davis et al., 2014).
7) Ca2+ dysregulation worsens with disease progression, as
evidenced by the fact that in the 3xTg-AD mouse, basal [Ca2+]i in cultured
cortical neurons (produced from 8 – 12 month-old mice) was double that of
age-matched controls and was found to rely on both Ca2+ entry and ER
mobilisation (Lopez et al., 2008).
Tau pathology was evident in 3xTg-AD mice by 9 to 12 months of age,
which is significantly later than previously mentioned pathology (Billings et
al., 2005; Oddo et al., 2003b, 2003a). Tau accumulates in an age-dependent
manner starting in the hippocampus, progressing to the cortex (Oddo et al.,
2003a). Taking these observations into account, this transgenic animal
model would appear to follow the generally accepted pathological cascade of
AD, namely calcium dysregulation and/or Aβ oligomer production followed by
tauopathy (Karran et al., 2011; Oh et al., 2010; Selkoe and Hardy, 2016).
However, an extensive immunohistochemical study investigating the
presence of a plethora of tau isoforms found pathological tau formations from
3 weeks of age in the hippocampus and Sb (Oh et al., 2010).

1.7.2 TgF344-AD rat model
The TgF344-AD rat model used in this study, which expresses two
human mutant genes, APPSWE and PS1ΔE9, was recently developed and
characterised by Cohen et al. (2013) and displays the full spectrum of AD
hallmarks, including the sequential appearance of cerebral amyloidosis,
tauopathy, gliosis and frank hippocampal and cortical neuronal loss. More
specifically, this AD rat model displays the following characteristics:
1) Robust and progressive accumulation of intraneuronal Aβ, Aβ40,
Aβ42, soluble Aβo and Aβ plaques. Interestingly, cerebral Aβ abundance was
large enough in this model to be within the clinicopathological range of the
human syndrome.
2) Intraneuronal Aβ42 and Aβo, but not Aβ40, appeared by 16 months
of age. Aβ40 is robustly increased by 6 months, which was well before plaque
formation. Furthermore, with increasing age (but beginning at 16 months of
age), Aβ40 and Aβ42 and the ratio of Aβ42/Aβ40 increases significantly. Soluble
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Aβo (which first appeared at 6 months of age) and CTFβ levels, also
increased in an age-dependent manner in the cerebral cortex and
hippocampus.
3) Despite having no specific tau mutation, this model displays
increased hyperphosphorylated tau (ptau) at 6 months of age, which is
before Aβ deposition but coincides with increases in Aβo. Furthermore, NFTlike structures form by 16 months of age. A possible reason for this unique
observation may lie in the fact that rats, unlike mice, but like humans, all
express six tau isoforms, making rats more physiologically comparable to
humans than mice (Breunig et al., 2013; R. M. Cohen et al., 2013).
4) Outside of these major AD hallmarks, this model is characterised
by progressive microgliosis and astrogliosis in the cerebral cortex and
hippocampus. Although activated astrocytes and microglia appeared in close
proximity to Aβ plaques, activation also occurred by 6 months of age, which
was before robust Aβ deposition and coincided with the appearance of Aβo.
5) Amyloidosis and tauopathy are accompanied by frank neuronal loss
(ranging from 23 – 45%) in the cerebral cortex and hippocampus at 16 and
26 months.
6) Behaviourally, amyloidosis was associated with hyperactivity in
open-field as well as age-related deficits in spatial learning and memory.
7) Finally, it is worth noting that although tauopathy and neuronal loss
were observed in close proximity to Aβ plaques, this pathology was also
evident in brain areas devoid of Aβ deposits but where Aβo were present.
Indeed, Aβo and Aβ42 levels were most strongly correlated with neuronal loss
in the cerebral cortex and hippocampus. A correlation between Aβ deposition
and neuronal loss was also evident.
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2. Primary hippocampal neuronal culture
Abstract
This chapter centres on a publication by Kaar et al. (2017) entitled ‘An
efficient and cost-effective method of generating postnatal (P2–5) mouse
primary hippocampal neuronal cultures’ in The Journal of Neuroscience
Methods (Appendix 1).
Primary culture of postnatal central neurons is a widely used
methodology for applications such as the investigation of neuronal
development, protein trafficking/distribution and cellular signalling. However,
successful production and maintenance of such cultures, particularly from
postnatal animals, can be challenging. In attempting to surmount these
difficulties, several disparate culturing methodologies have been developed.
Such methodologies are centred upon the identification and optimisation of
critical steps and, therefore, the techniques and reagents utilised can differ
quite markedly from protocol to protocol. Often, it is suggested that the use of
a proprietary reagent, lengthy substrate preparation and/or cell isolation
techniques are necessary for successful culture preparation. These
invariably lead to increased costs of research.
Herein, we present a simple and inexpensive protocol for the
preparation of primary hippocampal neurons from postnatal (2 - 5-day-old)
mice, which remain viable for experimental use for over one month. Neurons
cultured using this method follow well-established developmental norms and
display typical responses to standard physiological stimuli such as
depolarisation and pharmacological agents.
By using a novel trituration technique, simplified methodology and
non-proprietary reagents, we have developed a reliable protocol that enables
the cost-effective and efficient production of high-quality postnatal mouse
hippocampal cultures. This method, if required, can also be utilised to
prepare neurons both from other regions of the brain and from other species
such as the rat.
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2.1. Introduction
2.1.1 Uses of primary neuronal culture
Primary neuronal culture enables the conversion of complex, threedimensional brain tissue, which is difficult to study in vivo, into a twodimensional monolayer of cells, thus allowing easy access to, and
visualisation of, individual neurons and synapses (Nunez, 2008). Primary
neuronal cultures are also advantageous over continuous cell lines (CCLs)
as they exhibit important markers of physiologically-relevant neuronal
networks such as well-defined axons and dendrites, dendritic spine formation
and synapse formation, which are absent in CCLs (Kaech and Banker,
2006). Consequently, the technique is routinely utilised for a wide variety of
applications in neuroscience including, inter alia pharmacological,
electrophysiological, immunohistochemical, neurotoxicological,
developmental and cell signalling studies (Beaudoin et al., 2012; Brewer and
Torricelli, 2007; Nunez, 2008).
However, in addition to ease of access to, and visualisation of,
neurons and synapses, this simplified monolayer system is also of use for
several other purposes. For example, neuronal cell culture eliminates, or at
least reduces, potential hormonal, vascular and/or inflammatory confounding
influences that one might encounter when using intact or whole brain tissue
systems (Brewer and Torricelli, 2007). Such a feature may be important
when investigating phenomena such as the subcellular localisation and
trafficking of neuronal proteins such as neurotransmitter receptors (Y. Chen
et al., 2008). To further reduce intercellular interactions, so-called “lowdensity” cultures can also be prepared (Kaech and Banker, 2006).
Conversely, one can easily and very specifically manipulate the cellular
environment of cultured neurons/glia to determine the effect of a particular
pharmacological or hormonal intervention in the absence of any other
confounding factors. Thus, careful and selective manipulation of the cellular
environment in this way provides more specific and reproducible information
than could be achieved by using whole-tissue or in vivo animal studies in the
same way (Zhang et al., 2006).
Neuronal culturing also enables the preparation of multiple, separate
neuronal ‘populations’ which can be considered as identical experimental
replicates (Brewer and Torricelli, 2007). As it is usually possible to seed a
relatively large number of identical neuronal populations from a single piece
of brain tissue, this technique represents a highly efficient method of
increasing sample size, whilst reducing variability. Finally, but no less
important, given the relative long-term viability of cultured cells compared to,
for example, intact tissue such as brain slices, cell culture also allows for
longer-term studies investigating toxicology and neuronal development (Y.
Chen et al., 2008; Zhang et al., 2006).
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2.1.2 Embryonic versus postnatal brain tissue
The possible advantages of using cultured neurons/glia over intact
brain tissue notwithstanding, there can be significant practical limitations to
producing viable neuronal cultures, as the technique itself is technically
demanding and can be hampered by a lack of reproducibility.
Variation in the quality of neuronal cultures can be ameliorated to
some extent by utilising embryonic, rather than postnatal, tissue. This is most
likely due to the increased plasticity of embryonic, relative to postnatal,
neurons. As such, they have fewer complex neurites, lower interneuronal
connectivity and a decreased reliance on trophic support (Brewer and
Torricelli, 2007; Kivell et al., 2000; Zhang et al., 2006). Taken together, these
factors are likely to bestow upon embryonic cultures a higher resistance to,
and higher survival rate following, chemical and mechanical tissue
dissociation. This is evidenced by the fact that the use of brainstem tissue
from postnatal (P) rat (P6) resulted in an increase in unattached cells and
debris on the day of dissection in comparison to embryonic (E) tissue (E14 –
20). Furthermore, when the same protocol was applied utilising P15 tissue,
few neurons survived after 1 day (Kivell et al., 2000). In a separate study, rat
hippocampal cultures produced from E18 and E19 tissue were compared in
terms of neurite length (multiple measurements during weeks in culture), an
indicator of neuronal survival and active growth. Neurite length was more
than twice as long in younger cultures, despite a difference of only one day in
the age of animals (Kaneko and Sankai, 2014). This technical advantage has
led to the widespread use of embryonic tissue, particularly that of mice, for
the preparation of neuronal cultures.
Although, the use of embryonic neuronal culture may be relevant for
studies concerned with, for example, neuronal/glial development, disease
aetiology, or where, due to genetic mutation, animals die at, or soon after
birth, it would often be more appropriate to use more physiologically-relevant
postnatal tissue in other situations. The investigation of the function and role
of developed neurons and studies of age-developed pathology such as
Alzheimer’s disease are two examples where it would be more appropriate to
use such postnatal tissue.
The developmental stage of the animal used for culture preparation
also influences the cellular composition of a given culture. For example, latestage embryonic tissue has an abundance of pyramidal neurons, whilst
dentate gyrus neuron production has not begun at this stage (Banker and
Cowan, 1977; Kaech and Banker, 2006).
It is also recognised that embryonic neurons display a different
phenotype to that of adult neurons in terms of their pharmacology,
electrophysiology and degree of pathology (Brewer and Torricelli, 2007).
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Importantly, in the context of the research that is described in this thesis,
embryonic neurons display different calcium dynamics (Brewer et al., 2006),
mitochondrial function (Parihar and Brewer, 2007) and responses to
glutamate and A (Brewer, 1998) when compared to postnatal neurons.
Specifically, in terms of Ca2+ dynamics, inhibitory circuitry in the
hippocampus and NMDAR-mediated signalling is not fully developed until 1 2 weeks after birth in rat hippocampal cultures (Corradetti et al., 1988;
Swann et al., 1989; Wyss and van Groen, 1989).
Unfortunately, however, in contrast to embryonic tissue, postnatal
brain tissue is relatively sensitive to the culturing process. This is thought to
be due to the fact that as neurons develop, they become more susceptible to
glutamate-mediated excitotoxicity (Brewer, 1998) and exhibit enhanced
caspase activation and apoptosis (Brewer et al., 2005). Physical degradation
of neurons also removes intra-neuronal trophic support, thereby decreasing
cell viability still further (Brewer and Torricelli, 2007).
This susceptibility to culturing seems to be particularly true when one
considers the culturing of hippocampal and other central neurons derived
from postnatal mice, where there are limited documented successful
culturing methodologies for either very early postnatal (P0 - 1; Ahlemeyer
and Baumgart-Vogt, 2005; Beaudoin et al., 2012) or adult mice (Brewer and
Torricelli, 2007; Eide and McMurray, 2005), relative to protocols published for
producing postnatal rat neuronal cultures (e.g. (Brewer, 1997; Drysdale et
al., 2006; Edwards et al., 2010; Hogins et al., 2011; Irving et al., 2000; Kivell
et al., 2000; Nunez, 2008; Pozzi et al., 2017; Rae et al., 2000; Rao and
Sikdar, 2004; Stoppelkamp et al., 2010; Ternaux and Portalier, 1993; Zhang
et al., 2006). Given that the vast majority of transgenic animal models that
have been developed to date are mice, this is a very significant issue. Thus,
a reliable and cost-effective postnatal mouse primary hippocampal culturing
protocol could have widespread applications, particularly in the fields of
learning and memory, and neurodegeneration.

2.1.3 Limitations of the culturing method
Despite the numerous advantages of using primary neuronal cultures
for experimental research, their limitations do also, however, need to be
acknowledged. Firstly, the physiological relevance of a monolayer of
dispersed cells is debatable. The removal of environmental, hormonal and
ageing influences could result in an altered cellular phenotype, which may
include factors such as a different epigenetic response to transgenes in
culture. That being said, even so-called monolayer systems, in reality, have
an elaborate three-dimensional distribution of neurites and synapses which

74

could be up to 18 μm thick, at least in high-density rat cortical cultures (3000
– 4500 neurons/mm2; E18; 21 days in vitro (DIV); Cullen et al., 2010).
Secondly, it is standard practice to maintain neurons at 5% CO2 and
ambient O2 (approximately 20%). At sea level, the partial pressure of O2 is
approximately 150 mmHg whilst the arterial partial pressure of O 2 is
approximately 75 – 100 mmHg (Chernecky and Berger, 2013; Trulock, 1990;
Weinberger et al., 2014). The partial pressure of O2 in the brain, however, is
low (24 – 33 ± 13 mmHg; human brain at a range of probe depths) and nonuniform (Dings et al., 1998; Erecińska and Silver, 2001). Ambient O2 is
unphysiological and inhibits neurite growth, resulting in processes which are
half the length of those in 9% O2 at 3 DIV. Indeed, 9% is considered to be an
optimal O2 tension, in terms of neuronal survival and neurofilament
synthesis, in culture (Brewer and Cotman, 1989; Kaplan et al., 1986), which
tallies with average in vivo oxygen levels of between 1 and 11% (Tiede et al.,
2011). Importantly, neurons cultured under controlled O2 conditions (at 9%)
had higher anatomical polarisation, lower ROS production rates, larger
mitochondrial networks, an increased number of mitochondria and an
increased susceptibility to cell death induction, relative to those cultured in
ambient O2 (Tiede et al., 2011).
Thirdly, the culturing process, by its very nature, saturates neurons
with supplements and growth factors. This nutritional state does not reflect
the nutrient profile arising from normal animal/human behaviour and/or the
physiological process of nutrient assimilation and distribution.
However, despite these limitations, neurons in primary culture develop
in an anatomically relevant manner, exhibiting numerous dendrites with
spines, branched and extended axons and synapses (Kaech and Banker,
2006). Furthermore, the physiological relevance of primary cultures has been
verified by Ca2+ signalling studies (e.g. Chakroborty et al., 2012; Kaar et al.,
2017; Kaar and Rae, 2014; Rae et al., 2000; Rae and Irving, 2004; Zhang et
al., 2010).
In reality, results accrued from cultured cells are generally further
investigated utilising more intact three-dimensional tissue environments,
such as acute hippocampal slice and organotypic cell culture systems or in
vivo studies. Previous work by this lab group suggested that results
generated using cultured rat hippocampal cells were generally similar to
those in rat hippocampal slices (Rae et al., 2000; Rae and Irving, 2004).
Conversely, however, electrophysiological measurements have been shown
to vary between in vitro slices and cultured cells and are also modulated
depending on culture conditions (Mynlieff, 1997). Where this culture
technique excels is in the ability to form inexpensive and high-quality
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biological replicates where hypothesis testing can be carried out efficiently
and on an extensive number of experimental units.

2.1.4 Characteristics of hippocampal cultures
The primary advantage of using hippocampal tissue for the work
detailed within this thesis was its relevance to the aetiology of AD, in that it is
one of the first regions to be targeted by the disease (Belleville et al., 2008;
Reitz et al., 2009; Small et al., 2011). Furthermore, there is a large body of
research which has utilised cultured hippocampal neurons and this both aids
in directing hypotheses and forms a large data pool which novel data can be
compared to. The neuronal population of the hippocampus is also
comparatively simple with pyramidal neurons composing the majority of the
tissue, with only a relatively small number of interneurons (Benson et al.,
1994).
The development of neurons in hippocampal culture is well defined
and appears to be relatively consistent across most research groups. Thus,
neurons develop polarity during the first two days in vitro (DIV), during
developmental stage one. This begins soon after cell plating onto coverslips,
whereby hippocampal neurons extend a lamella around the cell body. In
developmental stage two, this lamella then collects at distinct regions of the
cell periphery and it is at these points that minor neurites, of approximately
20 – 30 μM in length, begin to extend. Growth cones (GC) and their filopodia
at neurite tips show characteristic motility and the neurites intermittently
extend and retract short distances (Craig and Banker, 1994; Dotti et al.,
1988). Although little is known about in vivo GC morphology with which to
compare the in vitro situation, there is evidence to suggest that they are
elaborate structures with numerous filopodia, especially in the early stages of
development (Hossain et al., 2012). However, there is little net growth at this
stage and the cell maintains a symmetrical appearance (Craig and Banker,
1994; Dotti et al., 1988; Kaech and Banker, 2006). Notably, at this point in
development, most axonal and dendritic markers will stain all neurites and,
indeed, any neurite appears to be able to form either an axon or a dendrite
(Jacobson et al., 2006; Kaech and Banker, 2006). Cells remain in
developmental stage two for 12 – 36 hours, after which a rapid
transformation to phase three occurs.
During phase three, a single neurite continues to elongate rapidly and
continuously for 2 – 3 hours and acquires axonal characteristics (Dotti et al.,
1988; Kaneko and Sankai, 2014). Such a neurite will eventually extend for
many hundreds to thousands of micrometres (Dotti et al., 1988; Kaneko and
Sankai, 2014). Notably, transitions from phase to phase do not occur
synchronously. Indeed, under optimal conditions, approximately 50% of
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neurons reach stage three by 1 DIV, with 80% reaching this stage by 1.5 – 2
DIV (Kaech and Banker, 2006). This is fuelled by specific and targeted
signalling events which emphasise the growth of this single neurite (Arimura
and Kaibuchi, 2005; Wiggin et al., 2005). The other neurites grow 5 – 10
times slower (Kaneko and Sankai, 2014) and form dendrites, normally
between 3 - 4 DIV (Craig and Banker, 1994; Dotti et al., 1988). It is within this
time frame that the first synapses also begin to form (Fletcher and Banker,
1989), which is known as developmental stage four.
Stage five is a relatively slowly progressing phase, normally observed
between 1 and 4 weeks in vitro, and comprises the following events:
dendrites become highly developed and branched, a synaptic network forms,
spines form on the dendrites of pyramidal neurons and, finally, synaptic
plasticity is evident (Kaech and Banker, 2006). As an example of cell
appearance at this developmental stage, by 13 DIV nerve bodies have grown
significantly larger and an extensive network of intertwined axons and
dendrites forms in hippocampal cultures (E18; Kaech and Banker, 2006).
Dendrites emerge gradually, and project radially, from and around the cell
body, taper with distance and are between approximately 20 – 300 μM in
length. Axons are thinner at their point of origin and are less tapered. In fact,
an axonal diameter is generally uniform over long distances (Kaech and
Banker, 2006). Axons also extend along a more meandering course,
including several branches, for millimetres of distance. Often, axons will also
loop back on themselves (Kaech and Banker, 2006).

2.1.5 Previous studies
To date, opting to use postnatal tissue to prepare primary neuronal
cultures has often meant ‘accepting the fact that there will be some bad
culture days’ (Banker et al., 2007). Such ‘bad cultures’ and lack of
reproducibility are likely to arise from subtle variations in the reagents used
(Beaudoin et al., 2012) and/or techniques employed between labs. This has
resulted in the utilisation and publication of several distinct culturing
protocols, with each containing highly specific, often very different, and
sometimes even conflicting, advice for each facet of the culturing protocol.
However, differences in protocol notwithstanding, a review of recent
literature reveals the widely held belief that the preparation of postnatal
mouse cultures specifically necessitates the use of expensive, defined media
and supplements, namely, Neurobasal®-A (NB-A) and the HEPES-based
Hibernate® A, which are utilised in combination with a proprietary serum-free
supplement solution, B-27® (see inter alia, Ahlemeyer and Baumgart-Vogt,
2005; Beaudoin et al., 2012; Brewer, 1997; Brewer and Torricelli, 2007;
Drysdale et al., 2006; Eide and McMurray, 2005; Hui et al., 2015; Kivell et al.,
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2000; Nunez, 2008; Rao and Sikdar, 2004; Stoppelkamp et al., 2010; Xie et
al., 2000; Zhang et al., 2006). Indeed, their use is so prevalent that one
would be forgiven for thinking that it is nigh on impossible to prepare
postnatal cultures without using these proprietary reagents and supplements
(as well as lengthy protocols such as gradient separation to further optimise
the procedure; Brewer and Torricelli, 2007). However, not only are these
proprietary media and supplements much more expensive than standard,
non-proprietary, media preparations such as Dulbecco’s modified Eagle’s
medium (DMEM), there is also a concern in some quarters about variable
quality and uniformity between batches of B-27 (Y. Chen et al., 2008) and
certain, possibly neurotoxic, ingredients contained within NB-A (Hogins et al.,
2011).
Therefore, it was the aim of the present study to determine the
possibility of producing consistent, successful postnatal primary mouse
hippocampal neuronal cultures utilising non-proprietary solutions and
supplements. Further, we also wanted to simplify the overall culturing
protocol relative those published in recent times (e.g. Brewer and Torricelli,
2007, Beaudoin et al., 2012; Table 1 provides a comparison of the main
components of previously published postnatal mouse hippocampal culture
methods with our method).
Therefore, with these goals in mind, in this section, I will describe a
simplified, technically straightforward and reliable method for the production
of postnatal (P2 - P5) mouse hippocampal cultures of consistently high
quality that remain viable and responsive to normal physiological stimuli for
over one month post-culture.
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2

from publication to be 3 x 10 cells/cm . ***Expected results based on a previous publication (Brewer et al, 2006).

5

All figures are approximate and gleaned as accurately as possible from the published methods. *3 - 6-day-old mice are used routinely. We have produced numerous cultures up to P14. **Assumed

Table 2.1. Comparison of current methods for the production of postnatal mouse hippocampal cultures.
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2.2 Materials and methods
2.2.1 Chemicals and reagents
•
•
•
•
•
•

Mice (2 - 5-days-old)
Serum replacement 2 (SR2; 50×; Sigma, cat. no. S9388).
GlutaMAX™ supplement (ThermoFisher Scientific, cat. no. 35050038).
L-glutamic acid (Sigma, cat. no. G1251).
Penicillin-streptomycin (P-S; Sigma, cat. No. P4333).
Foetal bovine serum (FBS; Sigma, cat. no. F7524).
Optimisation: Storage limitations, as described by Beaudoin et al.,
2012, were adhered to, namely storage at -80ºC and limit freeze-thaw
cycles to one.
• Dulbecco’s Modified Eagle’s Medium-low glucose (Sigma, cat. no.
D5546).
• Papain (Worthington, cat. no. 3119) (see Reagent Setup).
• Poly-D-lysine hydrobromide (Sigma, cat. no. P6407) (see Reagent
Setup).
• Dissection, trituration, plating and culture solutions (see Reagent Setup).
• Trypan blue solution (Sigma, cat. no. T8154).
• 70% ethanol solution for sterilisation of surfaces and hands.
• Deionised water (dH2O).
• Immunocytochemistry reagents: Triton™ X-100 (Sigma, cat. no. X100),
paraformaldehyde (Sigma, cat. no. P6148), sucrose (Sigma, cat. no.
S7903), glycine (e.g., Sigma, cat. no. G7126), bovine serum albumin
(BSA; Sigma, cat. no. 05470), mounting medium (Sigma, cat. no. F6182),
microscope slides (25 x 75 mm; Sigma, cat. no. S8400). Primary
antibodies: pan-neuronal marker (mouse monoclonal, Millipore, cat. no.
MAB2300, Antibody Registry: AB_1587299), anti-glial fibrillary acidic
protein (GFAP; rabbit monoclonal, Cell Signalling, cat. no. 12389,
Antibody Registry: AB_2631098), anti-Synapsin I (rabbit polyclonal,
Millipore, cat. no. AB1543, Antibody Registry: AB_2200400). Secondary
antibodies: FITC goat anti-mouse (Jackson, cat. no. 115-095-003,
Antibody Registry: AB_2338589), Cy5 goat anti-rabbit (Abcam, cat. no.
ab97077, Antibody Registry: AB_10679461), TRITC donkey anti-rabbit
(Jackson, cat. no. 711-025-152, Antibody Registry: AB_2340588).
• Compounds used for calcium imaging: (S)-3, 5-dihydroxyphenylglyccine
(DHPG; Tocris, cat. no. 0805), caffeine (Sigma, cat. no. C0750), carbachol
(CCh; Tocris, cat. no. 2810), NMDA (Sigma, cat. no. M3262)
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2.2.2 Equipment
• 35 mm cell culture dish (untreated; Sigma, cat. no. CLS430588).
Optimisation: Previous studies have suggested “cell culture treated”
dishes (i.e. those pre-treated with a cell-adherent substrate) give rise
to altered neuronal morphology (W. S. Chen et al., 2011).
Implementing the use of untreated dishes ensured normal neuronal
development with no negative effects on culture success.
• 145 mm cell culture dish (Sigma, cat. no. Z652539)
• 13 mm glass coverslips, other sizes can be used as desired (TAAB, cat.
no. M160/1).
Optimisation: A thickness measurement of both 0 and 1 (as defined
by manufacturer) can be used, indicating that a relatively thin glass is
conducive to cell development in an inverted culture system. There
are recommended providers of coverslips with proven reliability,
without which cells will initially grow but detach soon after, such as
Type “D” glass from Schott Desag (Kaech and Banker, 2006). In our
hands, coverslips provided by TAAB have also been conducive to
long-term reliable culturing.
• 15- and 50-ml sterile polypropylene (PP) centrifuge tubes (Fisher
Scientific, cat. no. 11849650 and 11512303 respectively).
Optimisation: Previous studies have recommended the routine use
of polystyrene or polyethylene terephthalate (PET) tubes given reports
of toxicity from PP tubes (Brewer and Torricelli, 2007), but we did not
find any adverse effects using PP tubes.
• 15 ml and 30 ml syringes (Fisher Scientific, cat. no. 12931031 and
10313015 respectively)
• Haemocytometer.
• Sterile syringe filter, 0.2 µm pore size (Sigma, cat. no. CLS431229).
• 150 mm Pasteur pipette (VWR, cat. no. 612-1701) (see Equipment
Setup).
• 3.5 ml Plastic transfer pipette (Sarstedt, cat. no. 86.1171).
Optimisation: Pipette material, shape and size were selected based
upon numerous optimisation procedures using both glass and plastic
pipettes of different shapes and end aperture sizes.
• Incubator, controlled 5% CO2, humidified. Other studies have
recommended the use of an O2 regulated incubator (Brewer and Torricelli,
2007). However, in our experience, these costlier incubators are not
necessary for producing successful cultures.
• Inverted microscope, phase contrast, with a long working distance
objective.
• Sterile laminar flow hood, HEPA-filtered air.
• Sterile dissection hood, HEPA-filtered air.
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• Swinging bucket centrifuge compatible with the use of 15 ml tubes,
ambient room temperature, capable of speeds of 258 g.
• Water bath.
• Temperature-regulated orbital shaker, capable of incubating at 37ºC.
• Fine and course dissection tools.
• Osmometer.

2.2.3 Reagent setup
• HEPES-buffered saline solution (HBSS) of the following composition (in
mM): NaCl 130, HEPES 10, KCl 5.4, MgCl2 2, D-glucose 2 and CaCl2 0.5,
pH 7.4, 310 mOsm.
• Dissection solution. Prepare 8 ml of HBSS solution containing 0.5 mM
GlutaMAX, 0.025 mM L-glutamic acid and 1% P-S.
Optimisation: All solutions were supplemented with L-glutamic acid
and GlutaMAX as detailed in the discussion section.
• Trituration solution. Prepare 15 ml of HBSS solution containing 10%
FBS, 5 mM GlutaMAX, 0.025 mM L-glutamic acid and 1% P-S. Place in
an incubator at 37ºC.
Optimisation: Hibernate A and HBSS, with and without Ca2+ and
Mg2+, were compared for use in the dissection and trituration
solutions, with Hibernate A providing no obvious advantage on culture
quality. Therefore, due to its greater cost-effectiveness, lab-made
HBSS was routinely used in preference to Hibernate A. Furthermore,
no advantage was observed with the use of Ca2+-and Mg2+ -free
HBSS over normal HBSS in the trituration solution.
• Plating solution. Prepare 2 ml of DMEM solution containing 10% FBS, 5
mM GlutaMAX, 0.025 mM L-glutamic acid and 1% P-S. Place in the
incubator and allow CO2 to buffer solution.
• Culture solution. Prepare 35 ml of DMEM solution containing 2% SR2, 5
mM GlutaMAX, 0.025 mM L-glutamic acid and 1% P-S. Place in the
incubator and allow CO2 to buffer solution.
Optimisation: As mentioned previously, almost all methodologies in
this field utilise a combination of NB and B27 for maintenance media.
We found that using non-proprietary DMEM and a basic SR2 was
equally conducive to successful and cost-effective culture production.
Subjectively, we found that using another alternative proprietary
supplement, NeuroPlexTM (Gemini Bio-Products), provided no
advantage over either SR2 or B27 on neuronal quality.
Practical Use: Numerous published methods provide guidelines on
the time culture solutions can be prepared in advance of the actual
dissection, as well as the number of temperature changes which these
solutions should undergo, whilst still maintaining reliability (Beaudoin
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et al., 2012; Brewer and Torricelli, 2007; Eide and McMurray, 2005).
However, we felt that it was more beneficial to negate such variables
by making solutions fresh each day and to keep them at a stable
temperature, dependent upon their temperature of use.
• Poly-D-lysine solution. Dissolve at 0.1 g/ml in dH2O. Store as frozen 2
ml aliquots in 15 ml tubes.
• Papain solution. Immediately prior to beginning the dissection, dissolve
2.5 mg/ml papain in Dissection solution with a total volume of 2 ml
(approximately 25 U ml-1). To ensure full dissolution of papain, the solution
should be placed in a water bath at 37°C for approximately four minutes.
Filter sterilise the solution into a 15 ml tube and store on ice.
Note: Papain has been found to be the most suitable protease for cell
culture (Brewer, 1997). The supplier, Worthington Scientific, is
reported as being superior for papain than Sigma (Brewer and
Torricelli, 2007). The merits of dissolving papain in Ca2+- and Mg2+free solution, to aid tissue digestion (Copray and Liem, 1993; Harris et
al., 2007; McDonough et al., 2012) are debated, due to the damage
that an absence of these cations may have directly on cells. It is
recommended that papain is stored on ice for no longer than three
hours (Brewer and Torricelli, 2007).
Optimisation: In our hands, papain from Worthington Scientific was
superior to that purchased from Sigma, but the specific supplier does
not appear to be crucial to culture success. No advantage was
observed using Ca2+- and Mg2+- free HBSS over normal HBSS for the
trituration solution. In contrast to Brewer and Torricelli (2007), who
suggest that papain treatment of tissue is improved at 30ºC in
comparison to 25ºC or 37ºC, in our hands, tissue breakup was optimal
after incubation at 37ºC. We tried various tissue incubation periods of
30-60 minutes at 37ºC, with 45 minutes incubation, combined with
light tissue agitation, proving to be optimal for tissue dissociation.
• Phosphate buffered saline (PBS) of the following composition (in mM):
NaCl 137, KCl 2.7, Na2HPO4 10, KH2PO4 2, pH 7.4.
• Mice (2 - 5-days-old). The volumes provided in this protocol are designed
for hippocampi from three to four mice aged between 2 - 5-days-old and
would have to be adjusted accordingly if one wished to use older animals.
Animals were euthanised in accordance with European Directive 2010/63/EU
and experiments approved by the Animal Experimentation Ethics Committee
of University College of Cork.
Optimisation: The culture of rat hippocampal tissue results in a
greater proportion of successful cultures. However, with care and
significant optimisation, mouse hippocampal cultures could also be
routinely and reliably produced. Although mice from 2 - 5-days-old
were routinely used for preparing my hippocampal cultures, as a proof
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of concept of the effectiveness of our culture protocol, mice up to 14days-old (and rats up to 18-days-old) were also used.
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2.2.4 Equipment setup
150 mm Pasteur pipette
Glass pipettes were flame polished briefly (approximately two seconds) to
smooth off any sharp edges, but not to significantly reduce aperture size.
These polished pipettes were used to transfer small volumes of the plating
solution to coverslips and to transfer the enzyme-treated hippocampal tissue
into the trituration solution.
Note: The use of siliconised glass is recommended by some in the
field for ease of trituration and transfer due to the viscous nature of the
dissociated cell suspension (Brewer and Torricelli, 2007). However, in
our hands, standard glass pipettes were sufficient.

Preparation of coverslips
In a laminar flow hood, coverslips were transferred to a 35 mm cell culture
dish containing 2 ml of 70% ethanol for sterilisation. Two coverslips were
then removed and placed upright in each of sixteen 35 mm cell culture
dishes and allowed to air dry. Once dried, coverslips were placed flat on the
base of each 35 mm dish.
Note: Substrate cleaning and coating are key steps in the culture
process as they ensure neuronal attachment and survival, as well as
their standard development and maturation (Kaech and Banker,
2006). As such, neurons are highly sensitive to the cleaning methods
and coatings which are utilised (Beaudoin et al., 2012). In terms of
substrate material, adult neurons do not grow well on plastic (Brewer
and Torricelli, 2007) and, therefore, glass coverslips are routinely
used. ‘Etching’ of these substrates with nitric acid is discouraged by
some (Brewer, 1997), but recommended by others, in combination
with subsequent cleaning and heat and/or radiation sterilization
(Beaudoin et al., 2012; Kaech and Banker, 2006).
Optimisation: In our hands, brief prior sterilisation in 70% ethanol
followed by air drying was sufficient to allow for poly-D-lysine
attachment and subsequent cell adherence, without any adverse
effects on neuronal survival, despite the assertion that solvents leave
a ruinous toxic residue (Brewer and Torricelli, 2007). Although the use
of nitric acid etching and heat sterilisation were both trialled,
improvements in terms of poly-D-lysine coating, cell adherence or cell
survival were not observed

Poly-D-lysine coating of coverslips
One drop of sterile filtered poly-D-lysine solution was added to the
centre of each coverslip. The 35 mm cell culture dishes were then placed
into two larger ‘holding’ culture dishes (145 mm) and left at ambient room
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temperature. After one hour, the poly-D-lysine was aspirated and the
coverslips rinsed twice with dH2O.
Timing: This step can be conducted during the tissue incubation with
papain.
Note: Poly-D-lysine is superior in terms of consistent cell attachment
and neurite outgrowth when compared with poly-L-lysine (Kivell et al.,
2000). Alternative substrates used in the field include the following: a)
poly-ornithi-nylated coated substrates which are reported as being
conducive to rapid cell adhesion (Eide and McMurray, 2005; it is
unclear however how this adhesion compares to that facilitated by
poly-D-lysine), b) Polyethyleneimine, which is reported to initially
result in good neuron attachment, survival and process outgrowth but
thereafter is “unstable”, giving rise to inconsistent cultures. However,
the specific manner of this instability and inconsistency was not
elaborated upon by the authors (Eide and McMurray, 2005). The
benefit of subsequently treating substrates with laminin (10mg ml-1) is
debated and was found to have no benefit in hippocampal culture
(Brewer and Torricelli, 2007). However, laminin does provide an
extracellular matrix/scaffold and enhances cell growth in culture
systems in general (Hall et al., 2008; Manthorpe et al., 1983).
Optimisation: Evidence for the superiority of poly-D-lysine over other
substrates for cell attachment, its widespread use and its low cost
resulted in its selection for use in this method. We did not use laminin
to reduce any unnecessary procedures and increase the efficiency of
the method. Although serum pre-treatment of coverslips is reported as
being essential for cell attachment, presumably due to an initial
stimulus for neurite growth that it provides, thereby facilitating
neuronal attachment (Kivell et al., 2000), we opted to provide this
stimulus through a serum-containing plating medium.
Storage: In the interest of efficiency, we opted not to prepare poly-Dlysine fresh for each dissection as recommended by Kaech and
Banker (2006) and instead used frozen stocks, whilst limiting freezethaw cycles to no more than two (Brewer and Torricelli, 2007).
Practical use: Poly-D-lysine was generally reconstituted at 100mg ml1 in sterile water (Brewer and Torricelli, 2007; Kaar et al., 2017) or
borate buffer (Kaech and Banker, 2006). In terms of physically coating
the coverslips, 0.1ml of poly-D-lysine per cm2 of the glass substrate to
be covered is recommended (Brewer and Torricelli, 2007). In our
hands, an objective measurement of one drop per coverslip was
sufficient, whereas other protocols recommend enough to coat the
entire coverslip (Beaudoin et al., 2012; Kaech and Banker, 2006).
Indeed, the ability of poly-D-lysine to spread over the area of the
coverslip, without signs of visible aggregation, is regarded as a
measure of correct cleaning of the substrate (Kaech and Banker,
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2006). Once applied, poly-D-lysine is stable for between 3 d (Brewer
and Torricelli, 2007) and 7 d at 4ºC (Beaudoin et al., 2012). To
prevent any issues concerning poly-D-Lysine stability, our method
recommends substrate treatment with poly-D-Lysine on the day of
culture preparation.
Troubleshooting: In preparation and after thawing, it is
recommended that poly-D-lysine is thoroughly dissolved. The
appearance of bubbles, which stick to the side of holding tubes, is a
sign of undissolved poly-D-lysine. Applied poly-D-lysine should not be
allowed to dry out on the coverslip prior to washing. Although some
authors identify this as a critical step, no reason is given for its
importance (Kaech and Banker, 2006). As a precaution, this
recommendation is adhered to for the protocol described here. If
unbound poly-D-lysine is not rinsed away thoroughly, cell attachment
is compromised and cell death occurs (Brewer and Torricelli, 2007). In
our hands, two quick rinses with water were sufficient for effective
neuron attachment.

2.2.5 Methods
Unless otherwise stated, all procedures were carried out in a sterile
laminar flow hood, using equipment and reagents which, if not already
contained in sterile packaging, were sterilised with 70% ethanol. Strict
aseptic technique was adhered to at all times in order to avoid contamination
of the culture.

Solution preparation
Approximately 3 ml of dissection solution was sterile filtered into each
of two 35 mm dishes which were then placed on ice in a dissection hood.

Tissue isolation and treatment
Hippocampi were isolated as described previously (Beaudoin 2012)
and placed in the 35 mm dish on ice. Any extraneous tissue was cleaned
from the hippocampi before they were transferred to the second 35 mm dish
on ice. The tissue was then chopped into smaller pieces with fine scissors
and then transferred to a 15ml tube using a Pasteur pipette. This tube was
placed in a water bath at 37ºC with the papain solution, separately, and both
were allowed to equilibrate at this temperature for five minutes. The tissue
was then carefully transferred into the papain solution and placed onto an
orbital shaker at 100 rpm at 37ºC for 45 minutes. The tissue was then gently
removed from the papain solution and placed into another 15 ml tube
containing 2 ml HBSS. This step was repeated two more times (to remove
any residual papain), each time being careful to avoid trituration of the tissue
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at this stage. The tissue was then transferred into another 15 ml tube
containing approximately 6 ml of trituration solution.

Trituration
The tissue was allowed to settle to the bottom of the 15 ml tube
containing the trituration solution. The tip of a plastic transfer pipette, with the
bulb fully depressed, was firmly pushed against the bottom of the 15 ml tube
(Fig 2.1). The solution containing the tissue was then aspirated into the
pipette such that the tissue experienced a certain degree of friction as it
moved between the edges of the bottom of the tube and the pipette itself.
This friction helped to dissociate individual hippocampal neurons from the
larger pieces. When all the tissue had been aspirated into the pipette, the tip
of the pipette was then placed under the meniscus of the trituration solution
and forcefully expelled. Depending on the resulting tissue break up, this
procedure was repeated up to an absolute maximum of four times, allowing
the tissue to settle to the bottom of the tube between each aspiration. The
supernatant was then placed into another 15 ml tube, leaving behind as
much as possible of the un-triturated tissue. This whole procedure took no
more than five minutes. The supernatant was then centrifuged at 258 xg for
two minutes at room temperature. A video illustrating this trituration
procedure is published at https://doi.org/10.1016/j.jneumeth.2017.05.020.
Practical use: A practical measure of the suitability of one’s trituration
technique can be garnered by observing the consistency of the trituration
solution. A sticky accumulate of floating tissue pieces indicates DNA release
due to cell rupture (Brewer and Torricelli, 2007).
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Optimisation: See discussion section for trituration optimisation
information. Centrifugation parameters were optimised to allow for the
formation of a relatively cohesive pellet, without compromising cell viability
due to sheer stress or compression of cells.

Figure 2.1. Trituration method
The trituration procedure is the most critical step in determining the success of a culture. The
following procedure is considered optimal:
1) The pipette bulb is fully depressed. 2) The pipette tip is then pushed firmly against the bottom
of the tube and the bulb is released whilst maintaining downward pressure. 3) This results in tissue
being “sieved” between the bottom of the tube and pipette tip. 4) Firmly dispel contents of pipette
into the tissue solution. The majority of tissue will be dissociated following 2 – 3 repetitions.
Video still, taken from a video illustrating the trituration method in full, is published by Kaar et al.
(2017) and can be found at: https://doi.org/10.1016/j.jneumeth.2017.05.020#

Cell seeding and culture
After centrifugation, the supernatant was carefully poured out of the
tube without disturbing the pellet of cells. Two drops of plating solution were
then gently added and subsequently removed to dilute any residual
supernatant. The volume of plating solution added (0.6 - 1 ml) is determined
subjectively, depending on the size of the pellet which, in turn, is dependent
upon the effectiveness of trituration. This resulted in a plating density of
approximately 1 – 1.5 x 105 cells/cm2, which was optimal for cell survival and
our subsequent calcium imaging experiments. The pellet was carefully
dislodged from the bottom of the 15 ml tube using a Pasteur pipette, and the
cells re-suspended by firmly finger vortexing 2 - 3 times, depending upon the
level of re-suspension. An indication of successful technique up to this point
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was routinely determined by employing a trypan blue staining and cell
counting protocol (see below).
Optimisation: Cells undergo considerable mechanical stress during
pellet re-suspension. Optimisation of this technique was achieved by
observing the extent of cell dispersion by either mixing with a glass
transfer pipette or “finger vortexing” using various forces and a
number of repetitions. Whether these processes resulted in culture
success or failure was noted. Careful dislodging of the pellet with a
glass transfer pipette followed by relatively forceful finger vortexing (2
– 3 times) was determined to be optimal.
A drop (approximately 25 μl) of the final plating solution was then
added to each coverslip using a Pasteur pipette. The coverslips were then
placed in an incubator, where the cells were allowed to adhere to the
coverslips for one hour. 2 ml of the culture solution was then very gently
added to each 35 mm dish (to prevent damaging the cells through sheer
stress), before returning the dishes to the incubator.
Note: Limiting exposure of cells to ambient air during plating to 3
minutes is recommended (Brewer and Torricelli, 2007). In practical
terms, this was achieved through competence and the speed at which
the protocol is carried out. Furthermore, the splitting of culture dishes
into larger “holding dishes” reduced the number of dishes which were
exposed to ambient air at any given time and made this process
logistically easier. Measurement of culture success at this point could
subjectively be determined by noting neuronal morphology soon after
plating. Cells tend to start as isolated spheres and quickly grow
neurites and processes. Such processes are regarded as being
important for neuronal attachment to the substrate (Eide and
McMurray, 2005) and their appearance can be taken as initial markers
of success from 1 hour to several days post-culture (Kivell et al., 2000;
Zhang et al., 2006). Previous studies have shown that cell viability
immediately before plating is approximately 65 – 80% (rat brainstem
cultures between E14 and P6). Neuron maturity is inversely
proportional to viability at this stage (Kivell et al., 2000).

Trypan blue exclusion
100 μl of the cell suspension solution was gently mixed with 200μl of
trypan blue. Approximately 10 μl of this mixture was then added to each side
of a haemocytometer. A 1 ml pipette was used for this purpose as a narrowtip pipette excludes cell clusters and results in an underestimation of cell
numbers (Brewer and Torricelli, 2007). The field of view was observed under
a 10x phase contrast microscope. Phase-bright (dye-excluding) spherical
cells were counted in four separate squares on both sides of the
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haemocytometer. This count was averaged and multiplied by 104 to
determine cell concentration per millilitre.

Coverslip inversion
Three hours after the culture medium was added to the 35mm dishes,
the coverslips were inverted using sterile forceps. To prevent crosscontamination, forceps were flame sterilised between each dish.
Note: It has been shown previously that neurite growth, neuron
survival and long-term neuronal maintenance is improved by the
sandwiching of cells between the substrate and a coverslip (Brewer
and Cotman, 1989; W. S. Chen et al., 2011; Kaneko and Sankai,
2014; Lucius and Mentlein, 1995). The proposed mechanism
underlying this improvement is thought to be the creation of a
microenvironment where the diffusion of various growth factors and
nutrients from neurons and glia into the surrounding media is limited,
and extracellular [O2] is also reduced to more physiological levels
(Brewer and Cotman, 1989; Kaech and Banker, 2006).
Optimisation: In agreement with the findings described above, by
subjective observation, we determined that neuron morphology and
survival was improved upon coverslip inversion. Previous studies
have shown that maximum neurite length, an indicator of neuronal
viability and active growth, is highest with coverslip sandwich at 1 or 3
hours when compared to 22 hours at 3 - 8 DIV. For longer-term
maintenance (14 – 38 DIV), 3 or 22 hours inversion induced the
greatest extent of neurite length. Therefore, 3 hours post-plating
would appear to be a practical compromise for both short- and longterm viability (Kaneko and Sankai, 2014). In line with this study, in our
protocol cells were generally left to adhere to coverslips for 3 hours
prior to coverslip inversion. However, an incubation ranging from
between 2 – 4 hours does not appear to alter culture success.

Immunocytochemistry
Wash steps consisted of three changes of PBS, each lasting five
minutes. Cells were fixed with paraformaldehyde (4%) and sucrose (4%)
prepared in PBS and warmed to 37ºC for ten minutes. All subsequent steps,
unless otherwise stated, were carried out at room temperature. After
washing, a permeabilisation solution (0.25% Triton™X-100 in PBS) was
added to the cells for ten minutes. Cells were washed once more with PBS
and a blocking buffer (BSA 5% and glycine 0.3 M in PBS) was added for one
hour. Primary antibody incubation was carried out overnight at 4ºC, using the
following antibodies: pan-neuronal marker (1: 100), GFAP (1: 500) and
Synapsin I (1: 200). The pan-neuronal marker is an antibody cocktail
containing NeuN, βii-tubulin, NF-H and microtubule-associated protein 2
(MAP-2). MAP-2 is only present on dendritic microtubules (Kaech and
Banker, 2006). All antibodies were diluted in an antibody buffer containing
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BSA (1%) in PBS. After washing, cells were incubated with the
corresponding secondary antibody at 1: 200 dilution for one hour. Cells were
again washed before being mounted on microscope slides.

Determining the neuron versus glial cell composition of cultures
The ratio of neurons to glia was determined by counting the number of
pan-neuronal and GFAP-positive cells, respectively, under a confocal
fluorescent microscope. As described previously, when cells were initially
added to coverslips following their dispersal, a drop was placed in the centre
of each coverslip. As a result, there is a non-uniform distribution and density
of cells, with the highest density of cells appearing in the centre of the
coverslip and receding outwards towards the perimeter of the initial cell
droplet (Fig 2.2). Consequently, to obtain an accurate representation of
overall cell numbers, a central point was chosen and three randomised
points radiating from the middle to the edge of the immunostained region of
each coverslip were selected for counting (such regions contained an
average of 16 cells in an area of approximately 200 μm2). Compositional
analysis was conducted upon coverslips fixed at 2, 5, 8, 11, 14, 17 and 20
days in vitro and from three separate culture preparations (from three
separate mouse litters), harvested from five-day-old mice.
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Figure 2.2. Global image of an immunostained coverslip
Representative image displaying the non - uniformity of cell density and distribution of mouse hippocampal cultures. Neuronal
marker, pan-neuronal stain containing NeuN, βii-tubulin, NF-H and MAP-2 (green). Glial marker, GFAP (blue). Image captured at
5 days in vitro. Scale bar, 500 μM.
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Calcium imaging
Intracellular calcium measurements from neuronal somata were
conducted as previously described (Rae et al., 2000). Briefly, using a
conventional fluorescence imaging system consisting of a bright light source
(Olympus TH4-200), monochromator (Cairn Optoscan), integrating camera
(Hamamatsu ORCA-ER), DAQ device (USB6229) and frame grabber,
neurons that had been preloaded for one hour in an incubator with the single
wavelength, intensity modulating calcium indicator, fluo-2 AM (4 µM
dissolved in a solution of HBSS with 0.1% pluronic) were imaged (excitation
at 488 nm, emission at 550 nm; no neutral density filters were used) under
both 20x and 40x magnification, where appropriate. The intensity of
excitation light was minimised using neutral density filters. Under these
conditions, there was no discernible bleaching or phototoxicity.
Once loaded, washed and mounted on the microscope stage, neurons
were continuously superfused with HBSS (2 ml/min) and all drugs were
added to the superfusate. In so doing, we reduced the risk of inducing
experimental artefacts which may have been caused by the pipetting of
compounds directly onto cells within the field of view. However, this method
of drug application also meant that it took a finite ‘lag time’ for the drug to
reach the neurons (~30s).
To block indirect actions of I-mGluR activation via synaptically driven
transients/action potential-mediated release of neurotransmitter, all
experiments were performed in the presence of the voltage-gated sodium
channel (VGSC) antagonist tetrodotoxin (TTx; 1 M). Experiments involving
NMDA were performed in Mg2+-free HBSS supplemented with 10 M glycine.
Ca2+

Images were acquired at one-second intervals using the open source
imaging software, Winfluor (John Dempster, University of Strathclyde,
Scotland) via an Olympus BX50 WI microscope. Pixel binning (2-times) was
applied to images. Winfluor calculated fluorescence values for each pixel in
the frame after subtraction of background fluorescence intensities. Data files
with time (seconds) vs fluorescence values (arbitrary units) for each region of
interest (ROI) were exported from Winfluor as standard text files. This
information was then imported into GraphPad Prism where XY line graphs
were produced and analysed for each ROI.
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2.3 Results
2.3.1 Production and optimisation of postnatal primary mouse
hippocampal cultures
We have consistently produced postnatal hippocampal mouse
cultures from animals between 3 - 5-days-old, which are routinely used for
calcium imaging experiments. The ability to produce such cultures reliably
and in a cost-effective manner is a result of optimising almost all facets of the
culturing procedure. These optimisation steps are described in the materials
and methods section and are also displayed in Table 2.2 Critical steps,
including trituration, which we have identified as a primary determinant of
culture success will be elaborated upon in Section 2.4 Discussion.

Aspect of methodology

Species used

Age of mice used

Parameters
investigated

Reason for
optimisation

Mouse and rat

Although
primary
hippocampal
culture using
rat tissue is
relatively
easier, our
research aims
required the
use of cultured
control and
transgenic
mouse
neurons.

2 - 5-days-old

As a proof of
concept of the
effectiveness
of our culture
protocol and to
enable
investigations
in older
animals, mice
up to 14-daysold have also
been used.

35 mm cell culture dish

Cell culture
treated

Cell culture
treated dishes
give rise to
altered
neuronal
morphology
(W. S. Chen et
al., 2011).

15 and 50 ml centrifuge
tubes

Polypropylene
(PP) and
polyethylene
terephthalate
(PET) tubes

Routine use of
polystyrene or
PET tubes is
recommended,
given reports
of toxicity from
PP tubes
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Currently used

Result
The culture of
rat hippocampal
tissue results in
a greater
proportion of
successful
cultures.

Mouse and rat
With care and
optimisation,
mouse
hippocampal
cultures could
also be reliably
produced.

2 - 5-days-old
(routinely)
14-days-old

Cultures from 2
– 5-days-old
mice are
routinely used.
Viable cultures
from older
animals can also
be produced
and maintained.

Untreated

Implementing
the use of
untreated dishes
ensured normal
neuronal
development
with no negative
effects on
culture success.

PP tubes

We found no
adverse effects
using PP tubes.

(Brewer and
Torricelli,
2007).

Pipette used for plating

Papain
supplier

Glass pipettes

Standard 150
mm glass
pipette

Sigma Aldrich
Worthington
Scientific

Papain from
Worthington
Scientific is
superior to that
supplied by
Sigma-Aldrich
(Brewer and
Torricelli,
2007).

Worthington
scientific

Papain

Papain
incubation
solution

Tissue
incubation
in papain

Trituration
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Pipette
used for
trituration

In our hands,
standard glass
pipettes were
sufficient for
transfer.

The use of
siliconised
glass is
recommended
for ease of
trituration and
transfer due to
the viscous
nature of the
dissociated
cell
suspension
(Brewer and
Torricelli,
2007).

HBSS
HBSS - Ca2+
and Mg2+ free

Incubation
time of 30,45
and 60 min
Incubation
temperature of
25, 30 and
37ºC
3.5 ml – 5 ml
plastic transfer
pipettes of
various
shapes.

Ca2+ and Mg2+
free solution
aid tissue
digestion
(Copray and
Liem, 1993;
Harris et al.,
2007;
Mcdonough et
al., 2012).
However, the
absence of
these cations
may damage
cells.
Papain
treatment of
tissue is
improved at
30ºC in
comparison to
25ºC or 37ºC
(Brewer and
Torricelli,
2007).
The trituration
procedure is
the most
critical step in
determining
the success of

Polished
pipettes are
used to
accurately
transfer small
volumes of the
plating solution
to coverslips.
They are not
used for
trituration.
In our hands,
papain from
Worthington
Scientific was
superior to that
supplied by
Sigma in terms
of tissue
digestion.
However, the
specific supplier
is not a
determinant of
culture success.

HBSS

No additional
advantages
were observed
with the use of
Ca2+- and Mg2+free HBSS in the
trituration
solution.

45 minutes at
37ºC

45 minutes
incubation of
tissue at 37ºC,
combined with
light tissue
agitation
resulted in
optimal tissue
preparation.

3.5 ml plastic
transfer pipette
–specific
shape and
aperture size
used

A plastic, wide
tip diameter
(drop size 35–55
µl) transfer
pipette was
optimal for

150 mm glass
pipettes, flame
polished to
various
extents.

Trituration
method

Glass and
plastic
pipettes used
in combination
with various
trituration
strengths,
speeds and
repetitions.

a culture (Kaar
et al., 2017).

(Sarstedt, cat.
No. 86.1171).

Sieving
trituration.
Large
variability in
techniques
recommended
in the
literature.

Relatively
forceful
expelling of
pipette
contents.

Centrifugati
on of cell
suspension

L-glutamic
acid/glutamate

L-glutamine
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Hibernate A
HBSS

Various
centrifugation
speeds for
1 – 3 min

Culture
solutions with
and without Lglutamic acid

Addition of LGlutamine (LGln) or
GlutaMAX

See 3.2.5
methods

Absolute
maximum of
four triturations
HA is a form of
NB which
maintains
stable pH in
ambient
conditions.

Dissection
and
trituration
Solution

achieving tissue
dissociation
whilst
maintaining
neuronal
viability.

Has been
used to
successfully
culture adult
hippocampal
neurons
(Brewer and
Torricelli,
2007).
Large variation
in
recommended
speeds (80 –
1000 g) and
duration (2-15
min) in
published
literature.
Very low
concentrations
of glutamate
(25 μM)
promote a
persistent
enhancement
of
physiological
neuronal
activity
(Edwards et
al., 2010).
GlutaMAX, a
stable form of
L-Gln, is
recommended
due to
decreased
toxicity relative
to L-Gln

HA provided no
advantage,
objectively, on
culture quality.
HBSS

Given the costeffectiveness of
lab-made HBSS,
this was utilised
routinely.

258 xg for two
minutes at
room
temperature.

These
parameters
allowed for a
relatively
cohesive pellet
to form without
compromising
cell viability due
to cell shear
stress or
compression.

All solutions
were
supplemented
with L-glutamic
acid (25 μM).

We utilised this
low glutamate
concentration
throughout our
culture method
in order to
promote
physiological
cell signalling.

All solutions
were
supplemented
with
GlutaMAX.

Subjectively, we
found that there
were more
successful
cultures when
using GlutaMAX
over L-Gln and
so this

supplement was
used routinely.

(Seibenhener
and Wooten,
2012).

Plating and culture
solution

DMEM
Neurobasal-A
(NB-A)

Serumreplacement-2
(SR2)
Culture medium
supplement

B27
NeuroPlexTM
(Gemini Bio
Products)

Plating density

Pellet re-suspension
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Low, medium
and high
density.

Dispersion of
tissue with
pipette use
and finger
vortexing,
using various
forces and
number of
repetitions.

NB is used
routinely in the
field but is an
expensive
proprietary
formulation.

B27 is the
most
commonly
used
supplement in
the field. As
with NB, it is
an expensive
proprietary
formulation.

DMEM
produced
cultures of
similar quality to
NB, determined
subjectively.
DMEM

SR2

NeuroPlex is
an alternative
proprietary
supplement.

Large range of
densities used
in the field
depending on
the
application.

Cells undergo
considerable
mechanical
stress during
pellet resuspension.

The volume of
plating solution
added (0.6 - 1
ml) is
determined
subjectively,
depending on
the size of the
pellet of
triturated
tissue. This, in
turn, is
dependent on
the
effectiveness
of trituration.

Dislodging of
pellet with
pipette
Finger
vortexing to resuspend (2 - 3
repetitions).

Such neurons
also adhere to
developmental
and functional
norms (as
determined by
immunocytoche
mistry and Ca2+
signalling).

The inexpensive
SR2 supplement
was a costeffective
alternative which
allowed for the
production of
high-quality
cultures.

Plating density
from 1 – 1.5 x
105 cells/cm2,
which we found
optimal for cell
survival and for
the subsequent
use of coverslips
in calcium
imaging
experiments.

The pellet was
carefully
dislodged from
the bottom of
the 15 ml tube
using a glass
Pasteur pipette
and the cells
subsequently resuspended by
firmly finger
vortexing 2 -3
times,
depending on

the level of resuspension.

Coverslip inversion

Inverted (1 – 4
hours post
plating) and
non-inverted
cultures.

Neurite
growth, neuron
survival and
long-term
maintenance
can be
improved by
the
sandwiching of
cells between
the substrate
and a
coverslip
(Brewer and
Cotman, 1989;
Chen et al.,
2011; Kaneko
and Sankai,
2014).

Coverslip
inversion after
3 hours in
culture.

By observation,
we determined
that neuron
morphology and
survival
improved upon
coverslip
inversion.
An incubation
ranging from
between 1 – 4
hours does not
appear to alter
culture success.

Table 2.2. Optimisation of the culture protocol

2.3.2 Characterisation of Hippocampal Cultures
Hippocampal cultures produced using this new method contained
healthy, functional cells which responded appropriately to physiological
stimuli (see 2.3.3 Calcium imaging experiments). Cultures displayed normal
neuronal morphology, arborisation, synaptic connections and intercellular
associations from 2 DIV onwards, as evidenced by both bright field images
(Fig 2.3 and 2.4) and from immunocytochemical images of neurons that had
been stained with both a pan-neuronal marker, GFAP, and synapsin I
antibodies (Fig 2.5 and 2.6).
In order to characterise the development and composition of such
cultures in vitro, we examined the neuron to glial cell ratio after fixing cultures
at 2, 5, 8, 11, 14, 17 and 20 DIV (Fig 2.7). Although there is a steady decline
in the numbers of both glia and neurons with increasing DIV, the neurons
which do remain respond to standard physiological stimuli for up to one
month after initial culturing (e.g. Fig 2.9).
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Bright field (DIC) images showing cultured postnatal mouse hippocampal neurons generated from 3- (a), 4- (b) and 5- (c) day-old mice. All images were captured at 2 days in vitro. Scale bar 30 µm.

Figure 2.3. Hippocampal neurons obtained from progressively older animals at 2 days in vitro.
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Figure 2.4. Development of neurons in vitro
Bright field (DIC) images of cultured mouse hippocampal neurons taken at progressively older days in vitro, 2 (a), 4 (b), 10
(c) and 13 (d). All cultures were generated from mice aged between 3 - 5 days of age. Scale bar 30 µm.
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Figure 2.5. Immunocytochemical visualisation of culture composition with progressive time in vitro
Immunostaining of hippocampal cultures for neuronal and glial markers with corresponding phase - contrast images. Images were
captured of cultures fixed at progressively older days in vitro 2 (a), 5 (b), 8 (c), 11 (d), 14 (e), 17 (f) and 20 (g). Neuronal marker,
pan-neuronal stain containing NeuN, βii-tubulin, NF-H and MAP-2 (green). Glial marker, GFAP (blue). All cultures were
generated from 5-day-old mice. Scale bars, 10 μM.
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Immunostaining of hippocampal cultures for synaptic marker (synapsin I, red) with corresponding phase contrast images. Images were captured of cultures fixed at progressively older days in vitro, 2
(a), 10 (b) and 20 (c). All cultures were generated from 5-day-old mice. Scale bars, 5 μM.

Figure 2.6. Evidence of synapse formation from two days in vitro
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The percentage of viable cells which are glia (grey, open circles) or neurons (black, closed circles) are presented at 2 – 20 DIV. All cultures were generated from 5-day-old mice.

Figure 2.7. Graphical representation of the neuron versus glial cell composition of postnatal mouse hippocampal cultures at progressively older days in vitro (DIV)
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2.3.3 Calcium imaging experiments
Cultured neurons harvested from 3 - 5-day-old mice were usually
utilised for up to fourteen days in vitro for calcium imaging experiments (Kaar
and Rae, 2016, 2014). However, some experiments were also carried out
using neurons which had been cultured for approximately one month to test
long-term cell function (e.g. Fig 2.9). In the course of our calcium imaging
investigations, we have utilised various compounds which healthy and
functional cultured hippocampal neurons would be expected to respond to.
For example, we have conducted experiments in which these neurons have
responded to physiologically relevant stimuli such as 15 mM and 50 mM K +containing HBSS (Fig 2.8 a and b; which depolarise neurons and thereby
activate VGCCs on the neuronal plasma membrane); the specific I-mGluR
agonist, (S)-DHPG (50 µM), the muscarinic acetylcholine receptor agonist,
carbachol (10 µM) and the RyR agonist, caffeine (20 mM), which all evoke
calcium release from the endoplasmic reticulum (ER; Fig 2.8 c, d and f,
respectively); as well as the ionotropic glutamate receptor agonist, NMDA (1
µM; Fig 2.8 e). All compounds were added to the superfusate.

Figure 2.8. Representative traces showing changes in somatic [Ca 2+] levels within a cultured
mouse hippocampal neuron in response to selected physiological stimuli
Representative traces display responses to the application of: K+ (15 mM) (a), K+ (50 mM) (b),
(S)-DHPG (50 µM) (c), carbachol (10 µM) (d), NMDA (1 µM) (e) and Caffeine (20 mM) (f). All
compounds were added to the superfusate. All neurons were generated from 3 - 5-day-old mice
and imaged after 2 – 14 days in vitro.
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Figure 2.9. Aged cultured hippocampal neurons remain viable for up to 1 month
2+

Representative trace showing changes in somatic [Ca ]i levels within an aged (29 days in vitro)
cultured mouse hippocampal neuron in response to perfusion of a physiological solution (HBSS)
+

containing 50 mM K and corresponding bright field (DIC) image.
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2.4 Discussion
The study and use of postnatal neurons and cultures are important for
the investigation of chronic and/or age-dependent conditions such as
neurodegeneration. Furthermore, as mentioned earlier, the importance and
widespread use of transgenic mouse models, but the inherent difficulty in
culturing postnatal mouse neurons relative to embryonic tissues (Brewer and
Torricelli, 2007), or those of the rat (Beaudoin et al., 2012), underpins the
need for an easily applicable and effective postnatal mouse culture protocol.
Herein, we have described a novel, simplified protocol for the costeffective production of primary cultured neurons from postnatal mouse
hippocampal tissue that remains viable for up to one-month post-culture.
Hippocampal neurons within such cultures display normal development and
arborisation, observable cellular interconnection (including synapses) and
association with glial cells.
The optimisation of almost all facets of the culturing procedure is
outlined in Section 2.3 Results. Decisions on optimisation were developed
out of practical and objective measurements of neuronal survival and
morphology. These results led to an incremental improvement of current
practices and omission of unnecessary steps/procedures as discussed in the
Methods and Results sections. Optimisation steps which warrant a more
thorough discussion, as well as key considerations in the design of our
culture system, are described in the following section.
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2.4.1 Trituration
Contrary to previous studies such as that of Eide and McMurray
(2005), we found that the manner in which the tissue is treated following
incubation with tissue proteases, specifically the steps of trituration and
subsequent resuspension after supernatant centrifugation, is absolutely
critical to ensuring the production of consistent and successful cultures. In
this respect, mouse neurons seem to be much more vulnerable and
susceptible to mechanical stress than postnatal rat and embryonic neurons
at this stage in the protocol.
Of these two phases of major mechanical stress, the trituration
procedure is the most critical step in determining the success of a culture.
Thus, a balance is required between reaching optimal cell yield by sufficient
tissue dissociation, whilst minimising cell lysis. Such lysis and debris
production can both directly and indirectly, by altering the pH of the trituration
solution and releasing cytotoxic agents such as glutamate, hinder cell
attachment, sprouting and viability (Brewer, 1997; Eide and McMurray,
2005).
Trituration pipette tip diameter is crucial in determining overall cell
yield, with too small a tip diameter causing cell damage, but too large a
diameter resulting in the insufficient tissue breakdown. We found that a
plastic, wide tip diameter (drop size 35 – 55 µl) transfer pipette (see
equipment) was optimal for reaching this compromise. Using such a plastic
pipette allowed us to abandon using flame polished glass pipettes, which are
routinely utilised for this purpose in the field. Thus, the requirement to create
smooth tipped glass pipettes through flame polishing, which is inherently
unreliable and can result in such a small a tip diameter that it damages cells,
is circumvented (Beaudoin et al., 2012).
When the triturated cell suspension is expelled from the pipette and
returned to the residual supernatant, it is done so relatively forcefully but with
the pipette tip under the liquid surface (see video). This results in minimal
bubble production. The production of such bubbles during trituration is
actively discouraged by other research groups (Brewer and Torricelli, 2007).
However, we have found that this relatively forceful expulsion from the
pipette allows for improved tissue dissociation. Furthermore, it does not
significantly affect the quality of our cultures in comparison to, say, over
trituration which is much more damaging to the neurons.
Specific protocols can be utilised to reduce the production of cellular
debris during trituration. These protocols include: the use of cell strainers
(Beaudoin et al., 2012; Kaneko and Sankai, 2014), “washing” plated neurons
after they adhere to the substrate (Brewer, 1997) and/or gradient enrichment
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of neurons to remove both contaminating glia and debris (Brewer and
Torricelli, 2007).
The process of washing adhered neurons (i.e. removing the cell
suspension) increased cell sprouting by 7-fold at 5 DIV in adult rat
hippocampal neurons (Brewer, 1997), suggesting that cellular debris
contains factors which inhibit sprouting (Faissner and Steindler, 1995).
However, it is proposed that because neurons depend upon their processes
for adherence to the substrate, and because such processes are slow to
develop, washing could remove healthy neurons which have not had
sufficient time to attach (Eide and McMurray, 2005). This influences the
period of time within which cells are allowed to adhere before the plating
solution is washed off and/or culture medium is added. Experiments on cell
attachment (using poly-L-ornithine substrates) by Eide et al. (2005) illustrated
the importance of the length of plating incubation to culture success.
Specifically, cell attachment to the substrate occurred within the first 10
minutes and a 15-minute incubation prior to washing was optimal whereas a
2-hour incubation resulted in complete culture failure (Eide and McMurray,
2005). We determined that a plating time of 1 hour was optimum for cell
survival and for consistent culture success using poly-D-lysine-coated
coverslips. This is within the time frame of 2 hours, which has previously
been reported as allowing the majority of cells attach to poly-D-lysine
(Brewer, 1997). A specific wash step was not employed in our method in an
effort to reduce the time cells spend in unfavourable conditions outside of the
incubator. Instead, any debris that was present was effectively diluted to
apparently negligible amounts through the addition of a large volume of
culture medium (~2.5 ml).
Debris removal using cell strainers (Chen et al., 2013) of various pore
diameters or neuronal enrichment by gradient centrifugation (Brewer and
Torricelli, 2007) did not yield significant improvements in culture quality to
warrant their utilisation. Furthermore, these techniques increase the
exposure of cells to ambient conditions, decrease the efficiency of protocol
and add to the overall costs of the method.
By using the novel trituration technique described herein, combined
with limiting the number of triturations to an absolute maximum of four, we
effectively minimised the main mechanical stress experienced by neurons
and also significantly reduced the amount of debris that would be produced
under normal circumstances. The production of debris was further limited by
implementing a gentle re-suspension of triturated cells by finger-vortexing
rather than further trituration. In turn, this resulted not only in the production
of very little potentially contaminating cellular debris but also, more
importantly, a cell suspension containing a very high percentage of viable
cells (85 - 90% viability as determined by trypan blue protocol). This
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represents a significant improvement on previous studies, which have
typically shown approximately 75-85% cell viability post-trituration in
hippocampal prenatal mouse culture (E19; Seibenhener and Wooten, 2012)
and 65–80% in rat brainstem culture (E14 – P6; Kivell et al., 2000).

2.4.2 Glial cells in culture
The utilisation of either “pure” neuronal cultures, mixed cultures
(composed of neurons and glia) or removable glial feeder layers is
dependent upon the suitability of these particular environments to specific
experimental requirements. “Pure” neuronal cultures (e.g. Chen et al., 2011;
Brewer 1995) exhibit minimal glial proliferation and represent a means of
reducing the confounding factor of glial influence on neuronal physiology.
However, this simplification in terms cellular environment must be balanced
with physiological relevance.
Glia play a critical role in supporting neuronal function and
development, including roles in signalling, synaptic plasticity and network
formation (Allen and Barres, 2009; Araque and Navarrete, 2010; Auld and
Robitaille, 2003; Banker, 1980; Barker and Ullian, 2008; Bazargani and
Attwell, 2016; Nedergaard et al., 2003; Shaham, 2005). These functions are
achieved, primarily, via the release of soluble factors, including growth
factors, signalling molecules and lipids (Ebrahimi et al., 2016; Hassanpoor et
al., 2013; Mauch et al., 2001). Therefore, the presence, or otherwise, of glial
cells in neuronal cultures will almost certainly influence both culture
development and phenotype.
With this evidence in mind, we opted not to use glial inhibitors such
as -D-cytosine arabinofuranoside (Beaudoin et al., 2012; Mao and Wang,
2001; Rae et al., 2000; Seibenhener and Wooten, 2012) and 5-fluro-2Xdeoxyuridine (Oorschot, 1989). These inhibitors negatively impact upon
culture viability and synaptic development and, indeed, can actually enhance
neuronal cell death (Beaudoin et al., 2012; Kivell et al., 2000; Pfrieger and
Barres, 1997; Seibenhener and Wooten, 2012; Ullian et al., 2001; Wallace
and Johnson, 1989). Furthermore, we feel that the presence of glia is more
reflective of the in vivo environment, which we are striving to model in these
cultures as accurately as possible. Although some proponents of pure
cultures point to cytotoxic factors which are produced and released during
the lifespan of glia (Price and Brewer, 2001) as a reason not to include these
cells (Seibenhener and Wooten, 2012), we believe that the benefits of glialcontaining cultures far outweigh this negative aspect.
Numerous studies have characterised the interaction between
neurons and glia in culture. Both multipolar and bipolar neurons, from rat
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brainstem cultures (E14 – P6, 4 – 9 DIV) associated with glia (Kivell et al.,
2000; Miller and Azmitia, 1999). Furthermore, rat hippocampal cultures (P2 P3, 7 DIV) also contained glia which had complex shapes and several
processes and which were also closely associated with neurons (Pozzi et al.,
2017). Other types of cultured neurons (e.g. brainstem and cerebellum) can
grow on top of a naturally occurring layer of type 1 astrocytes, although there
were also viable neurons on the same coverslips which were not in proximity
to glia (Kivell et al., 2000; Trenkner, 1992).
The positive effects of such interactions are evidenced by the
following observations: i) glial proliferation in hippocampal cultures has been
shown to be protective against excitatory amino acid-induced degeneration
of hippocampal neurons (Mattson et al., 1995; Mattson and Rychlik, 1990), ii)
the use of astroglial-conditioned media (ACM) increased long-term neuronal
survival (up to 60 DIV) in rat embryonic hippocampal (P0 – 3) and
hypothalamic (P21) cultures (Pozzi et al., 2017; Todd et al., 2013; Yamashita
et al., 1992), and iii) we have observed (albeit unquantified) a positive
association between neuron and glia interaction, where long-term viability
and responsiveness of neurons in Ca2+ imaging experiments is increased in
those cultures where neurons and glia are in proximity to each other.
The importance of neuron-glia interactions is also illustrated by the
number of recently published primary culture methods which specifically
seek to foster glial support through the utilisation of, a) astroglial monolayers
which are used as a substrate on which to plate hippocampal neurons
(Ivenshitz and Segal, 2010; Segal et al., 1998), b) glia feeder layers which,
although time-consuming to implement, resulted in high-quality primary
neurons (Beaudoin et al., 2012; Boraso and Viviani, 2011; Kaech and
Banker, 2006; Shimizu et al., 2011) and, c) culturing neurons in ACM (Pozzi
et al., 2017). However, the simplicity and effectiveness of our mixed culture
method make the use of these technically demanding protocols redundant, at
least for our particular application of subsequent Ca2+ imaging between 2 –
14 DIV. Depending upon the specific research question one wishes to
investigate however, the components of the various media suggested herein
could be fine-tuned to generate the particular final cellular composition that
one desired.
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2.4.3 Culture density
Paracrine support from glia and other neurons can also be fostered
using a relatively high plating density. However, above a threshold density,
cells and debris can clump into large aggregates. Although such aggregates
are oftentimes viable it would be almost impossible to accurately visualise
individual cells contained within them (e.g. during Ca2+ imaging
experiments). Furthermore, in our experience at least, such high-density
cultures are not amenable to long-term maintenance.
In line with previous reports (Kaneko and Sankai, 2014), in our hands,
utilising a plating density which is below a certain threshold also resulted in
the complete failure of our cultures. Specifically, rat hippocampal cultures at
a density below 104 cells/cm2 die within days (Banker and Cowan, 1979,
1977; Banker, 1980; Brewer et al., 1993; Brewer and Cotman, 1989; Lucius
and Mentlein, 1995). This may be due to the relatively lower concentrations
of trophic factors such as nerve growth factor, brain-derived neurotrophic
factor and basic and acidic fibroblast growth factor (bFGF and aFGF), that
are released from neurons and glia (Kaech and Banker, 2006), and which
are important for neuronal survival (Barde, 1989; Kaech and Banker, 2006;
Levi-Montalcini, 1966; Varon and Adler, 1980). Interestingly, mature neurons
may be more dependent upon such trophic support, relative to embryonic
tissue (Kivell et al., 2000). That there may be a so-called “sweet-spot” for
culture density is illustrated in work by Kaneko et al. (2014), where rat
hippocampal cultures (E18 – 19) were plated at the following concentrations:
3 × 103, 1 – 1.25 × 104, 2.5 – 3 × 104 and 105 cells ml-1. Maximum neurite
length was measured in these cultures as an indication of neuronal survival
and active neurite growth, When this range of densities was investigated, it
was determined that 3 × 104 cells ml-1 or 8.9 × 103 cells/cm2 were the optimal
plating density for survival of the culture (Kaneko and Sankai, 2014).
Plating density also has important implications for synapse formation
and, therefore, the generation of neuronal networks in culture. In rat cortical
cultures (E18), the mean number of synapses per neuron at 7 DIV was less
than five and did not vary significantly between lower, medium and higher
density cultures (ranging from 10 – 50,000 neurons/mm2; Cullen et al.,
2010). Conversely, at 21 DIV, culture density was inversely proportional to
synapse density (Cullen et al., 2010). Synapse-to-neuron ratio was greatest
at lower neuronal densities (< 500 neurons/mm2), with an average of 400
synapses per neuron, whereas mid to higher neuronal densities (500 - 4500
neurons/mm2) had an average of approximately 150 synapses per neuron
(Cullen et al., 2010). It is possible therefore, that if one wanted to investigate
network activity using this culture method, plating density could be modified
accordingly.
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2.4.4 Choice of medium
Aside from the desired cell-type composition of one's culture, other
factors which determine the choice of the medium one chooses to utilise
include the age of the animal from which the culture is produced, evidence of
the medium’s reliability in fostering healthy cell growth, previous
characterisation of cell development and phenotype in the medium and
financial considerations. Each plating and culture medium has its own
advantages and the composition of each can be altered depending upon the
desired specific application. Investing time in researching optimum medium
composition, to ensure that there are no pharmacological conflicts with one’s
experimental design, is suggested by Nunez et al. (2008). With respect to
our subsequent calcium imaging experiments, DMEM/SR2 did not contain
any compounds of concern. Related to this, the use of fully defined media
and supplements, as opposed to undefined biological supplements such as
FBS during culture maintenance, reduces confounding factors in
experimental design (Kaneko and Sankai, 2014). Some common media and
supplement combinations are listed below:
NB combined with B27. NB is widely used and is generally reported
upon positively in the field (Kivell et al., 2000). It is a commercial formulation
based upon DMEM, which is usually supplemented with B27. NB-A is
formulated for postnatal use and has a higher osmolarity than media
designed for foetal cultures. It is optimised for neuronal survival and growth,
and when supplemented with B27 results in approximately 80% neuronal
survival after 7 DIV for hippocampal cultures plated at 100 cells/mm2 (Xie et
al., 2000). NB/B27 also suppresses glial survival and growth (Zhang et al.,
2006). Specifically, NB/B27 prevents the growth of astrocytes but not
oligodendrocytes (Brewer et al., 1993; Svendsen et al., 1995).
The use of NB is however associated with the appearance of vacuoles
and increased clumping, postulated to result from increased neuronal
projections (Banker and Cowan, 1977; Brewer et al., 1993), when compared
to an alternative medium, NM-2 (composed of 70% MEM and 30% NB; Xie
et al., 2000). Furthermore, there is evidence that a component of NB, Lcysteine, causes NMDA receptor-mediated excitotoxicity in mature neuronal
cultures (12 -14 DIV; Brewer, 1997). As a consequence of this feature, its
use may be limited to maintaining neurons from 1-11 DIV (Hogins et al.,
2011). Furthermore, NB may not be suitable for hippocampal neurons, which
are particularly susceptible to NMDA receptor-mediated excitotoxicity
(Hogins et al., 2011).
B27. In terms of supplementing the base media, serum or a “serum
replacement” supplement is generally used. There are a wide variety of
proprietary serum replacement additives available but B27 is by far the most
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commonly used for a wide array culture protocols (Chen et al., 2008)
probably because it contains a high proportion of antioxidants and promotes
neuronal survival, whilst inhibiting glial growth (Brewer, 1997; Brewer et al.,
1993; Kivell et al., 2000; Marriott et al., 1995). B27 supplementation has
been used for culturing of embryonic neurons from multiple brain regions
(Brewer, 1995) and for the culture of adult rat hippocampal neurons (24 - 36months-old) which remained viable for several months without glial feeder
layers (Brewer and Torricelli, 2007).
However, Chen et al. (2008), reported issues of reliability surrounding
B27. The biological nature and differing procedures for the isolation of
several components in this media, such as BSA and transferrin, results in
variations in product quality. As a solution, this group altered 21 ingredients
of an early published formula of B27, to produce NS21 (Y. Chen et al., 2008).
Key differences between it and NB which increased reliability were the use of
specific product vendors for certain key ingredients and the use of holotransferrin instead of apo-transferrin. This supplement enabled the
production of high quality, reliable cultures, exhibiting normal neuronal
morphology, synapse formation and post-synaptic responses. For instance,
NS21 facilitated the growth of up to five times more filopodia-like structures
during neuronal development than B27 (Y. Chen et al., 2008). We did not
measure the effectiveness of this supplement using our protocol as we did
not feel it was necessary given our success using less expensive SR2.
However, again depending upon individual labs’ requirements/preferences,
this, or any other supplement, could be utilised instead of SR2.
NbActiv4 is described as a recent improvement on the NB/B27
combination, developed by the same group that formulated this classical
medium (Brewer et al., 2008). Its use is associated with improved
measurements of developed synapses in rat hippocampal neurons (E18),
such as increased neuronal spike rates (4- to 8-fold) when compared with
cultures prepared using NB/B27. However, this new proprietary medium
combination is significantly more expensive than NB. Furthermore, aside
from synaptic measurements, whether or not this formulation is a significant
improvement, in terms of culture viability and cellular physiology, on classical
formulations such as that presented herein, is unknown.
Hibernate A (Brewer and Price, 1996) is a form of NB (Brewer et al.,
1993) which has the advantage of maintaining a stable pH out of the CO 2
buffering environment of the incubator. It has been used with B27
supplementation during the trituration and cell isolation procedures in
numerous previously published hippocampal culture protocols (Brewer,
1997; Brewer and Torricelli, 2007; Todd et al., 2013). In our hands, Hibernate
A did not provide any significant improvement in terms of culture success or
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cell survival (determined subjectively) when compared with the use of
standard lab-made HBSS during the trituration and cell isolation procedures.
DMEM and SR2. DMEM is referred to as a basal medium as it
contains no proteins or growth promoting agents and therefore requires
supplementation with specific additives. CO2 regulation is essential to
maintain a pH of 7.4 (Arora, 2013). In our hands, DMEM medium
supplemented with a generic serum replacement supplement, SR-2,
produced reliable and high-quality hippocampal cultures. Therefore, this
combination was used as a replacement for the more expensive NB/B27
combination.
The choice of media becomes more complex when one studies
protocols which utilise blends of currently available media. For example, Xie
et al. (1999) compared the effectiveness of supplemented NB, MEM and
various blends composed of different relative contributions of these two
media such as “NM-2”. This study illustrated that one could tailor and
balance culture solutions to suit one's desired outcomes, such as cell density
and neuron-to-glial ratio.
Importantly, the preparation and long-term survival of our neuronal
cultures was independent of any requirement for either proprietary media
and/or supplements (Ahlemeyer and Baumgart-Vogt, 2005; Beaudoin et al.,
2012; Brewer and Torricelli, 2007; Kivell et al., 2000; Nunez, 2008; Zhang et
al., 2006). To the best of our knowledge, only three other papers have
demonstrated viable mouse postnatal neuronal cultures from central nervous
system tissue, but all utilised the aforementioned proprietary media and
supplements. The method described by Eide and McMurray (2005), using
striatal and cortical mouse tissue, is particularly impressive given the age of
the animals involved, 1 – 1.5-years-old. Unfortunately, it is unclear how these
researchers achieved this outcome as the paper in question lacks
methodological detail about the protocol that was employed to prepare the
neurons. Although the methods employed by both Beaudoin et al. (2012) and
Brewer et al. (2007), using early postnatal (P0 – P1) and adult mouse
hippocampal tissue, respectively, are well described and imply that good
quality cultures can be produced, they are much more laborious and
expensive than the protocol described here. Therefore, our technique would
appear to offer several advantages over these aforementioned studies, in
that the methodology is simple and efficient, cultures can be produced from
older animals (routinely 3 - 6 day-old mice, but several cultures have been
produced up to day 14) and the protocol has relatively lower costs of
production (given the use of non-proprietary supplements).
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2.4.5 Inclusion of glutamine and glutamate
The amino acid glutamine is essential for the survival and growth of
cells in culture (Eagle et al., 1956). L-glutamine (L-Gln) and GlutaMAX / Lalanyl-L-glutamine, which is a stable form of L-Gln, are commonly used
media supplements. The use of GlutaMAX is recommended over L-Gln as
the latter degrades with time to produce ammonia and carboxylic acid, which
are both toxic substances (Seibenhener and Wooten, 2012). According to
the manufacturer’s guidelines, the use of GlutaMAX increases cell viability
and growth reduces or removes the need for medium change (due to the
decreased build-up of ammonia in comparison to L-glutamine) and remains
stable across a wide range of temperatures. Subjectively, we found that
there were more successful cultures when using GlutaMAX over L-Gln and
so this supplement was used routinely.
Another reason for the routine use in the field of GlutaMAX over L-Gln
is that above 4ºC L-Gln deaminates to glutamate which builds up over time
and is excitotoxic to neurons (Choi et al., 1987; Zhang and Bhavnani, 2005).
That being said, when we replaced half the culture media every three days in
an effort to prevent the cytotoxic build-up of glutamate and other toxic
metabolites there were no observable benefits in terms of viability or
development of the neurons. Furthermore, the addition of glutamate to
neuronal cultures may actually be beneficial.
Glutamate plays a key role in CNS neurons where it acts as the
principal fast excitatory transmitter (Verderio et al., 1999) and regulates
neuronal differentiation, cell proliferation, CNS development, cell survival and
synaptic plasticity (Balazs, 2006; Edwards et al., 2010; Verderio et al., 1999).
Indeed, micromolar glutamate concentrations have been used to culture
embryonic neurons, with the aim of facilitating glutamate-dependent
developmental processes (Brewer et al., 1993). Similarly, in adult
hippocampal neurons, glutamate was removed after 4 DIV, presumably after
allowing for its positive developmental effects on plated neurons before
glutamate toxicity occurred (Brewer, 1998, 1997; Brewer et al., 2005).
Furthermore, incubation of adult hippocampal cultures (3 - 6-month-old; rat)
with very low concentrations of glutamate (25 μM; 1 – 7 DIV), promoted a
persistent enhancement of physiological neuronal activity and produced
minimal excitotoxicity, relative to controls (Edwards et al., 2010). Therefore,
we too utilised this low glutamate concentration in all our culture solutions to
promote neuronal development and physiological cell signalling.
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2.4.6 Maintenance
Kaech and Banker (2007) noted that “only the most resolute attempt
to work with cultures beyond 4 weeks.” Indeed, typically with hippocampal
cultures, widespread cell death occurs within 3 – 4 weeks in vitro (Kaech and
Banker, 2006). “Replenishment”/replacement of the maintenance medium is
routinely used in the field, with the aim of removing and diluting waste
products of metabolism and supplying fresh nutrients, in order to maintain
neuronal viability (see below).
However, medium changes are not without their disadvantages. For
example, they risk infecting the culture medium and cell death through
exposure of cells to ambient temperatures and CO2. Furthermore, given the
importance of trophic factors to mature neurons, if replacement is to be
carried out it must be to an extent where these trophic factors are not diluted
to the detriment of cell viability. Attempts to balance these advantages and
disadvantages has resulted in quite varied recommended protocols for
medium replacement, ranging from every 2 to 5 days (Beaudoin et al., 2012;
Hilgenberg and Smith, 2007; Hogins et al., 2011; Lee et al., 2009; Srinivas et
al., 2007), every week (Brewer and Torricelli, 2007; Chen et al., 2008; Kaech
and Banker, 2006b; Kivell et al., 2000; Nunez, 2008; Potter and DeMarse,
2001; Zhang et al., 2006) or leaving it entirely unchanged (Ahlemeyer and
Baumgart-Vogt, 2005; Eide and McMurray, 2005; Xie et al., 2000).
Interestingly Potter et al. (2001) could maintain neuronal viability by
replenishing evaporated water alone. Although in the early stages of the
development of our protocol we did investigate the effects of replacing 50%
of the culture medium every 3 days, we did not observe any significant
difference in the quality or responsiveness of neurons relative to those in
which the medium remained unchanged. Because of this and the fact that
our cultures remain viable for up to one month without medium replacement
(which is well within our needs for subsequent experimental use) we chose
not to include this replacement step in the protocol described herein.
In terms of the upper limits of long-term maintenance in culture, we
have observed sparse but viable cells in our cultures past 100 DIV. This is
significant as the reported upper limit of survival in current mouse
hippocampal culture protocols ranges from 6 – 60 DIV (Table 2.1; early
postnatal and adult mice). As an indication of more long-term viability, Fig 2.9
displays a Ca2+ response from a neuron at approximately 1 month in vitro. In
practice, and as previously mentioned, we generally utilised cultures within 2
– 14 DIV for Ca2+ imaging experiments.
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2.4.7 Culture characterisation
Methodology
The determination of culture composition requires anatomical analysis
of cell type as identification based on morphology alone is relatively
unreliable (Raff et al., 1979). This is due, in part, to the morphological
similarities between multipolar neurons and stellate-shaped type II astrocytes
under phase contrast microscopy (Kivell et al., 2000). Therefore,
immunocytochemistry-based identification, in tandem with morphological
analysis (Kivell et al., 2000) is widely believed to be preferable. For instance,
Kivell et al. (2000) utilised MAP-2 and GFAP positive immunoreactivity, for
neuron and glia identification, respectively. Other cells were assumed to
include fibroblasts, macrophages, oligodendrocytes, and endothelial cells
(Magistretti et al., 1996). The protocol utilised herein adopts a similar
identification protocol based on this method by utilising a pan-neuronal
cocktail which contained MAP-2 and the glial marker, GFAP. Use of the panneuronal cocktail had the added advantage of illuminating, more
comprehensively, the neuronal cytoarchitectural structure. This identification
protocol allowed us to determine the composition, in terms of neuron and
glial cells, of our cultures. In the next section, I will detail how this
composition compares to that obtained using alternative methodologies to
ours.

Culture composition of previous studies
Methods published by Kivell et al. (2000), utilising E14 – P6 rat
brainstem tissue (B27/NB), contain the most extensive cell characterisation
in the field. They presented the following findings:
1. Culture composition was dependent upon the age of the animal, with type
I astrocytes constituting a greater proportion of total cells in older, (P6; 50
- 72%) relative to younger cultures (E14; 17 - 20%).
2. E14 cultures contained a higher proportion of glia than neurons (61% vs
35%) and most neurons were bipolar as opposed to multipolar (40%
versus 21%).
3. Late embryonic (E16 and E20) and early postnatal (P3 and P6) cultures
also contained a higher proportion of glia than neurons (67-73% versus
25-31%) and, as would be expected with a more developed nervous
system, had an increased proportion of multipolar neurons (18-25%)
compared with bipolar (5-9%) neurons with developmental age.
4. Type I astrocytes were more abundant than type II at all development
ages (foetal and postnatal).
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The majority of studies have displayed hippocampal culture
composition as a percentage of neurons and glia present. These studies
include, a) mouse hippocampal cultures (P0.5, 6 DIV, NB/B27) which
contained 7% astrocytes and fewer than 1% oligodendrocytes (Ahlemeyer
and Baumgart-Vogt, 2005), b) mouse hippocampal cultures (P0 - 1, DIV 5,
NB/B27), which contained 6 – 8% glia (Beaudoin et al., 2012), and c) rat
hippocampal cultures (P2 -P3, 7 DIV), which contained 23% glia, when
cultures were maintained in NB/B27, and 32% when maintained in FBS
(Pozzi et al., 2017).
These findings illustrate that before attempting to find correlations
between our work and previous studies one must bear in mind the caveat
that other studies may have utilised different animal species, brain regions,
culture media and/or methods, which will undoubtedly affect the final culture
composition. However, that said, such comparisons are still worthwhile in
terms of identifying general trends in culture characterisation.
The majority of studies measured culture composition in vitro at one
specific point in time or commented generally using subjective observational
evidence. However, there are some exceptions, such as the work of Kivell et
al. (2000), which showed that the proportion of glia in brainstem cultures
(E14 – P6, rat) remained constant from 4 – 9 DIV. Although these cells did
not proliferate and overgrow, they still remained viable. Serum-free culture
conditions, such as the B27/NB medium used in the aforementioned study,
are known to inhibit astrocytic cell division and proliferation in culture (Brewer
et al., 1993; Kivell et al., 2000; Marriott et al., 1995).
Conversely, in our study we showed that by using our DMEM/SR2
medium combination without replacement, there was a steady increase in
the percentage of glial cells (ranging from 25% to 60%), out of the total
number of viable cells, from 2 – 20 DIV (Figs 2.5 and 2.7). Despite this
increase, glial cells did not proliferate to an extent which hindered Ca2+
imaging experiments. The difference in glial composition between our
protocol and that of Kivell et al. (2000) is likely due to the use of FBS to
supplement plating media. Whilst FBS causes glial proliferation (and
potentially enhances their trophic support of neurons), it also encourages
neuronal attachment and survival during this critical plating period (Kivell et
al., 2000; Pozzi et al., 2017). For instance, when rat hippocampal neurons
(P2 – P3) were plated in serum-free NB/B27 media, neuronal death
increased and there was an absence of electrical activity. When the same
culturing procedure was repeated with ACM medium or plating medium
supplemented with FBS, it produced viable hippocampal cultures with normal
physiology which could be maintained for over one month (Pozzi et al.,
2017). Therefore, the dilution of FBS after 1 hour of plating as opposed to the
removal of FBS and the resulting glia growth was effective for culture
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survival, maintenance and practical use of the experimental units. The ratio
of glia to neurons in our cultures between 2 – 20 DIV could be altered,
should a researcher desire a more neuron-enriched culture. This could be
achieved, for example, by the removal of FBS after plating, instead of diluting
it as we have done.

Measurement of Culture Quality
The immunocytochemical studies which allow culture composition to
be determined also have the advantage of allowing us to study neuron
morphology. A physiologically-relevant temporal change in neuron
morphology is indicative of healthy and maturing neurons, as discussed in
Section 2.1.4 Characteristics of hippocampal cultures. Such temporally
determined observations include an increase in process length, the
development of multiple well-arborised dendrites (Y. Chen et al., 2008) and
increased neuron-neuron and neuron-glial (depending on the desired purity
of culture) connections and synapses (Zhang et al., 2006).
With respect to glia, immature astrocytes have relatively simple and
undifferentiated morphology with a low degree of arborisation. In contrast,
mature astrocytes have highly branched and complex arborisation, observed
after 2 months in vitro in rat hippocampal neurons (P2 - 3, NB/ACM; Pozzi et
al., 2017), which is similar to their structure in vivo (Cerbai et al., 2012;
Puschmann et al., 2013). If astrocytes have a fibroblast-like morphology, it is
likely to be an artefact of serum being included in the culture medium (Foo et
al., 2011; Landis et al., 1990). The fact that neurons and glia in our cultures
clearly exhibit evidence of maturation (by 2 and 5 DIV, respectively),
connectedness (Fig 2.5), and markers of functional synapses (Fig 2.6), is an
indication of the usefulness of this protocol in modelling physiologicallyrelevant neurons, glia and neuronal networks. Notably, cultures produced by
this method appear to mature much more rapidly than the relatively slow
process outlined for previous methods in Section 1.4. Of particular note is the
formation of mature axons, dendrites and synapses by 2 DIV, indicating
stage five development, in comparison to previous cultures exhibiting such
developmental markers at 3 – 4 DIV (Craig and Banker, 1994; Dotti et al.,
1988; Fletcher and Banker, 1989).
Moreover, cultures produced using our method have been utilised
routinely for hundreds of Ca2+ imaging experiments, including those
presented in Chapters 3 and 4. These hippocampal cultures displayed
physiological characteristics and responses which were similar to those
previously presented using other hippocampal culture methods (e.g. Zhang
et al., 2010). Examples of physiologically-relevant Ca2+ responses to stimuli
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such as membrane depolarisation and stimulation of ACh, NMDA and
glutamate receptors are presented in Fig 8.

Alteration of phenotype in vitro
Related to the anatomical changes of cells that occur during
development in vitro, the question arises; does cellular physiology change in
a similar temporal manner to development in vitro and, if so, what is the
extent of these changes? Such physiological changes may be related to
natural developmental and/or ageing processes and/or unnatural
environmental influences generated by the particular culture methodology
that was employed. Such unnatural influences include altered O2
dependency, saturated nutritional state and/or the build-up of waste
products, metabolites and signalling factors which may be processed and
regulated differently in vivo. As an indication of how phenotype can be
altered in vitro, to counterbalance the use of embryonic tissue as a proxy for
‘mature’ tissue, some methods recommend “maturing” cells in vitro before
use. For example, Xenopus spinal neurons and rat superior cervical ganglia
cells begin to exhibit “mature” action potentials after 14 DIV (Baccaglini and
Spitzer, 1977; Nerbonne and Gurney, 1989). Conversely, when measuring
Ca2+ currents in response to depolarising membrane potentials, no
differences were detected in neurons between 1 - 7 DIV (Zhang et al., 2006).
In our own Ca2+ imaging experiments, there is limited evidence that
hippocampal neurons exhibit developmental differences, dependent on in
vitro development (2 – 20 DIV), in depolarisation-induced Ca2+ influx
(appendix figure 1 (Fig A.1), B, ii & iv; Fig A.2, B, ii; Fig A.7, F, ii) and ImGluR-mediated signalling (Fig 3.6).

2.4.8 Improvement on methods
Increasing viability
The addition of neuroprotective mediators throughout the culture
protocol may be one feasible means of increasing neuronal viability. Such
neuroprotective strategies include using, a) the NMDAR antagonist ifenprodil
(Graham et al., 1992), b) the caspase inhibitor carbobenzoxy-valyl-alanylaspartyl-[O-methyl]- fluoromethylketone (z-VAD-FMK; Han et al., 2002), c) 3aminobenzamide to suppress oxidative stress-induced cell death (Zingarelli
et al., 1997), d) deoxyribonuclease (DNase) inhibition of DNA-mediated
neuron-debris clumping (Kaneko and Sankai, 2014), and e) cholesterol
addition compensating for the lack of cholesterol released by glia (only
relevant to pure cultures), a process which is essential for synaptogenesis
(Mauch et al., 2001). However, Eide et al. (2005) found that no significant
advantage was gained by exposing neurons to any of the factors mentioned
above, as measured by cell attachment to a substrate or overall neuronal
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survival. However, it should be noted that in this particular case, the
hippocampal tissue was incubated with these compounds prior to cell
dispersal (papain treatment and trituration), rather than the substances being
added to the culture medium. It would be worthwhile repeating these
experiments with compounds added during, or after, papain treatment,
and/or trituration as they are the primary stress events that the neurons
experience during the culturing process.
A role for bFGF in the development and viability of cultured neurons
has been well established. bFGF is known to activate anti-apoptotic
pathways (König et al., 1997; Miho et al., 1999) and promotes neurogenesis
(Sun et al., 2009; Tao et al., 1996; Yoshimura et al., 2001). In culture, it
facilitates the proliferation and differentiation of rat brainstem neurons (P3 –
5; Zhang et al., 2006). Furthermore, it can increase neuronal survival up to
threefold, independent of age, in rat hippocampal (11 - 36-months-old) and
brainstem cultures (Brewer, 1997; Zhang et al., 2006). Therefore, the
inclusion of bFGF during plating and in the maintenance media could be
investigated as further optimisation of the current method.

Use of an oxygen controlled incubator
The rationale behind the utilisation of controlled oxygen incubators
has been outlined previously (Section 2.1.3 Limitations of the culturing
method). It would be of interest to investigate whether or not the use of such
an incubator has similar positive effects on neurite growth in our cultures as
that described previously (Brewer and Torricelli, 2007; Genetos et al., 2010).
However, as mentioned previously, the inverted coverslip method and the
resulting creation of a more physiological microenvironment may also reduce
the partial pressure of O2 which cultured cells are exposed to (Brewer and
Cotman, 1989). Alternatively, a reducing agent, such as 2-mercaptoethanol
(a thiol), which causes the chemical reduction of numerous substances,
could also be used to replicate the low oxygen conditions in vivo (Grill and
Pixley, 1993; Ishii et al., 1993; Kaneko and Sankai, 2014).
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2.5. Conclusions
In summary, we present here a simplified, economical and reliable
method for the consistent production of primary hippocampal cultures from
postnatal mouse hippocampal tissue. Furthermore, the neurons within these
cultures, in addition to displaying characteristics of normal, healthy neurons,
also exhibit consistent and reproducible responses to physiological stimuli
which have been investigated in Chapters 3 and 4. We propose that this
method could also be utilised to produce cultures of other postnatal mouse
neuronal tissues.
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3. mGluR Signalling
3.1 Introduction
Glutamate is the primary excitatory neurotransmitter (NT) in the
mammalian CNS and thus is essential for a wide range of neuronal and glial
functions (Niswender and Conn, 2010). In the context of Ca2+ signalling, the
primary pathways of glutamate signalling are: a) a rapid entry of Ca2+
through Ca2+ permeable PM bound ionotropic glutamate receptors (iGluRs),
namely NMDARs (Sommer and Seeburg, 1992) and AMPARs (Wiltgen et al.,
2010) which enables their modulation of cellular excitability (Niswender and
Conn, 2010) and b) a relatively slower mobilisation of Ca2+ from intracellular
stores following mGluR stimulation (specifically group I mGluRs; Morikawa et
al., 2003) and activation of downstream signalling pathways, processes
which are generally mediated by guanine nucleotide-binding regulatory
proteins (G-proteins; Fagni et al., 2000). Stimulation of mGluRs, specifically
I-mGluRs, and the subsequent downstream signalling pathways involved,
comprise a central theme running through this PhD thesis.
The eight mGluR subtypes (mGluR1 - 8) are widely distributed
throughout the CNS and are divided into three functional groups: group I
(mGluR1 and 5), group II (mGluR2 and 3) and group III (mGluR4, 6, 7 and 8)
mGluRs, based upon their sequence homology, structure, ligand selectivity,
pharmacology, G-protein coupling and downstream signalling similarities
(Conn and Pin, 1997; Nakanishi, 1992).
mGluR subtypes are differentially expressed in a cell type-dependent
manner and display distinct distributions in particular brain regions, as well
as at pre- and post-synaptic localisations in neurons (Nomura et al., 1994;
Ottersen and Landsend, 1997; Shigemoto et al., 1997; Tamaru et al., 2001)
and glia (Biber et al., 1999). I-mGluRs are expressed in both neurons and
glia, including microglia and astrocytes (Bernstein et al., 1998; Biber et al.,
1999). In the hippocampus, the tissue where the experimental unit of this
study was produced from, I-mGluR immunostaining is dense in post-synaptic
membranes and densities as well as in perisynaptic and extrasynaptic
membranes (Baude et al., 1993; Lujan et al., 1996; Luján et al., 1997;
Nusser et al., 1994; Petralia et al., 1997). Immunoreactivity of a splice variant
of mGluR, mGluR1a, is particularly strong in interneurons of the CA1 region
and some CA3 pyramidal neurons. Conversely, mGluR1a staining is weak in
hippocampal CA1 pyramidal cells and granule cells of the dentate gyrus
(Baude et al., 1993; Chuang et al., 2002; Lu et al., 1997; Lujan et al., 1996;
Petralia et al., 1997). mGluR5 staining is prominent in hippocampal CA1
pyramidal neurons (Chuang et al., 2002; Lu et al., 1997; Lujan et al., 1996;
Luján et al., 1997). Such differential expression of I-mGluR splice variants
may reflect a method of enhancing the specificity of I-mGluR coupling to
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downstream signalling targets in different cell types and/or localisations
(Fagni et al., 2000).
Indeed, often the role of specific mGluR sub-groups and subtypes is
determined by their expression in a neuronal population and/or subcellular
localisation (Niswender and Conn, 2010). For instance, I-mGluR mediated
Ca2+ signalling can generate slow EPSPs in hippocampal pyramidal neurons
(Congar et al., 1997) and cerebellar Purkinje cells (Batchelor and Garthwaite,
1997), whilst it generates IPSPs in dopaminergic neurons (of the ventral
tegmental area; Williams and Fiorillo, 1998). Furthermore, I-mGluRs located
pre-synaptically or post-synaptically can either increase or decrease NT
release (Anwyl, 1999; Bellone et al., 2008; Pinheiro and Mulle, 2008).
Importantly, there is also significant functional interaction between mGluRs at
different localisations, evidenced by the fact that glutamate acting postsynaptically can exert positive feedback to increase NT release in the
hippocampus (Hu and Storm, 1991), cerebral cortex (Herrero et al., 1992)
and hypothalamus (Schrader and Tasker, 1997).
As mentioned previously, mGluRs are members of the G-proteincoupled receptor (GPCR) superfamily (Morikawa et al., 2003) and as such
are membrane-bound and activated by a diverse range of extracellular
ligands including hormones, peptides and NTs (Pierce et al., 2002). Ligand
binding induces a conformational change in the GPCR which activates
specific G-protein(s) associated with it (Niswender and Conn, 2010)
I-mGluRs canonically couple to Gq protein/PLC-mediated signalling
resulting in Ca2+ mobilisation from intracellular stores (for reviews see Conn
and Pin, 1997; Fagni et al., 2000; Krause et al., 2002; Valenti et al., 2002)
such as those within hippocampal neurons (Rae et al., 2000; Rae and Irving,
2004; Sohn et al., 2011). More specifically, activated PLC catalyses the
formation of inositol (1, 4, 5) trisphosphate (IP3) and diacylglycerol (DAG;
from phosphatidylinositol‑4, 5‑bisphosphate (PIP2)). IP3 activates IP3dependent receptor channels (IP3Rs) on the endoplasmic reticulum (ER),
resulting in Ca2+ release into the cytosol (Li et al., 2002; Niswender and
Conn, 2010). This has critically important consequences for cellular
signalling (described in more detail in section 1.7 Learning and Memory).
However, despite the widely accepted view that this type of I-mGluR
signalling is PLC-dependent, it is well documented in both overexpression
and recombinant systems, as well as more physiological cellular models, that
these receptors are promiscuous, in that they appear to be capable of
coupling to multiple intracellular signalling cascades (Hermans and Challiss,
2001). For example, several reports have suggested that certain downstream
effects of I-mGluR activation on membrane currents and intracellular Ca2+
release can occur independently of either PLC (Chavis et al., 1998; del Río
et al., 1999; Ireland et al., 2004, 2002; Sohn et al., 2007; Young et al., 2004)
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and/or IP3R activation (Chavis et al., 1996; Currie et al., 1995; del Río et al.,
1999; Gafni et al., 1997). In this context, one possible explanation for these
findings, and a key element to this thesis (discussed in Chapter 4 mGluRARC Signalling) is the coupling of I-mGluRs to the enzyme ADP-ribosyl
cyclase (ARC; Sohn et al., 2011), which catalyses the production of cyclic
ADP ribose (cADPR). cADPR, in turn, stimulates Ca2+ mobilisation through
RyRs on the ER (Kaar and Rae, 2015).
Neuronal SOCE is considered essential to maintaining I-mGluR-driven
signals, at least in cultured cortical neurons (González-Sánchez et al.,
2017). Subsequently, this increased [Ca2+]i combines with the actions of
synthesised DAG to activate protein kinase C (PKC) which, in turn,
determines the activation state of I-mGluRs and is intertwined with the
activities of the downstream components of mGluR-stimulated signalling
cascades (Conn and Pin, 1997; Hisatsune et al., 2005; Murphy and Miller,
1988; Sorrentino et al., 1996). It is also worth noting that [Ca2+]i levels can
also enhance the activity of PLC and thereby regulate intracellular Ca2+
mobilisation in a feedforward manner (Nakamura and Fukami, 2017; Suh et
al., 2008).
Numerous downstream signalling cascades are modulated by the
activity of G-proteins. For instance, depending upon cell type or neuronal
population, Gq activates ion channels and protein kinase pathways including
casein kinase 1, cyclin-dependent protein kinase 5 and c-Jun N-terminal
kinase (JNK; Yin and Niswender, 2014). Two further kinase pathways, the
mitogen-activated protein kinase/extracellular receptor kinase (MAPK/ERK)
and the mammalian target of rapamycin (mTOR)/p70 S6 kinase pathway, are
particularly important for the regulation of synaptic plasticity by mGluRs (Hou
and Klann, 2004; Li et al., 2007; Page et al., 2006). I-mGluR activation also
enhances the expression of the c-fos gene, an indicator of calcium-induced
transcription of various genes (Mao and Wang, 2003).
Numerous roles specific for I-mGluRs have been revealed within the
CNS, including the regulation of synaptic transmission and neuronal
excitability, as well as the induction of long-lasting forms of synaptic plasticity
including LTD and LTP (Anwyl, 1999; Bashir, 2003; Bellone et al., 2008;
Bortolotto et al., 1999; Conquet et al., 1994; Ichise et al., 2000; Jia et al.,
1998; Kullmann and Lamsa, 2008; Lu et al., 1997). This modulation of
neuronal excitability is a function of an underlying modulation of a number of
ion channel conductances and can result in robust excitation as well as more
subtle effects, such as changes in the pattern of cell firing, synchronisation of
network activity and cellular responses to excitatory input (Anwyl, 1999;
Chuang et al., 2001; Cobb et al., 2000; Conn and Pin, 1997; Coutinho and
Knöpfel, 2002; Valenti et al., 2002; Woodhall et al., 1999). This range of
functions is also enabled by a repertoire of downstream effectors modulated
Ca2+
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by I-mGluRs in both a G protein-dependent and - independent manner, as
will be discussed in subsequent sections.

3.1.1 Downstream Signalling
Depolarisation
Stimulation of I-mGluRs depolarises hippocampal cells (Bianchi et al.,
1999; Bortolotto and Collingridge, 1995; Davies et al., 1995). In this respect,
within hippocampal neurons at least, mGluR1 is more effective at mediating
depolarising responses than mGluR5. As such, the degree of depolarisation
induced by I-mGluR activation will be dependent upon the expression of
mGluR subtype which, in turn, differs according to cell type (Chuang et al.,
2002). Mechanistically, I-mGluR mediated ion channel modulation can occur
directly via G-proteins as well as downstream of second messenger
formation. Furthermore, there are numerous conductance mechanisms
proposed to underlie such I-mGluR mediated depolarisation (Chuang et al.,
2002), as outlined below.
a) I-mGluRs decrease both voltage-dependent and -independent K+
conductances (Chuang et al., 2001, 2000; Guérineau et al., 1994; Lüthi et
al., 1996; Wu and Barish, 1999). Inhibition of this K+ current results in an
excitatory response manifesting as either a slowly developing depolarisation
and inward current and/or an inhibition of action potential firing
accommodation (Fagni et al., 2000).
b) I-mGluRs modulate Ca2+ -sensitive K+ channel conductances
(Bianchi et al., 1999; Charpak et al., 1990; Jaffe and Brown, 1997; Rae and
Irving, 2004; Shirasaki et al., 1994). This modulation primarily results in
decreased conductance, although variable results have been found, as
discussed in greater detail below.
c) I-mGluRs activate the Na+/Ca2+ exchanger resulting in
depolarisation in neurons of the amygdala (Keele et al., 1997), striatum
(Dumuis et al., 1993), melanin-concentrating hormone (MCH) neurons of the
hypothalamus (Huang and van den Pol, 2007) and cerebellar Purkinje
neurons; Linden et al., 1994; Staub et al., 1992).
d) I-mGluRs initiate a Ca2+ -activated non-selective cationic (CAN)
current (ICAN) through intracellular CAN channels (Partridge et al., 1994) in
hippocampal CA1 pyramidal neurons. In CA3 neurons (rat; organotypic slice
cultures) this excitatory current is characterised as a transient receptor
potential (TRP)- like conductance which can be activated in a G-protein independent (possibly by an Src-family protein tyrosine kinase, in a [Ca2+]i
dependent manner (Heuss et al., 1999)) and G-protein-dependent manner
(Gee et al., 2003).Furthermore, the Ca2+ source of this current is likely to be
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from intracellular stores (Congar et al., 1997; Crepel et al., 1994). These
conductances can be activated synaptically and may be involved in
regulating synaptic plasticity (Batchelor and Garthwaite, 1997).
e) I-mGluRs activate a PLCβ/ER-dependent, voltage-gated inward
current (ImGluR(V)) which may have a role in loading intracellular stores. This ImGluR-mediated increase in [Ca2+]ER could occur directly, via activation of
VGCCs (Rae et al., 2000) or indirectly via an “intrinsic Ca2+ permeability”
through linking I-mGluR signalling with TRP channels (Kim et al., 2003; Tozzi
et al., 2003). Although this current has been investigated across numerous
neuronal cell types it likely reflects a mixture of currents dependent upon
differing underlying conductances in the cell being investigated (Anwyl,
1999). ImGluR is activated in CA3 pyramidal cells (where it is critical in
generating prolonged rhythmic bursts in these cells (Chuang et al., 2001,
2000; W. Zhao et al., 2001)) but not CA1 cells, and as such the overall ImGluR mediated response is decreased in CA1 cells, due most likely to a
functional deficit in mGluR1 expression (Bortolotto and Collingridge, 1995;
Chuang et al., 2002; Lu et al., 1997). It is also worth noting that such a
functional deficit in mGluR1-mediated signalling in CA1 cells is dependent
upon murine species (i.e. mouse vs rat), developmental stage and/or
differences in experimental protocols (Chuang et al., 2002; Ireland et al.,
2002; Mannaioni et al., 2001). However, a role for mGluR1 in CA1 pyramidal
neuronal signalling (both [Ca2+]i and ImGluR) has been observed in numerous
studies (Ireland et al., 2002; Mannaioni et al., 2001; Nakamura et al., 2000).
With regard to ImGluR specifically, functional studies utilising hippocampal
neurons show that either mGluR5 alone (Rae et al., 2000) or both mGluR1
and 5 are critical in mediating this current (Gee et al., 2003; Rae and Irving,
2004). In CA1 pyramidal neurons, ImGluR is thought to reflect a mixture of
inhibition of certain K+ conductances, and activation of a ICAN (Chuang et al.,
2002; Congar et al., 1997; Crepel et al., 1994; Ireland et al., 2002; Mannaioni
et al., 2001). Specifically, in CA1 pyramidal neurons this inward current
exhibits the following characteristics; a) prolonged time course (ranging from
9 – 30 minutes), b) a decrease in membrane conductance, c) it is temporally
distinct from the brief increase in [Ca2+]i following I-mGluR activation (Rae
and Irving, 2004) and, d) is facilitated by neuronal depolarisation (Chuang et
al., 2000; Lüthi et al., 1996; Rae and Irving, 2004). This depolarisation results
in an increase in ionic driving force for K+ efflux which, along with removal of
Mg2+ block from cationic NMDAR-mediated currents (Congar et al., 1997;
Guerineau et al., 1995), or increased [Ca2+]i (Gee et al., 2003), may further
potentiate this ImGluR (Rae and Irving, 2004).
However, the dependence of this I-mGluR-activated inward current on
intracellular Ca2+, possibly generated via ER Ca2+ mobilisation (Congar et al.,
1997; Crepel et al., 1994; Gee et al., 2003; Kettunen et al., 2003; Woodhall
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et al., 1999) is debatable (Bianchi et al., 1999; Guerineau et al., 1995; Ireland
et al., 2002; Nakamura et al., 2000). Indeed, Rae and Irving (2004)
demonstrated that although the I-mGluR activated inward current evoked in
rat CA1 pyramidal neurons by DHPG (I-mGluR agonist) did display some
dependence on Ca2+ (only being significantly reduced in amplitude with
either prolonged, high intracellular concentrations of the Ca2+ buffer BAPTA
or perfusion with Ca2+-free/EGTA (calcium chelator; 1 mM) aCSF, it was
much less sensitive to alterations in cytosolic Ca2+ than the release of Ca2+
from the ER.

Regulation of VGCCs and iGluRs
Aside from the mechanisms of ion channel modulation and
depolarisation listed above, I-mGluRs also possess numerous means of
modulating VGCC and iGluR activity.
Direct G-protein mediated modulation of P/Q- and N-type VGCCmediated Ca2+ conductances by mGluR1 and 5 has been observed in both
neurons and recombinant cell systems (Choi and Lovinger, 1996;
Kammermeier and Ikeda, 1999; McCool et al., 1998). Glutamate-induced
depolarisation by either mGluRs (as discussed in the previous section) or
iGluRs can activate VGCCs and also evoke Ca2+ influx indirectly. This results
in a significant degree of physiologically relevant cross-talk between these
receptors and their related signalling pathways (Fagni et al., 2000). In acutely
dissociated hippocampal neurons, for example, glutamate-mediated Ca2+
influx was due to both AMPAR-mediated depolarisation which subsequently
activated L-type VGCCs, but did not involve NMDAR activation (Sohn et al.,
2011). The fact that this was an NMDAR-independent effect may be due to
where the NMDARs are localised. Thus, NMDAR-mediated Ca2+ entry
occurs primarily in neuronal spines which tend to be more concentrated at
oblique dendrites in vivo and in acute brain slices (Bannister and Larkman,
1995; Kovalchuk et al., 2000; Migliore et al., 2005; Nakamura et al., 2002).
However, acutely dissociated neurons generally lack this type of ‘oblique’
dendrite which would therefore reduce, or eliminate, the role of NMDARs in
glutamatergic signalling in these cells (Sohn et al., 2011). Interestingly, Sohn
and colleagues (2011) also demonstrated that the contribution of the
AMPAR/L-type VGCC -mediated calcium influx to glutamate-induced somatic
Ca2+ signalling in acutely dissociated hippocampal neurons was larger than
the contribution of Ca2+ release from intracellular stores mediated by ImGluRs, illustrating the potential importance of this Ca2+ entry pathway to
overall glutamatergic signalling (Sohn et al., 2011).
On the other hand, I-mGluRs modulate synaptic transmission by
potentiating NMDAR-, but not AMPAR-, mediated currents in striatal and
spinal cord neurons (Krieger et al., 2000; Pisani et al., 1997). The
mechanism by which this occurs involves attenuation of the inhibitory actions
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of CaM at NMDARs due to CaM buffering of I-mGluR/PLC-mediated
increases in intracellular Ca2+ (Ehlers et al., 1996). Furthermore, I-mGluRs
enhance NMDAR activity in rat hippocampal slices, in a manner independent
of Ca2+ release from stores (Enokido et al., 1996; Harvey and Collingridge,
1993). This mechanism helps to explain the potentiating effect of mGluR
agonists on NMDAR-mediated LTP induction in the hippocampus
(McGuinness et al., 1991; Otani and Ben-Ari, 1991). Conversely however,
one study has shown that NMDAR-mediated whole-cell currents were
reversibly attenuated by I-mGluR stimulation in cultured mouse cortical
neurons (Yu et al., 1997). The reason for these contradictory findings
remains unclear, however.
Interestingly, NMDAR activation can also enhance I-mGluR activity.
For example, NMDAR-mediated Ca2+ influx in cultured rat hippocampal
neurons and hippocampal CA1 pyramidal neurons (Luthi et al., 1994, Rae et
al., 2000), and L-type VGCCs in apical dendrites of hippocampal CA1
neurons; (Emptage 1999, Nakamura et al., 2000, 1999), cultured mouse and
rat hippocampal neurons, and CA1 pyramidal neurons from rat hippocampal
slices, potentiates I-mGluR mediated ER Ca2+ signals, to evoke enhanced or
“supralinear” intracellular calcium responses (Rae et al., 2000; Rae and
Irving, 2004). These findings are supported by similar results showing that
ER-mediated Ca2+ release in hippocampal cultures, acutely dissociated adult
mouse DRG neurons and PC12 cells (via muscarinic receptor or RyR
activation) is potentiated by increased Ca2+ influx (via depolarisation and/or
NMDAR activation; Friel and Tsien, 1992; Garaschuk et al., 1997; Irving and
Collingridge, 1998; Koizumi et al., 1999; Shmigol et al., 1996).
So-called supralinear Ca2+ signals are a signalling paradigm of
synaptic activation (Nakamura et al., 1999; Rae et al., 2000) and proposed to
be a rough correlate of in vivo “learning events” (Magee and Johnston, 1997;
Markram et al., 1997). Supralinear responses are proposed to arise from the
Hebbian pairing of I-mGluR stimulation with a depolarisation stimulus to
produce a Ca2+ response that is greater than that generated by the sum of
each individual stimulus, i.e. the summation of the Ca2+ response due to
depolarisation and that due to I-mGluR stimulation (Rae et al., 2000). Similar
types of enhanced responses were also observed when NMDAR activation
was paired with membrane depolarisation (Koester and Sakmann, 1998; Rae
et al., 2000; Schiller et al., 1998; Yuste and Denk, 1995).
I-mGluR-mediated Ca2+ release also enhances action potential/L-type
VGCC-mediated pre-synaptic Ca2+ transients, which can, in turn, enhance
both NT release (Atlas, 2013) and synaptically-evoked EPSCs (Nakamura et
al., 2015). These effects are blocked by ryanodine in the lamprey spinal cord,
suggesting RyR involvement (Cochilla and Alford, 1998). mGluR5 stimulation
also enhances L-type VGCC-mediated Ca2+ currents in GABAergic neurons
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of the hippocampus, with L-type VGCC currents also being potentiated by
RyR-mediated Ca2+ mobilisation and PKC in the same cells (Topolnik et al.,
2009). Similarly, mGluR1 mediates a large, oscillatory increase in L-type
VGCC conductance in cerebellar granule cells that is RyR-dependent, but
IP3-independent (Chavis et al., 1996). This particular study differs from those
mentioned before it in that the proposed mechanism underlying the
enhanced I-mGluR signalling is unaffected by calcium chelation (using
BAPTA) or block of IP3Rs (using heparin) and is not mimicked by intracellular
IP3 dialysis. Instead, this enhancement arises from the promotion of physical
and functional coupling between I-mGluRs, RyRs and L-type VGCCs (Chavis
et al., 1996; Fagni et al., 2000). Furthermore, it is proposed that I-mGluR
coupling to L-type VGCCs occurs in the proximity of Ca2+ mobilisation sites.
In so doing, this may allow for the replenishment of ER stores following ImGluR stimulation (Irving et al., 1992a; Murphy and Miller, 1989). Lastly,
cADPR may also play have a role in I-mGluR mediated L-type VGCC signal
potentiation seen within NG108-15 cells (Hashii et al., 2000).
In contrast to the evidence listed above illustrating the numerous
means of I-mGluR – mediated neuronal excitation, I-mGluR evoked Ca2+
elevations can also inhibit VGCC opening in numerous brain regions
including the hippocampal formation (Anwyl, 1999; Ikeda et al., 1995; Shen
and Slaughter, 1998) by activating/modulating Ca2+ -sensitive K+ channel
activity, as discussed next.

3.1.2 I-mGluR signalling and the Ca2+ hypothesis of AD
ER channels
As outlined in Section 1.4 Ca2+ Hypothesis, ER Ca2+ dyshomeostasis and
signalling dysregulation are hallmarks of AD. However, at this point, it is
worthwhile summarising the aspects of ER Ca2+ dysregulation which are of
particular relevance to this thesis section.
• RyRs and IP3Rs are heavily implicated in mediating neuronal calcium
dysregulation in murine transgenic models of AD (including 3xTg-AD
mice and PS1 mutant mice; Chakroborty et al., 2009; Chan et al.,
2000; Guo et al., 1999b; Smith et al., 2005; Stutzmann et al., 2006;
Supnet et al., 2006; Zhang et al., 2010).
• Significant differences are evident in Ca2+ signalling and
electrophysiological parameters when 3xTg-AD neurons are
compared with controls in response to direct activation of IP 3Rs and
RyRs (Chakroborty et al., 2009; Kuchibhotla et al., 2008; Rae et al.,
2000; Rae and Irving, 2004; Stutzmann et al., 2007). For instance, of
particular relevance to the results contained herein, direct IP3R
stimulation with caged IP3 results in somatic Ca2+ responses which
were up to 300% larger in neurons of PS1M146V (same PS1 mutation
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as that of 3xTg-AD mice) and 3xTg-AD mice than in control neurons
(Stutzman et al. 2007). Similarly, RyR-mediated [Ca2+]i responses
were also much larger (approximately 400%) in cultured 3xTg-AD
hippocampal neurons in comparison to non-Tg neurons (Zhang et al.
2010).
Ca2+ responses mediated by SOCE are much larger in non-Tg
neurons relative to 3xTg-AD and PS DKO neurons (2-fold increase;
cultured hippocampal neurons; 0 - 1-days-old; 12 - 13 DIV) and in
vitro in cells expressing PS FAD mutations, possibly reflecting PS
mutation-dependent increases in [Ca2+]ER (Akbari et al., 2004; Herms
et al., 2003; Leissring et al., 2000; Yoo et al., 2000)

mGluRs
There are limited lines of evidence specifically implicating mGluRmediated Ca2+ signalling, depolarisation-induced Ca2+ entry and/or ER Ca2+
mobilisation in AD, most of which are concerned with APP-related proteins.
For example,
a) I-mGluR-mediated PLC activation is impaired in the cerebral cortex of AD
patients (Albasanz et al., 2005).
b) Previous work from our lab group demonstrated that there are clear
differences in hippocampal I-mGluR mediated Ca2+ signals from young 3xTgAD mice (cultured hippocampal neurons; 3 - 5-days-old; 7-14 DIV) relative to
age-matched control neurons (Morley et al., 2012, 2011).
c) mGluR5 inhibition suppressed early-stage (3-weeks-old) network
hyperexcitability in 3xTg-AD mice (Kazim et al., 2017).
d) Depolarisation of cortical synaptoneurosomes (containing vesicularised
elements of the pre-synapse and post-synapse which are used to study
synaptic transmission, see Johnson et al., 1997; Westmark et al., 2011) from
APPSWE/V717F mice (10 - 14-days-old; extracellular application of K+ (40 mM))
resulted in Ca2+ influx via L-type VGCCs. This rapidly decreased levels of
αCTF and βCTF, suggesting that ƴ-secretase was being rapidly activated
(Kim et al., 2010). Depolarisation also activated α-, β- secretases and
resulted in rapid Aβ40 and Aβ42 generation and release into the extracellular
environment (Kim et al., 2010).
e) Stimulation of synaptoneurosomes with the I-mGluR agonist DHPG
produced very different effects and resulted in αCTF and βCTF accumulation
and Aβ40 release, but not the release of Aβ42. This suggests that activation of
I-mGluRs and the subsequent profile of Ca2+ mobilisation, as opposed to that
due to extracellular Ca2+ entry, results in activation of α- and β- secretases
without significant activation of γ-secretase (Kim et al., 2010). Non-subtypespecific mGluR agonists can also stimulate the secretion of the
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neuroprotective and Ca2+ stabilising APPsα in cultured hippocampal neurons
(Lee et al., 1995) and cortical rat brain slices (Kirazov et al., 1997) likely via
an enhancement of α-secretase activity (i.e. the non-amyloidogenic APP
processing pathway). Furthermore, inhibition of either mGluRs or PKC
prevented sAPP release, which suggests that PKC was the mediator of
mGluR effects on α-secretase (Lee et al., 1995). Similarly, mGluR-mediated
sAPP production was observed in HEK293 cells transfected with mGluR1α
(Lee et al., 1995). In these cells, a more detailed mechanism of APP
processing was proposed whereby protein kinases, phospholipase A2
(PLA2) and melittin (a peptide that stimulates PLA2; Nitsch et al., 2002)
mediate mGluR1α-stimulated sAPP production. In rat cerebral cortical slices,
APP cleavage and sAPPα formation are primarily mediated by mGluRs,
whilst AMPAR activation suppressed the processing of APP to sAPP
(Kirazov et al., 1997). Therefore, AD-dependent impairment of mGluRmediated signalling (Albasanz et al., 2005) may reduce the overall levels of
non-amyloidogenic APP processing within the CNS. Conversely, however,
mGluR5 activation can also lead to rapid APP mRNA translation in the
synapse, which has the potential to increase the levels of its toxic
metabolites (Sokol et al., 2011; Westmark, 2013; Westmark and Malter,
2007).
f) As discussed in Section 1.2.6 Molecular actions of APP metabolites,
clustered Aβo accumulate at excitatory hippocampal synapses where they
interact with mGluR5 via PrPC to prevent mGluR5 diffusion over the postsynaptic membrane (Um et al., 2013). This stabilises mGluR5 clusters at
these sites and creates so-called ‘artificial signalling platforms’ (ASPs).
These ASPs lead to aberrant neuronal Ca2+ signalling, increased [Ca2+]i and
Arc activation (Um et al., 2013). Arc activation ultimately results in altered
spine morphology, decreased spine number, depletion of surface NMDAR
and dysregulation of NMDAR-mediated signalling pathways (Lacor et al.,
2007; Shankar et al., 2007; Snyder et al., 2005). Indeed, these synaptic
deficits are observed in an Aβo-mGluR5 signalling dependent manner in
models of AD (Haas et al., 2014; Renner et al., 2010; Sokol et al., 2011; Um
et al., 2013).
g) Antagonists of mGluR5 prevent Aβo-mediated LTP disruption (Q. Wang et
al., 2004) and genetic deletion of mGluR5 reduces circulating levels of Aβos,
plaque deposition and cognitive decline in APPswe/PS1ΔE9 mice (9-12 months
of age; Hamilton et al., 2014). Chronic inhibition of mGluR5 using MTEP,
which is a negative allosteric modulator of mGluR5 in 9-month-old APPswe/PS1ΔE9 mice also rescued spatial memory deficits as well as deficits in
episodic and recognition memory, the latter of which both developed earlier
in the disease progression in this mouse model (Hamilton et al.,
2016). Furthermore, mGluR5 antagonism (again using MTEP) improved
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spatial memory and synapse density in APPswe/PS1ΔE9 mice (9-10 months of
age), as well as object recognition in 3xTg-AD mice (8-9 months of age; Um
et al., 2013).

iGluRs
The function and expression of iGluRs also appear to be modified in
AD (De Felice et al., 2007; Li et al., 2011). Examples of this include:
a) A reduction in the amplitude of evoked AMPAR- and NMDARmediated excitatory currents, in a -secretase dependent manner, in
hippocampal neurons from PS1A246E mice relative to non-transgenic controls
(Priller et al., 2007).
b) Evidence utilising prefrontal cortical brain slices from 4-6 week old
3xTg-AD and APPSWE/PS1M146V mice suggest that although NMDARmediated currents are not measurably different amongst mouse strains
(including when compared to non-Tg controls), dendritic spine Ca2+
transients are larger in both AD strains relative to age-matched controls. This
effect was mediated by NMDAR-mediated activation of RyRs via CICR,
which occurred in transgenic animals only. This abbarent NMDAR-mediated
CICR activation is hypothesised to be due to increased intracellular calcium
and therefore hypersensitisation of RyRs within spines and dendrites of
transgenic neurons (Goussakov et al., 2010). Similarly, in experiments
utilising hippocampal slices from 3-month-old PS1M146V mice, the magnitude
of NMDAR-dependent field EPSPs was significantly increased relative to
non-transgenic controls (Auffret et al., 2010).
c) As mentioned previously, Aβo-PrPC mediates disruption of mGluR5
signalling at synapses and activates Arc. This leads to a decrease in
NMDAR expression (Renner et al., 2010) and dysregulation of NMDARmediated signalling pathways (Lacor et al., 2007; Shankar et al., 2007;
Snyder et al., 2005).
Ca2+

d) Aβo–PrPC-Fyn complexes cause synaptic disruption mediated via
alterations in NMDAR trafficking and activation (Larson et al., 2012; Um et
al., 2012).
e) Application of very low concentrations of Aβo to organotypic
hippocampal slices results in actin-depolymerizing factor/cofilin- (involved in
cytoskeleton plasticity) and CN-dependent decreases in NMDAR activity and
dendritic spine number after 5 -15 days (Shankar et al., 2007). The number
of cells expressing NR1 and NR2A subunits of NMDAR were also lower in
APPSWE mice at 18 - 22 months relative to controls. Furthermore, this deficit
could be reversed by administering the anti-amyloid-β antibody, aducanumab
(Sevigny et al., 2016). These synaptic alterations may explain the synapse
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loss induced by Aβo application in vitro in neuronal cultures (Lacor et al.,
2007) and in vivo in AD mouse models (Koffie et al., 2009).
f) Conversely, however, Aβo have also been shown to increase
NMDAR-mediated responses and induce excitotoxicity (De Felice et al.,
2007; Szegedi et al., 2005), effects which may mediate Aβo-stimulated
oxidative stress and increased [Ca2+]i (Bezprozvanny and Mattson, 2008;
Cullen et al., 1996).
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3.2. Aims
The primary aim of the work covered in this chapter was to expand
upon initial studies (including work I was involved with during my
undergraduate project; Morley et al., 2012) within Dr M.G. Rae’s lab group,
investigating the molecular basis of the altered neuronal calcium handling
observed in the 3xTg-AD mouse. The same experimental approaches were
also applied to a novel model of AD, the TgF344-AD rat which was acquired
part of the way through my PhD studies. The specific aims of this part of my
project were:
1. To build upon initial findings of this lab group, which found that
enhanced responses were observed in non-Tg cultured hippocampal
neurons (3 - 6-days-old; ≥12 DIV) following I-mGluR stimulation under
depolarisation conditions relative to basal conditions. These types of
enhanced calcium signals were not observed in 3xTg-AD mouse
neurons (Morley et al., 2011, 2012). Specifically, neurons in this study
were utilised over a wider range of in vitro development (2 – 20 DIV) in
order to determine how early this calcium dysregulation occurred and to
determine the robustness of the previous findings during early-postnatal
development.
2. Furthermore, this experimental approach was extended to Sprague
Dawley (SD), non-Tg F344 and TgF344-AD rat hippocampal cultures.
Not only would this allow us to determine whether this effect was
replicated across species but also whether such calcium signalling
alterations existed in an alternative AD model. We hypothesised that it
was likely that neurons of this TgF344-AD rat might display ERmediated calcium dysregulation but that it would occur through a
different mechanism as these animals expressed a “gain-of leak” PS1
mutation rather than the “loss-of-leak” PS1 mutation expressed in 3xTgAD mice (Zhang et al., 2010).
3. Aside from paired measurements comparing the magnitude of I-mGluR
responses under depolarisation conditions relative to basal conditions
within a single murine strain, we also wanted to determine whether
responses to depolarisation and I-mGluR stimulation (under basal and
depolarisation conditions) were different between 3xTg-AD and
TgF344-AD neurons relative to non-Tg age-matched controls.

4. In addition to excitation-mediated Ca2+ entry, one of the primary means
of loading the neuronal ER with Ca2+ is via SOCE. This process is
initiated by the depletion of ER Ca2+ stores and involves the movement
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of Ca2+ directly through plasma membrane-located channels into the
ER. However, to date, little is known about how this Ca2+ entry pathway
is affected by mutations which predispose to the development of AD.
Therefore, we wished to a) determine if SOCE was present in mouse
primary cultured hippocampal neurons and, if so, b) to investigate if it
was altered in cultured 3xTg-AD hippocampal neurons relative to that in
age-matched controls.
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3.3. Materials and methods
3.3.1 Materials
•

•
•
•

•
•
•
•
•

All materials and methods related to the production of hippocampal
cultures are outlined in Section 2 Primary Hippocampal Neuronal
Culture and the publication by Kaar et al. (2017).
Fluo-2 High Affinity (AM; TEFLABS, cat. no. 0220)
Fura-2 (AM; ThermoFisher scientific, cat no. F-1201)
HEPES-buffered saline solution (HBSS) of the following composition
(in mM): NaCl 130, HEPES 10, KCl 5.4, MgCl2 2, D-glucose 2 and
CaCl2 2, pH 7.4, 310 – 340 mOsm. HBSS K+ replaced NaCl with KCl
to increase the concentration of K+ to 10 – 15 mM.
Pluronic F127 (TEFLABS, cat. no. 2510)
(S)-3,5-dihydroxyphenylglycine (DHPG; Tocris, cat. no. 0805/5)
Tetrodotoxin (TTx; Tocris, cat. no. 1078/1)
Thapsigargin (TPN; Sigma, cat. no. T9033)
Gadolinium (Gd3+; Sigma, cat. no. 263087)

3.3.2 Methods
Data Analysis
Calcium imaging was carried out as described in Section 2.2.5 Calcium
imaging. Where possible, data in studies presented were collated from at
least 4 different experiments/coverslips and derived from at least four
separate cultures. Throughout this results section, instead of solely using n
numbers, collated data are presented as follows: (x number of cells – from y
number of experiments/coverslips – from z separate cultures; e.g. (115 – 12
– 8) - Fig 3.5, B). Wild-type (WT) refers to neurons harvested from SD rat
neurons. Non-transgenic (non-Tg) refers to neurons harvested from either
the same background strain as the 3xTg-AD mice used (C57BL6/129sv) or
non-Tg littermates of TgF344-AD rats (as determined by genotyping).
“Transgenic” (Tg) is also used throughout this results section to describe
neurons harvested from 3xTg-AD mice or TgF344-AD rats (as determined by
genotyping).
“DHPG” refers to (S) 3, 5-dihydroxyphenylglycine and was always
applied at a concentration of 50 μM and superfused for 120 s (See Fig 3.1 for
a general timeline of experiments). The term “basal conditions” refers to the
application of compounds in normal physiological solution (HBSS) as
opposed to “depolarisation conditions” where a physiological solution with an
elevated concentration of K+ was used (HBSS K+; 5.4 vs 15mM K+). and
applied for 120 s prior to DHPG application, for the period of DHPG
application and for 120s following DHPG application in all experiments (Fig
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3.1). These measures were taken in an effort to standardise experiments and
reduce variability.
In order to determine the potential effects of tachyphylaxis in our
experimental protocol across in each neuronal population we determined that
utilisation of a 50-minute washout period between DHPG applications was
optimal for the production of statistically reproducible responses in SD rat,
non-Tg rat and 3xTg-AD mouse neurons (when compared to 15, 30 and 40
minutes; data not shown). However, in non-Tg mouse neurons a significantly
decreased peak amplitude (38 ± 4 vs 31 ± 3 a.u.; first application vs second;
p = 0.002; n = 58) but not duration or AUC of the second DHPG response
was observed and this desensitisation effect should be factored into any
results obtained from these neurons.
For SOCE experiments (completed under my co-supervision by M. P.
Wier), an initial baseline was determined in normal (i.e. Ca2+-containing)
HBSS for 4 mins after which the SOCE process was “primed” by depleting
the ER using the SERCA pump inhibitor TPN (1 µM) in Ca2+-free HBSS for
20 mins. SOCE was then subsequently triggered by adding Ca2+ “back in” by
perfusing the neurons with normal HBSS (5 - 10 mins; Chauvet et al., 2016).
We also utilised the non-specific SOCE antagonist Gd3+ (50 M; added 5 min
after Ca2+ “add back”, for 20 mins) (Yeromin et al., 2004) to determine the
susceptibility of the SOCE process to this antagonist in the two mouse
genotypes. As we were unable to use the time taken for the calcium
response to return to baseline in the presence of Gd3+ (50 M) as our
measure of the antagonist’s effectiveness against SOCE, simply because the
calcium signal did not return to baseline following its application in the
continued presence of normal HBSS (e.g. see Fig 3.12), we instead
measured the percentage drop in calcium signal amplitude (from peak
SOCE) after 4 minutes in the presence of Gd3+.
Representative traces were generated offline using GraphPad Prism
where amplitude, duration and area under the curve (A.U.C.) of responses
were measured. Baselines for amplitude and A.U.C. measurements were
chosen based on the average fluorescence of either 120 s before or after a
given response, depending on which baseline was higher. Cells were utilised
after 2 - 20 days in culture. Following segregation of data into groups based
on in vitro development (0 – 5, 6 – 10, 11 – 15 and 16 – 20 DIV) there were
no significant differences between such groups within non-Tg mouse and rat,
TgF344-AD rat and SD rat populations used in this study (data not shown).
Conversely, 3xTg-AD mouse populations appeared (based on a single
experiment; 33 – 1 – 1; 4 DIV) not to express a transgenic phenotype and
rather responded in the same manner as non-Tg mouse neurons between 0
- 5 DIV and as such data for 3xTg-AD neurons (Fig 3.5) are pooled from 6 –
18 DIV (data not shown). Numerical data were derived from the total somatic
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region as drawn by the experimenter for each neuron individually. Regions of
interest (ROIs) were manually traced around the somata of cells subjectively
observed to be neurons. Such identification was aided by comparison to
bright field (DIC) images which were acquired for each individual experiment.
At this stage neurons which had obviously deteriorated and/or were dead
(e.g. those that were granular, misshapen, extremely bright or dark under
excitation light or were obviously non-vital in any other way) were removed
from the analysis. Furthermore, at the analysis stage, certain neurons were
removed due to artefacts arising from debris moving over the field of view
(FOV) and/or due to spontaneous activity, where the frequency or magnitude
of spontaneous activity impacted upon genuine agonist-specific responses.
All data are presented as mean ± SEM. As described in 3.4.1 General
I-mGluR response characteristics, there is generally (across the different
murine populations utilised in this study) an increased proportion of neurons
which exhibit detectable responses to DHPG under depolarisation conditions
relative to basal conditions (control). This most likely due to the fact that
cultured hippocampal neurons appear to have an ER which is “functionally
empty” under basal conditions (see inter alia Rae et al., 2000; Zhang et al.,
2010). Cells which only displayed DHPG-evoked responses following
depolarisation are included in data displayed in histograms (i.e. peak
amplitude (arbitrary units (a.u.)), duration (s) and A.U.C (a.u.; e.g. Fig 3.5 – B
– i, iii, iv)), where changes in intracellular calcium are displayed in absolute
numbers (i.e. as opposed to data which have been normalised). For the
subset of cells that displayed responses to DHPG under both basal and
depolarised conditions, we were able to normalise the data to determine the
percentage change in response amplitude and magnitude (e.g. Fig 3.5 – B ii). Only these cells were included for such analysis as it was impossible to
determine the magnitude of the DHPG-evoked calcium increase in cells
where there had been no basal response as one would have to divide the
numerator by 0 (i.e. the value would be infinity). Statistical analyses were
performed using a paired Student’s t-test or Wilcoxon matched paired signed
rank test (for normalised data) for paired observations or repeated measures
ANOVA with Tukey's multiple comparison test or Dunnett's multiple
comparison test (normalised AUC data only) for group data on repeated
measures. Unpaired t-tests and one-way analysis of variance with Tukey's
multiple comparison test or Dunnett's multiple comparison test (for
normalised AUC data only) were utilised for unpaired observations and
grouped data, respectively. Unpaired t-test was utilised for comparing the
frequency of observations between neuronal populations. P value (p) of <
0.05 was considered significant. Degree of significance was displayed as
follows: *p < 0.05, **p < 0.01 and ***p < 0.001. Pearson correlation (data
assumed from Gaussian populations) was used to measure the correlation
between A.U.C. of DHPG responses and depolarisation responses.
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Cells were then allowed to return to baseline conditions by removing HBSS K after 120 s and recording in basal HBSS for 360 s.

+

by DHPG application in HBSS K for 120 s. DHPG responses are superimposed upon K (15 mM) -mediated increases in somatic Ca as shown in Fig 2.2.

+

Depolarisation conditions (B) involved recording [Ca2+]i for 120 s in basal HBSS followed by depolarisation with HBSS K (K 15 mM) for 360 s, followed

+

Basal conditions (A) involved recording somatic [Ca2+]i for 120 seconds (s) in basal Hanks' buffered salt solution (HBSS; K 5.4 mM) to determine a
baseline, DHPG (50 μM) was then added for 120 s before being washed out and somatic [Ca2+]i allowed to return to baseline again. A drug washout period,
where cells were superfused with HBSS for 15 – 50 mins (see results below), was then initiated.

Experiments were standardised as follows:

Figure 3.1 Experimental protocol and timeline

Neuron identification
During the analysis process, neuronal identification was carried out
primarily based on the morphological characteristics of cultured cells.
However, identification of cultured neurons based solely on morphology (as
opposed to immunohistochemical identification) has been shown to be
unreliable (Raff et al., 1979). This is, in part, due to the morphological
similarities between multipolar neurons and stellate-shaped type II astrocytes
(Kivell et al., 2000). With this in mind, functional Ca2+ imaging data can also
aid in the categorisation of cells because neurons are selectively sensitive to
depolarisation stimuli via application of elevated extracellular K+ (Rae et al.,
2000). Aside from visual identification, glial and neuronal identification can
also be clarified by examining their spontaneous activity as outlined by Pozzi
et al. (2017). Briefly, according to their protocol, spontaneous calcium
transients are defined as beginning when the fluorescence signal exceeds,
by at least by three times, the standard deviation of the noise. When TTx
was added, such transients disappear from the majority of cells in culture,
which are considered to be neurons whilst the remaining cells are deduced
to be astrocytes and can, therefore, be removed from the analysis (Pozzi et
al., 2017). This exclusion is based upon the fact that astrocytes display Ca2+
signals even after TTx addition in the typical form of calcium waves (Scemes
and Giaume, 2006). In practical terms, using our imaging and data analysis
protocol, each ROI was individually screened by the user and, as such, cells
which exhibited this glial-type oscillatory wave activity were removed from
the analysis (Fig 3.2).
With this in mind, there were a small number of cells in the neuronal
populations (outlined in Fig 3.3 & 3.4) which responded to DHPG under
basal conditions but not in the presence of depolarisation (< 1%). As these
cells did not display Ca2+ ‘waves’, they may reflect a sub-population of
neurons which are relatively insensitive to these mechanisms of
depolarisation, or they may be glial cells which were atypical in that they did
not exhibit Ca2+ waves. Due to this ambiguity, these data were removed from
the analysis.

50 A.U.

Figure 3.2 Glial [Ca2+]i dynamics in culture
2+
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120 s

Representative somatic intracellular Ca response (SD rat; 3-days-old; 13
2+
DIV) illustrating distinctive Ca oscillations associated with glia which
facilitates their identification in culture.

3.4. Results
3.4.1 I–mGluR response characteristics

Figure 3.3 Response characteristics of neuronal populations
The percentage of cultured hippocampal neurons which exhibited detectable responses to I-mGluR stimulation (DHPG) under:
+

+

basal (K 5.4 mM), depolarisation conditions (K 15 mM) and depolarisation conditions alone as well as to the depolarisation
stimulus itself is shown for each population utilised in this study: non-transgenic (non-Tg; 3 – 20 DIV; 237 – 12 – 8; white
boxes) and 3xTg-AD mouse (138 – 9 – 6; grey boxes), wild-type rat (SD rat; 406 – 14 – 7; white spotted boxes) and non-Tg
(372 – 9 – 4; white dashed boxes) and TgF344-AD rat (95 – 2 – 1; grey dashed boxes). The percentage of neurons which
exhibited spontaneous activity under basal and depolarisation conditions is also displayed.

Figure 3.3 displays the percentage of cultured hippocampal neurons
harvested from non-Tg and Tg mouse (3xTg-AD model) and rat (TgF344-AD
model) as well as WT rat (SD rat) populations which exhibited detectable
responses to a) DHPG under basal and depolarisation conditions (including
those which responded solely under depolarisation conditions) and b) the
depolarisation stimulus itself. The percentage of neurons which exhibited
spontaneous activity under basal and depolarisation conditions is also
shown. There were no significant differences between proportions of
responding neurons with respect to any parameter measured between nonTg and 3xTg-AD mouse, WT rat and non-Tg rat or non-Tg rat and TgF344AD rat with one exception, namely that a greater proportion of TgF344-AD
neurons per experiment responded to the depolarisation stimulus (K +; 15mM)
than non-Tg age-matched controls (p = 0.02; 79% vs 39%; n = 2 vs n = 4
experiments; TgF344-AD vs non-Tg rat). The quantitative data accrued from
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these responses (peak amplitude, normalised peak amplitude, duration and
A.U.C.) across these populations are presented in Fig 3.5 – 3.10.
Once DHPG reached the tissue bath, all of the responding cells on the
coverslip were activated in a synchronised manner. Regardless of species or
strain (no significant differences between proportions of neuronal populations
responding monophasically when comparing non-Tg and 3xTg-AD mouse,
WT rat and non-Tg rat or non-Tg rat and TgF344-AD rat), DHPG-mediated
responses were predominately monophasic under basal (Fig 3.4; 84 ± 3%; n
= 41 experiments) and depolarisation conditions (Fig 3.2; 89 ± 2%; n = 41
experiments). Monophasic responses consisted of a rapid rising phase and a
slower decay phase, as reported previously in rat hippocampal cultures (Rae
et al., 2000). Multiphasic responses were observed in a manner typical of
that illustrated in Fig 3.3 (ii). Ca2+ responses, generally, were variable both in
amplitude and duration.
Application of a depolarisation stimulus of K+ (15 mM) evoked a rapid
increase in somatic [Ca2+]i, which we attributed to activation of VGCCs.
When this depolarisation stimulus was applied prior to DHPG application, a
small number of neurons (generally, across species and strains) responded
to the depolarisation stimulus alone (and not DHPG; < 1%; Fig 3.2, iii; n = 41
experiments). This response consisted of a rapid rising phase, which
plateaued and remained at a steady level until the depolarisation stimulus
was removed. Those cells which responded to both the depolarisation
stimulus and DHPG exhibited a DHPG response that was superimposed
upon this depolarisation- mediated plateau (59 ± 3; Fig 3.2, iv; n = 41
experiments). 12 ± 2% (n = 41 experiments) of neurons which did not
produce a measurable DHPG-evoked Ca2+ signal under basal conditions did,
subsequently, under depolarisation conditions. There is a significant
correlation between the increase in amplitude mediated by the depolarisation
stimulus and the amplitude of DHPG responses exhibited by non-Tg mouse
(p = < 0.0001; n = 92), 3xTg-AD mouse (p = < 0.0001; n = 14), SD rat (p = <
0.0001; n = 143) and non-Tg rat neurons (p = < 0.0001; n = 34). Conversely,
TgF344-AD rat neurons do not exhibit a significant correlation (p = 0.99; n =
34) between these measurements.
Neurons frequently exhibited spontaneous activity across species,
strains and experimental conditions (i.e. basal 35 ± 4% and depolarisation
conditions 37 ± 4% of neurons in each experiment; n = 41 experiments) and
these responses varied markedly in both their frequency, amplitude and
duration. Numbers of spontaneously active cells increased with time in
culture and as such we considered this a sign of cell deterioration as it
coincided with the appearance of other Ca2+ signalling attributes that we felt
were markers of cell deterioration such as steadily increasing or decreasing
baselines (possibly due to a break down in the control of ion flow through a
144
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% are displayed as ± SEM and are pooled from 41 experiments across all murine species and transgenic statuses utilised in this study.

B) When DHPG was applied in the presence of the depolarisation stimulus, a small proportion of cells responded only to the
depolarisation stimulus and exhibited an increase in somatic Ca2+ which plateaued thereafter and remained elevated until the
depolarisation stimulus was removed (iii). The majority of cells responded to both depolarisation stimulus and DHPG (iv). Furthermore,
a small proportion of cells did not exhibit a visible response to the depolarisation stimulus but did exhibit DHPG-mediated responses
with the same profile as (i) under these depolarisation conditions.

mM) or depolarisation conditions (K = 15 mM; superfused for 360s, starting 120s prior to DHPG application; blue bars) the response is
either monophasic (i) or multi-phasic (ii)

+

A) When a neuron exhibits a detectable response to DHPG application (50 μM; superfused for 120s; black bars) under basal (K = 5.4

Representative somatic intracellular Ca response traces illustrating inter-neuronal variability.

2+

Figure 3.4 Variability of DHPG-mediated [Ca2+]i responses in cultured hippocampal neurons

membrane which is collapsing) and rapid drops in fluorescence (possibly due
to cell lysis).
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B Histograms illustrating amplitude (arbitrary units (a.u.) (i), normalised amplitude (% change) (ii), duration (s) (iii) and area under the curve
(A.U.C.) (iv) for pooled (3 - 5-day-old mice between 3 – 20 DIV) DHPG- mediated calcium responses under basal (solid dark grey bars) and
depolarisation (dashed light grey bars) conditions.

A Representative trace illustrating somatic intracellular Ca response of a cultured non-Tg mouse hippocampal neuron (3-days-old; 20 days in vitro
+
(DIV); strain: C57BL6/129sv) under basal conditions (DHPG application (black bar) in HBSS with 5.4 mM K ), and depolarisation conditions
+
(DHPG application subsequent to increasing the K concentration of HBSS to 15 mM (grey bar) with a 15 minute agonist washout period separating
both conditions.

2+

Figure 3.5. Somatic calcium dynamics of non-Tg mouse cultured hippocampal neurons (3 – 5-days-old) under basal conditions (DHPG (50
+
+
μM); 5.4 mM K ) or depolarisation conditions (DHPG (50 μM); 15 mM K ) from 3 – 20 days in vitro.

3.4.2 Neuronal I-mGluR-evoked calcium signalling

non-Tg mouse

This series of experiments investigated neuronal DHPG-mediated [Ca2+]i
responses under basal and depolarisation conditions. Note: These data are
pooled from experiments with washout times between DHPG applications
ranging from 15 - 50 minutes (15, 30, 40 and 50 minutes). This reflects the
fact that as the experimental protocol was optimised (see methods) the
washout time between DHPG additions was increased from 15 mins to a
standard 50 mins in order to minimise tachyphylaxis. Therefore, data pooled
from experiments utilising a washout period of fewer than 50 minutes should
be interpreted with the caveat that a slight temporal decrease in DHPGmediated calcium response magnitude influences the displayed result and as
such, any increased are likely under-emphasised in the data. Unlike all other
murine species and strains utilised in this study, in the case of non-Tg mouse
neurons a small but significant degree of tachyphylaxis was still evident
when utilising a 50 minute washout (peak amplitude = 38 ± 4 vs 31 ± 3 a.u.;
first application vs second; p = 0.002; n = 58).
Data resulting from DHPG-mediated calcium responses, in the
absence and presence of depolarisation, in non-Tg mouse cells were pooled
(3 - 5-days-old; 3 – 20 DIV; Fig 3.5; B) and were consistent with previous
data from our lab (Morley et al., 2012, 2011; Rae et al., 2000), where
significantly enhanced amplitude, normalised amplitude, duration and AUC of
DHPG-mediated responses were observed under depolarisation conditions
relative to basal conditions (Figs 3.5, B; amplitude = 8 ± 1 vs 14 ± 1 a.u., p =
<0.0001, n = 115; normalised amplitude. = 100 vs 233 ± 40%, p = 0.0016, n
= 62; duration = 47 ± 6 s vs 79 ± 7 s, p = <0.0001, n = 115; AUC = 322 ± 56
a.u. vs 528 ± 57 a.u., p = 0.0005, n = 115; basal vs depolarisation
conditions).
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B Histograms illustrating amplitude (arbitrary units (a.u.) (i), normalised amplitude (% change) (ii), duration (s) (iii) and area under the curve (A.U.C.) (iv)
for pooled (3 – 5 day old mice between 6 – 18 DIV) DHPG- mediated calcium responses under basal (solid dark grey bars) and depolarisation (dashed
light grey bars) conditions.

A Representative trace illustrating a somatic intracellular Ca response of a cultured 3xTg-AD mouse hippocampal neuron (3 days old; 18 days in vitro
+
(DIV); strain: C57BL6/129sv) under basal conditions (DHPG application (black bar) in HBSS with 5.4 mM K ) and depolarisation conditions (DHPG
+
application subsequent to increasing the K concentration of HBSS to 15 mM (grey bar).

2+

Figure 3.6. Somatic calcium dynamics of 3xTg-AD cultured hippocampal neurons (3 - 5 days old) under basal conditions (DHPG (50 μM); 5.4 mM
+
+
K ) or depolarisation conditions (DHPG (50 μM); 15 mM K ) from 6 – 18 days in vitro.

3xTg-AD mouse

The experiments presented in Fig 3.5 which utilised cultured non-Tg
hippocampal neurons were also conducted on cultured hippocampal neurons
derived from 3xTg-AD mice (3 - 5-days-old; 6 - 18 DIV), the results of which
are presented in Fig 3.6. As reported in previous studies undertaken by Dr
Rae’s lab group (Morley et al., 2011, 2012), but unlike findings obtained
using cultured non-Tg hippocampal neurons (Fig 3.5), there was no
enhancement in the any of the DHPG-mediated [Ca2+]i signalling parameters
(amplitude, normalised amplitude, duration and A.U.C.) under depolarisation
conditions, relative to basal conditions, in these 3xTg-AD neurons (Fig 3.6;
amplitude = 22 ± 3 a.u. vs 18 ± 2 a.u., p = 0.07, n = 104; normalised
amplitude = 100% vs 109 ± 13%, p = 0.31, n = 79; basal vs depolarisation
conditions). In fact, duration and AUC were significantly decreased in Tg
neurons from 6 – 18 DIV under depolarisation conditions relative to basal
conditions (duration = 122 ± 10 s vs 95 ± 8 s, p = 0.0004, n = 104; A.U.C. =
1973 ± 335 a.u. vs 1248 ± 247 a.u., p = 0.0002, n = 104; basal vs
depolarisation conditions). Thus, the transgenic genotype has a particularly
striking effect on attenuating the magnitude (AUC) of I-mGluR-mediated
responses under depolarisation conditions relative to basal conditions when
compared with the enhancement observed in non-Tg neurons.
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Comparison of I-mGluR-evoked calcium signalling between non-Tg and
3xTg-AD mice

Figure 3.7. Somatic calcium dynamics of non-transgenic (non-Tg; 3 – 20 DIV) and 3xTg-AD (Tg; 6 - 18 DIV) cultured
+
mouse hippocampal neurons (3 - 5-days-old) under basal conditions (DHPG (50 μM); 5.4 mM K ) or depolarisation
+
conditions (DHPG (50 μM); 15 mM K ).
Histograms illustrating the amplitude (arbitrary units) (i), duration (s) (ii) and area under the curve of (A.U.C.; arbitrary units) (iii)
of intracellular calcium responses from 3 – 5-day-old non-Tg (white bars) and Tg (grey bars) mouse neurons between 2 – 20 DIV.
These responses were measured under basal conditions (A) or depolarisation conditions (B). The response due to depolarisation
(K+; 15 mM) alone (i.e. in the absence of DHPG-elicited responses or minus the superimposed DHPG-elicited component) is
shown in section (C).
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When DHPG-mediated calcium responses evoked under basal
conditions in non-Tg and 3xTg-AD neurons were compared (non-Tg = 3 - 20
DIV, n = 115; 3xTg-AD = 6 - 18 DIV, n = 104 ; Fig 3.7; A) peak amplitude,
duration and A.U.C. of responses were significantly increased in 3xTg-AD
neurons relative to non-Tg neurons (amplitude = 25 ± 4 vs 8 ± 1 a.u., p =
<0.0001; duration = 122 ± 10 s vs 48 ± 6s, p = < 0.0001; A.U.C. 1973 ± 335
a.u. vs 476 ± 88 a.u., p = 0.0001; Tg vs non-Tg).
Under depolarisation conditions (Fig 3.7; B), the amplitude (19 ± 2 vs
14 ± 1 a.u., p = 0.0492; Tg vs non-Tg) and AUC (1248 ± 247 vs 528 ± 57
a.u., p = 0.0054; Tg vs non-Tg) of DHPG responses were increased in Tg
neurons relative to non-Tg controls, whereas duration was unchanged (95 ±
8 vs 79 ± 7 a.u., p = 0.13; Tg vs non-Tg)
When responses to depolarisation alone were analysed (Fig 3.7; C),
the peak amplitude (54 ± 11 vs 28 ± 3 a.u., p = 0.0299; Tg vs non-Tg) was
significantly increased in Tg neurons relative to non-Tg controls, whereas
duration and AUC were unchanged (duration = 500 ± 26 s vs 482 ± 14s, p =
0.54; A.U.C. 7015 ± 1855 a.u. vs 6029 ± 837 a.u., p = 0.63; Tg vs non-Tg).
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B Histograms illustrating amplitude (arbitrary units (a.u.) (i), normalised amplitude (% change) (ii), duration (s) (iii) and area under the curve (A.U.C.) (iv) for
pooled (2 – 5 day old rats between 3 – 13 DIV) DHPG- mediated calcium responses under basal (solid dark grey bars) and depolarisation (dashed light grey bars)
conditions.

A Representative trace illustrating a somatic intracellular Ca response of a cultured wild type Sprague Dawley rat hippocampal neuron (3 days old; 4 days in
+
vitro (DIV)) under basal conditions (DHPG application (black bar) in HBSS with 5.4 mM K ) and depolarisation conditions (DHPG application subsequent to
+
increasing the K concentration of HBSS to 15 mM (grey bar).

2+

Figure 3.8. Somatic calcium dynamics of wild-type Sprague Dawley rat cultured hippocampal neurons (2 - 5 days old) under basal conditions (DHPG
+
+
(50 μM); 5.4 mM K ) or depolarisation conditions (DHPG (50 μM); 15 mM K ) from 3 – 13 days in vitro.

Sprague Dawley rat

This study was next extended to the use of WT/SD rat neurons (2 - 5days-old; 3 – 13 DIV) as a way of validating the data gathered from the
utilisation of non-Tg mouse neurons (Fig 3.7), in an alternative species (Fig
3.8). Similar to data from non-Tg mouse neurons, in SD rat neurons, the
amplitude and normalised amplitude of I-mGluR-mediated responses were
significantly increased under depolarisation conditions relative to basal
conditions (amplitude = 27 ± 2 a.u. vs 34 ± 2 a.u., p = < 0.0001, n = 193;
normalised amplitude = 100% vs 177 ± 11%, p = < 0.0001, n = 169; basal vs
depolarisation conditions).
In contrast to non-Tg mouse neurons where both duration and AUC
were significantly increased under depolarisation conditions relative to basal
conditions, in SD rat neurons there were no differences in these parameters
(duration = 93.8 ± 5 s vs 92.6 ± 5 a.u., p = 0.80, n = 193, n = 193; A.U.C. =
1305 ± 150 a.u. vs 1442 ± 146 a.u., p = 0.14, n = 193; basal vs
depolarisation conditions).
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B Histograms illustrating amplitude (arbitrary units (a.u.) (i), normalised amplitude (% change) (ii), duration (s) (iii) and area under the curve (A.U.C.) (iv) for
pooled (3 – 9 day old rats between 3 – 12 DIV) DHPG- mediated calcium responses under basal (solid dark grey bars) and depolarisation (dashed light grey bars)
conditions.

A Representative trace illustrating a somatic intracellular Ca response of a cultured non-transgenic F344 rat hippocampal neuron (9 days old; 8 days in vitro
+
(DIV)) under basal conditions (DHPG application (black bar) in HBSS with 5.4 mM K ) and depolarisation conditions (DHPG application subsequent to
+
increasing the K concentration of HBSS to 15 mM (grey bar).

2+

Figure 3.9. Somatic calcium dynamics of non-transgenic F344 rat cultured hippocampal neurons (3 - 9 days old) under basal conditions (DHPG (50
+
+
μM); 5.4 mM K ) or depolarisation conditions (DHPG (50 μM); 15 mM K ) from 3 – 12 days in vitro.

non-Tg F344 rat

Enhanced calcium signalling was also investigated in an alternative
and novel AD model, the TgF344-AD rat. This work comprises the first Ca2+
signalling research in this animal model. Notably, whilst previous data was
accrued from cultures produced from mice and rats from between two and
five-days-old, cultures were produced from non-Tg and Tg F344 rats from
three to nine-days-old. This difference reflects a practical limitation in that
F344 litters had to be individually genotyped to allow for separation of pups
into non-Tg or Tg sub-groups before a culture could be produced.
Pooled data from experiments between 3 and 12 DIV showed that the
amplitude, normalised amplitude, duration and A.U.C. were all significantly
increased under depolarisation conditions relative to control in non-Tg F344
neurons (amplitude = 1.8 ± 0.3 a.u. vs 4.6 ± 0.6 a.u., p = <0.0001, n = 76;
normalised A.U.C. = 100% vs 171 ± 25%, p = 0.004, n = 42; duration = 79 ±
11 s vs 129 ± 8 s, p = <0.0001, n = 76; A.U.C. = 114 ± 26 a.u. vs 299 ± 58
a.u., p = 0.0007, n = 76; basal vs depolarisation conditions). Notably, the
signalling phenotype expressed in non-Tg F344 rats is closer to the profile
expressed in non-Tg mouse neurons (Fig 3.5) than that of SD rat neurons
(Fig 3.6) where in the latter, duration and AUC of DHPG responses were not
enhanced under depolarisation conditions relative to control.
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B B Histograms illustrating amplitude (arbitrary units (a.u.) (i), normalised amplitude (% change) (ii), duration (s) (iii) and area under the curve (A.U.C.) (iv) for
pooled (7 day old rats between 3 – 7 DIV) DHPG- mediated calcium responses under basal (solid dark grey bars) and depolarisation (dashed light grey bars)
conditions.

A Representative trace illustrating somatic intracellular Ca measurements of a cultured TgF344-AD rat hippocampal neuron (7 days old; 7 days in vitro (DIV))
+
under basal conditions (DHPG application (black bar) in HBSS with 5.4 mM K ) and depolarisation conditions (DHPG application subsequent to increasing the
+
K concentration of HBSS to 15 mM (grey bar) with a 15 minute agonist washout period separating both conditions.

2+

Figure 3.10. Somatic calcium dynamics of TgF344-AD rat cultured hippocampal neurons (7 days old) under basal conditions (DHPG (50 μM); 5.4 mM
+
+
K ) or depolarisation conditions (DHPG (50 μM); 15 mM K ) from 3 – 7 days in vitro.

TgF344-AD rat

TgF344-AD rat hippocampal neurons (7-days-old; 3 – 7 DIV)
exhibit a significant enhancement in the amplitude and normalised
amplitude of DHPG-mediated calcium responses under depolarisation
conditions relative to basal conditions (amplitude= 4 ± 0.6 vs 9 ± 0.8
a.u.; p = <0.0001; n = 53; normalised amplitude = 100% vs 178 ±
20%, p = 0.0008, n = 31; basal vs depolarisation conditions).
Therefore, in terms of these two parameters there is little difference
between Tg and non-Tg F344 neurons with in both populations (both
parameters approximately doubled under depolarisation conditions
relative to basal conditions; for non-Tg see Fig 3.9).
Conversely, unlike in non-Tg F344 rat neurons where duration
and AUC are significantly enhanced under depolarisation conditions,
these parameters are unchanged in TgF344-AD neurons (Fig 3.10;
A.U.C. = 305 ± 62 a.u. vs 503 ± 105 a.u., p = 0.09; duration = 83 ± 13
s vs 83 ± 11 s, p = 0.9; n = 53; basal vs depolarisation conditions).
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(B)

B. Histogram illustrating that peak fluorescence induced following nSOCE is significantly greater in WT (n = 65; 5 separate experiments) than in 3xTgAD (n
= 57; 7 separate experiments) hippocampal neurons.

A. Superimposed calcium imaging traces obtained from WT (black) and 3xTg-AD (red) neurons.

Figure 3.11. The peak amplitude of neuronal store operated Ca2+ entry (SOCE) is significantly reduced in 3xTg-AD hippocampal neurons relative to
wild type (WT) age matched controls (3 – 5-days-old) from 5 – 14 days in vitro.

(A)

3.4.3 Store-operated calcium entry (SOCE)

Comparison of SOCE between non-Tg and 3xTg-AD mice
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(B)

B. Histogram illustrating that the percentage Gd +3 - evoked decrease in neuronal SOCE (determined 4 mins from peak fluorescence) is significantly smaller in 3xTg-AD
(n = 29, 3 separate experiments) relative to WT (n = 35; 2 separate experiments) hippocampal neurons.

A. Superimposed calcium imaging traces obtained from WT (black) and 3xTg-AD (red) neurons.

Figure 3.12. Gadolinium (Gd+3; 50 mM) inhibits neuronal store operated Ca2+ entry (SOCE) in both 3xTg-AD hippocampal neurons and wild type (WT) age
matched controls (3 – 5-days-old) from 5 – 14 days in vitro.

(A)
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(B)

B. Histogram illustrating that the peak fluorescence evoked by TPN (1mM; SERCA inhibitor) in Ca2+ free HBSS is significantly greater in WT (n =
35; 2 separate experiments) than 3xTgAD (n = 29; 3 separate experiments) hippocampal neurons.

A. Superimposed calcium imaging traces obtained from WT (black) and 3xTg-AD (red) neurons.

Figure 3.13. Thapsigargin (TPN; SERCA inhibitor; 1 mM)-evoked ER Ca2+ release is greater in wild type age matched controls (WT; 3 – 5days-old) than 3xTg-AD hippocampal neurons from 5 – 14 days in vitro.

(A)

Comparison of ER Ca2+ levels using the SERCA inhibitor TPN between
non-Tg and 3xTg-AD mice

The peak amplitude of SOCE-mediated Ca2+ influx (following Ca2+
“add back”) in 3xTg-AD neurons was significantly reduced compared to that
evoked in non-Tg neurons (Fig 3.11; by 46 ± 10%, p < 0.0001; non-Tg, n=65;
3xTg-AD, n = 57). Gd3+ (50 M) significantly inhibited SOCE in both non-Tg
and 3xTg-AD hippocampal neurons but the degree of SOCE inhibition was
significantly greater in non-Tg neurons (Fig 3.12; by 21 ± 5% (% decrease
from peak SOCE-mediated amplitude); p < 0.001; non-Tg, n = 35; 3xTg-AD,
n = 29). However, it should be noted that this effect may simply have been
due to the fact that the peak amplitude of SOCE was significantly smaller in
3xTg-AD than in non-Tg neurons, and therefore there was already a reduced
driving force for calcium entry in 3xTg-AD neurons relative to the non-Tg
neurons. Additionally, the intracellular Ca2+ elevation evoked by TPN (1 µM)
was significantly reduced in 3xTg-AD neurons relative to non-Tg neurons
(Fig 3.13; by 85 ± 10%, p < 0.001; non-Tg, n = 25; 3xTg-AD, n = 11).
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3.5 Discussion
3.5.1 General characteristics of I-mGluR responses
Previously established mechanism of depolarisation- and DHPGmediated responses
This chapter centres on the intracellular Ca2+ responses of
hippocampal neurons to I-mGluR stimulation under basal and depolarisation
conditions. The mechanistic understanding of the intracellular processes
occurring during these protocols has been extensively characterised in
similar cells and as such was not a focus of investigation in the current study.
Briefly, neuronal depolarisation results in the influx of Ca2+ through L-type
VGCCs. This Ca2+ is then actively transported into the ER by SERCA such
that it enhances I-mGluR-mediated Ca2+ mobilisation from this store, relative
to basal conditions (e.g. Rae et al., 2000; Rae and Irving, 2004). As
mentioned previously, L-type VGCC and I-mGluR co-activation produce
supralinear/additive [Ca2+]i responses (e.g. Rae and Irving, 2004). However,
as the Ca2+ imaging technique used in the current study cannot accurately
determine supralinearity, we will discuss similarly evoked responses in terms
of whether they are simply “enhanced” under depolarisation conditions
relative to control.
A notable difference between the current study and previous research
was evident in the responses of hippocampal neurons to depolarisation. Rae
and Irving (2004) showed that depolarisation of rat CA1 hippocampal
pyramidal neurons in acute slices (by 30 mV from an initial holding potential
of -60 mV) evoked only a ‘modest’ increase in [Ca2+]i. Rae et al. (2000) also
showed, utilising cultured rat hippocampal neurons, that depolarisation
(extracellular application of K+ 10.8 mM (~18 mV depolarisation) or
depolarisation of 10 ± 1 mV from a mean resting potential of −52 ± 2 mV)
resulted in a ‘small’ increase in [Ca2+]i. In contrast to these studies, in the
current experiments, application of the depolarisation stimulus (15 mM K+ =
~28 mV depolarisation) caused a large intracellular calcium response and a
characteristic plateau, in cultured hippocampal neurons (across species and
strains; Fig 3.4; iii & iv). We had concerns that such a relatively large
increase in [Ca2+]i produced by the depolarisation stimulus may interfere in
some way with the cells’ ability to handle Ca2+ and produce DHPG-mediated
increases in [Ca2+]i. The degree of depolarisation will primarily alter Ca2+
influx but may also alter more subtle intracellular signalling dynamics. For
instance, a difference in holding potential (-30 mV (Rae and Irving, 2004) vs 70 mV (Mannaioni et al. 2001) was proposed as a possible explanation as to
why signs of both mGluR1- and mGluR5-mediated signalling could be
detected at -30 mV (Rae and Irving, 2004), but only signs of mGluR1mediated signalling could be detected at around resting potentials
(Mannaioni et al. 2001) in rat CA1 pyramidal neurons. Notably, an increased
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level of depolarisation may also allow for the activation of G proteinindependent I-mGluR-mediated signalling pathways (Gee et al., 2003). In
this context, we compared paired responses of neurons to I-mGluR
stimulation following depolarisation with either 10 mM or 15 mM K+ and
found that although responses were increased with the utilisation of either
depolarisation stimulus, relative to basal conditions, this was significant
solely when utilising 15 mM K+ (data not shown).
Rae et al. (2000) also utilised a 5 – 10 min equilibration period after
depolarisation and prior to DHPG application. However, given the rapid
increase and stable plateau of [Ca2+]i (as long as the K+ stimulus was
present) following K+ -mediated depolarisation (Fig 3.4, B, iii & iv; 3.5, A), we
reduced this period to 2 minutes in our study. However, although time did not
permit me to conduct such experiments, it would be interesting to determine
how long the depolarisation-mediated enhancement of I-mGluR signalling
persists for after removing the depolarisation stimulus, as depolarisationmediated increases in [Ca2+]ER have been proposed as a mechanism for
recency detection of neuronal activity (Rae et al., 2000). In cultured rat
hippocampal neurons and CA1 neurons from acute hippocampal slices, this
facilitation persisted for up to 8 - 10 minutes following removal of the store
loading stimulus (Rae and Irving, 2003; Rae et al., 2000). This supports the
suggestion that the extent to which DHPG-mediated calcium responses are
enhanced following depolarisation (relative to basal conditions) is a direct
reflection of the state of loading of the Ca2+ stores and that leak from these
stores occurs relatively slowly (Rae et al., 2000). The persistence of the ERmediated calcium signals (and that seen by other groups; Garaschuk et al.,
1997; Irving and Collingridge, 1998) also suggests that the enhancement of
I–mGluR evoked [Ca2+ ]i responses by depolarisation occurs independently
of cytosolic Ca2+, which returns to baseline within this persistence window,
and thus may reflect [Ca2+]ER solely.
We were also interested in how extracellular Ca2+ could modify ImGluR signals in our cultured hippocampal neurons. Indeed, [Ca2+]o
modulates glutamate-stimulated mGluR1 responses in a variety of
recombinant systems (Gabellini et al., 1993; Kubo et al., 1998; Kubokawa et
al., 1996; Nash et al., 2001). In rat hippocampal CA1 neurons, the removal of
Ca2+ from the external media (or removal of [Ca2+]o combined with the
inclusion of EGTA in the external media) for 20 mins prior to I-mGluR
stimulation markedly decreased [Ca2+]i responses (by 80.2 ± 6.9 and 95.6 ±
1.3% respectively; Rae and Irving, 2004). When we attempted to replicate
this experiment utilising cultured non-Tg mouse neurons, albeit without the
electrophysiological component, we also found that there was a trend
towards decreased DHPG-evoked [Ca2+]i signals under depolarisation
conditions when external Ca2+ was removed, relative to control, although the
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decrease was not statistically significant (67 ± 22% reduction; p = 0.17; n =
9; 3-days-old/13 DIV). Notably, several previous studies have suggested that
calcium is required for receptor-ligand interactions in I-mGluR signalling
(Mutel et al., 2008; Nash et al., 2001; Thomsen et al., 1993). Therefore, the
fact we continued to observe DHPG-evoked [Ca2+]i signals under “0” mM
Ca2+ conditions could indicate that there was still sufficient residual Ca2+ in
the perfusion system following the period of washout used (50 mins). On the
other hand, the fact that Rae & Irving (2004) could still evoke I-mGluRmediated [Ca2+]i responses when removal of external Ca2+ from media was
combined with EGTA calls this Ca2+ dependence suggestion into question.

Characterisation of I-mGluR responses in cultured mouse and rat
hippocampal neurons
Previous research by Rae et al. (2000) found that under basal
conditions DHPG (R, S-DHPG; 100M) application to cultured SD rat
hippocampal neurons evoked little or no increase in intracellular Ca2+ levels
in the majority of neurons tested (45% and 23%, respectively). However, in
acute hippocampal slices from the same group (Rae and Irving, 2004) found
that the same concentration of DHPG (again under basal conditions) evoked
a small increase in somatic Ca2+ in the majority (81%) of SD rat CA1
pyramidal neurons (Rae and Irving, 2004) which may reflect a fundamental
difference in the nature of ER calcium signals between neurons that have
been cultured compared to neurons in situ in a brain slice. In the current
investigation, I conducted a similar but extended analysis of several
genotypes of neurons, the results of which are presented in Figure 3.3. From
this work, numerous notable differences in the nature of DHPG-elicited
responses between the current study and previous research were identified.
Firstly, the aforementioned relatively small magnitude of DHPGevoked [Ca2+ ]i responses generated under basal conditions either in cultured
neurons or in hippocampal slices suggests that in the majority of nontransgenic neurons, across numerous studies, species and cell types, ER
Ca2+ stores are functionally depleted (Garaschuk et al., 1997; Irving and
Collingridge, 1998; Koizumi et al., 1999; Rae et al., 2000; Rae and Irving,
2004; Shmigol et al., 1996). Although it is difficult make direct comparisons
between the magnitude of calcium responses generated across studies (as
they are not routinely quantified in terms of calcium concentration), DHPGmediated responses of cultured SD rat hippocampal neurons under basal
conditions were robust and not fundamentally dissimilar from responses
under depolarisation conditions, in the current study (Fig 3.8). Such robust
responses under basal conditions were also observed in neurons from nonTg F344 rats (Fig 3.9) and non-Tg mice (Figs 3.5). One possible explanation
for this finding is that the relatively small responses observed in previous
studies are below the detection threshold of the equipment used in the
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current study (personal communication comparing the nature of responses
recorded in previous studies with those in the current study with one of the
original authors, Dr M.G. Rae).
In terms of the proportion of neurons which responded under basal
conditions, a response rate of 68 ± 5% for cultured SD rat neurons, (and
indeed of 54 ± 5% and 27 ± 18% for non-Tg mouse and non-Tg rat neurons,
respectively; Figure 3.3), is considerably lower than that seen by Rae et al.
(2004) in SD rat intact slices (81%). This may reflect advantages in the
function and/or health of the overall cell population utilising intact tissues as
opposed to cultured cells. That being said, the total number of responding
neurons under basal conditions was also slightly lower in our study relative to
that of Rae et al. (2000) in similarly cultured SD rat hippocampal cells (68 ±
5% in this study vs 77%). However, this observation may simply reflect the
aforementioned potential difference in the detection threshold of our
equipment. Differences between these studies may also reflect the fact that
“SD rats” are an outbred, genetically diverse group of animals which would
likely lead to significant phenotypic variability in the rats held by different lab
groups and possibly even between different litters (Brower et al., 2015;
Jensen et al., 2016). Aside from phenotypic differences arising from the
utilisation of acute hippocampal slices compared with cultured hippocampal
neurons, differences in culturing techniques between groups may also
increase phenotypic variability. For example, in contrast to the current study
which utilised 2% SR2 to supplement culture media (in order to inhibit glial
cell growth Kaar et al., 2017), Rae et al. (2000) supplemented their media
with 10% FBS, which would almost certainly increase glial growth which, in
turn, could alter the excitability and/or survival of cultured neurons (Igelhorst
et al., 2015; Vezzani et al., 2008), as discussed previously (Chapter 2).
In agreement with Rae et al. (2004), DHPG-mediated calcium
responses were monophasic (across species and under both depolarisation
(89 ± 2%) and basal conditions (84 ± 3%) in this study vs 81% under basal
conditions in the Rae et al. (2004) study) and consisted of a rapid rising
phase and slower decay. Multi-phasic and/or oscillatory responses to DHPG
were also observed across species and under both depolarisation and basal
conditions in this study and, as noted by Rae et al. (2004), may reflect the
initiation of CICR (Berridge et al., 2000).
The duration of DHPG-mediated calcium responses in SD rat
hippocampal cultures observed in the current study was significantly longer
than that observed in SD rat hippocampal slices (101 - 108 ± 6 s (basal and
depolarisation conditions) vs 21 ± 4 s; current study vs Rae et al. (2004)).
Moreover, the duration of DHPG-elicited calcium responses was in the range
of 82 - 162 ± 11 s across the species and models utilised in this study and
under basal and depolarisation conditions. Why the length of response to
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DHPG is dramatically longer in the current study with respect to previous
work is unknown but a possible explanation may be that the specific culturing
method used in the current study in some way confers a phenotype which is
less efficient at cytoplasmic Ca2+ clearance. Alternatively, and perhaps less
likely, the equipment used in the current study may have been more
sensitive to calcium elevations than earlier studies and so may have
captured a greater duration of responses.
In contrast to our results with non-Tg mouse, non-Tg rat and SD rat
neurons for which there was no significant difference in the temporal profile
of I-mGluR responses, previous studies demonstrated that this parameter
was increased under depolarisation conditions relative to basal conditions in
SD rat hippocampal cultures and pyramidal neurons in intact tissue
(unspecified and 72 ± 12 s increase, respectively; Rae et al., 2000, Rae and
Irving, 2004). Why this aspect of I-mGluR responses was altered previously
but not in the current study is unknown but may again reflect the genetic
heterogeneity of “SD rats”. Although not investigated in this study, the
latency between agonist exposure and the subsequent response was also
reduced under depolarisation conditions in SD rat neurons, suggesting that
neurons are primed for activation in some manner, possibly due to
depolarisation-mediated increases in IP3 formation (Rae et al., 2000).

3.5.2 WT and non-Tg neurons
Enhanced neuronal calcium responses
The experiments carried out in this current study were largely guided
by two previous studies which both utilised similar experimental protocols. In
agreement with the first such study of Rae et al. (2000), the peak amplitude
(370% vs approx. 126% (see Fig 3.8); Rae et al. (2000) vs current study) of
DHPG-mediated calcium signals were significantly increased under
depolarisation conditions relative to basal conditions (K+ mM = 5.4 to 10.8 vs
5.4 to 15; Rae et al. (2000) vs current study) in cultured SD rat neurons (2days-old, 6 – 21 DIV vs 2 - 5-days-old, 3 - 13 DIV; Rae et al. (2000) vs
current study). Furthermore, in the sub-population of neurons which exhibited
detectable responses under both basal and depolarisation conditions the
normalised amplitude of the responses was increased by 77 ± 11% under
depolarisation conditions in the current study (Fig 3.8).
The second guiding study by Rae and Irving (2004), using whole-cell
patch-clamp recording, found that under depolarisation conditions (-70 mV to
-30 mV), DHPG evoked enhanced [Ca2+]i responses in SD rat CA1
hippocampal neurons in acute slices (743 ± 135% increase in normalised
A.U.C.; increase in amplitude not quantified) relative to responses evoked
166

under basal conditions. (-70mV). In contrast to this study, we observed no
statistically significant differences in the A.U.C. of responses when
comparing depolarisation to basal conditions (Fig 3.8). Differences in the
methodology used in each study, such as the use of cultured neurons over
intact slices, the method utilised to produce cultured neurons, the age and/or
development of neurons (previous studies utilised older/more developed
cells in vitro), the degree of depolarisation used, as well as possible
differences in analytical method, may explain these disparities. Furthermore,
the aforementioned genetic diversity amongst SD rats may also play a role in
the variable responses observed between studies.
The slightly less robust depolarisation-enhanced I-mGluR evoked
calcium responses seen in the SD rats notwithstanding, the fact that these
types of significantly enhanced calcium signals were also observed in non-Tg
mouse neurons (Fig 3.5) and non-Tg F344 rat neurons (Fig 3.9), suggests
that enhanced responses under depolarisation conditions may be a universal
neuronal phenomenon, possibly acting a means of recency detection and/or
triggering gene transcription (Rae et al. 2000).

3.5.3 Transgenic neurons
Neuronal calcium signalling under basal conditions
ER Ca2+ receptors are heavily implicated as mediators of neuronal
calcium dysregulation in murine transgenic models of AD (including 3xTg-AD
mice) and PS1 mutant mice (including PS1M146V; cortical and hippocampal
neurons; Chakroborty et al., 2009; Chan et al., 2000; Guo et al., 1999; Smith
et al., 2005; Stutzmann et al., 2006; Supnet et al., 2006; Zhang et al., 2010).
The observation in the current study that DHPG-mediated [Ca2+ ]i
responses (amplitude, duration and A.U.C.) are dramatically and significantly
larger in 3xTg-AD neurons when compared with non-Tg controls under basal
conditions (Fig 3.7, A) is in agreement with preliminary observations by this
group (which I was involved in) comparing non-Tg and 3xTg-AD cultured
mouse hippocampal neurons (Morley et al., 2012). Furthermore, the findings
are also in agreement with subsequent studies in my lab examining dentate
gyrus neurons in ex vivo hippocampal slices (A.U.C. = 1558 ± 189 a.u. vs
700 ± 66 a.u.; P < 0.05, n = 20; 19 ± 10 days-old; Vaughan et al., 2018).
These data were generated using similar experimental protocols, which have
since been optimised with regard to the culture method employed (Kaar et al.
2017) and DHPG washout time (as previously described, see methods).
Furthermore, it has been shown previously that direct stimulation of IP 3Rs
(with caged IP3) resulted in somatic [Ca2+ ]i responses which were up to
300% larger in cortical neurons from 3xTg-AD and PS1M146V mice (same PS1
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mutation as that of 3xTg-AD mice) relative to age-matched controls
(Stutzman et al. 2007). Similarly, RyR-mediated [Ca2+]i responses were also
much larger (approximately 400%) in cultured 3xTg-AD hippocampal
neurons in comparison to non-Tg neurons (Zhang et al. 2010).
As discussed in Section 1.3 Ca2+ signalling and investigated in
Chapter 4, I-mGluR [Ca2+]i responses are mediated primarily by Ca2+ release
from the ER through IP3Rs in hippocampal neurons. Thus, the enhanced ER
Ca2+ mobilisation through IP3Rs (and RyRs) is likely to be due to a
pathological increase in [Ca2+]i throughout the neuron, but particularly within
the ER which is consistent with the Ca2+ hypothesis of AD (Section 1.4). In
attempting to explain the elevated [Ca2+]i caused by certain AD-linked
mutations, Zhang et al. (2010) proposed that the PS1M146V mutation
expressed in 3xTg-AD mice was the principal underlying cause of the
enhanced [Ca2+]ER as it impairs the normal constitutive calcium leak function
of PS1. Specifically, ER Ca2+ leak was approximately 2.5 times less efficient
in 3xTg-AD neurons relative to non-Tg neurons and, as a result, ER Ca2+
levels were 3-fold higher in 3xTg-AD neurons (Zhang et al. 2010).
Interestingly, in these neurons, Ca2+ appeared to specifically accumulate in
an ER pool which, in contrast to non-Tg neurons, was not depleted following
TPN treatment. The authors suggested that the existence of this “TPNinsensitive” calcium pool was compensatory in nature and arose due to
impaired PS1 leak function (Zhang et al., 2010). In agreement with this study
and others (Leissring et al., 2000; Yoo et al., 2000), and with the proposal of
increased ER Ca2+ levels in neurons from PS1M146V (specifically 3xTg-AD)
mice, in the current study SOCE-mediated Ca2+ influx in 3xTg-AD neurons is
significantly dampened (Fig 3.11) as is the effect of SOCE inhibition (Fig
3.12) relative to non-Tg neurons. Such an effect makes intuitive sense as
SOCE is normally stimulated by low ER calcium, but if the ER is overloaded
with Ca2+ then the stimulus for SOCE initiation may be blocked or attenuated.
In further agreement with Zhang et al. (2010), the intracellular Ca2+ elevation
evoked by TPN was significantly reduced in 3xTg-AD neurons relative to
non-Tg neurons (Fig 3.13) suggesting a PS1M146V-dependent impairment in
the passive leak of Ca2+ from the ER leading to a hyper-loaded ER state.
Aside from utilising differences in SOCE-elicited signals as an indirect
comparison of ER Ca2+ levels between non-Tg and 3xTg-AD neurons, the
fact that SOCE is not just involved in replenishing ER Ca2+ levels but may
also play a role in the regulation of the ER/cytoplasmic Ca2+ gradient
(Brandman et al., 2007) could have important implications for differences in
Ca2+ homeostasis and signalling between these two populations. Indeed,
PS-mediated synaptic deficits in AD are thought to be mediated by
dysregulated SOCE (Bezprozvanny et al., 2013; Popugaeva et al., 2012;
Tong et al., 2016). Interestingly, specifically with regard to AD aetiology,
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SOCE disruption stimulates Aβ42 generation, whereas SOCE disruption itself
is not due to Aβ-mediated effects (Herms et al., 2003; Leissring et al., 2000;
Yoo et al., 2000).
Aside from the possibility of increased ER store content of Tg neurons
being responsible for increased IP3R- and/or RyR-mediated Ca2+
mobilisation, relative to non-Tg controls, it is also possible that increased
RyR and IP3R expression plays a role (Chakroborty et al., 2009; Chan et al.,
2000; Smith et al., 2005; Stutzmann et al., 2007, 2006; Zhang et al., 2010).
We investigated this possibility in 3xTg-AD, TgF344-AD hippocampal lysates
and age-matched non-Tg controls in Chapter 5.
Unfortunately, it was not possible to carry out similar comparisons to
those carried out utilising the 3xTg-AD model, between non-Tg and TgF344AD rat neurons, due to the relatively low numbers of experiments that I was
able to conduct using these animals. This was primarily due to the fact that,
whilst conducting these experiments, and for reasons outside of my control,
this animal model became unavailable.

Neuronal calcium signalling under depolarisation conditions
Unlike data obtained from non-Tg mouse neurons (Fig 3.5; and from
non-Tg rat (Fig 3.9) and SD rat neurons (Fig 3.8)), the amplitude and
normalised amplitude of DHPG-evoked responses were not enhanced under
depolarisation conditions in 3xTg-AD neurons, relative to basal conditions
(Fig 3.6). In fact, interestingly, duration and A.U.C. of DHPG-evoked
responses were decreased in 3xTg-AD neurons under depolarisation relative
to basal conditions (Fig 3.6) which is in stark contrast to non-Tg mouse and
rat neurons (Fig 3.5 & Fig 3.9) which exhibited a significant increase in both
parameters under depolarisation conditions relative to basal conditions, as
well as in contrast to SD rat neurons where duration and A.U.C. were
unchanged between the two experimental conditions (Fig 3.8). A similar
significant decrease under depolarisation conditions, relative to basal
conditions, has also been observed in subsequent studies utilising 3xTg-AD
dentate gyrus neurons in ex vivo hippocampal slices (37 ± 7% a.u. decrease
in A.U.C.; n = 20; 19 ± 10-days-old; Vaughan et al., 2018).In the context of
our hypothesis of both an intracellular environment and ER which are
overloaded with Ca2+ under basal conditions, it is logical that a depolarisation
stimulus (which loads the ER with Ca2+; Rae and Irving, 2003) does not
facilitate a significant enhancement of subsequent DHPG-evoked calcium
signals in 3xTg-AD neurons relative to basal conditions.
A decrease in the duration and A.U.C. of calcium responses upon
depolarisation in 3xTg-AD neurons is more difficult to explain. It could be
possible that the first exposure of cells to DHPG alleviates a chronic increase
in ER Ca2+, such that even with the Ca2+ influx and efficient uptake by the ER
following depolarisation, this still results in an I-mGluR response which is
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smaller than that observed under chronically elevated conditions. As this
decrease is only evident in the parameters of duration and A.U.C. and not
amplitude (unchanged), it may suggest that the initial response to DHPG is
not enhanced in 3xTg-neurons, whereas the maintenance of the response is
reduced. A potential mechanism underlying such a reduction in response
persistence could be increased coupling between L-type VGCC-dependent
Ca2+ entry (or the signal produced in combination with I-mGluR stimulation)
and molecular mechanisms which return intracellular and ER Ca2+ levels to
baseline in 3xTg-AD neurons, i.e. extrusion mediated by PMCA (Berrocal et
al., 2015, 2012; Mata et al., 2011) and NCX (Kessete Afewerky, 2016; Magi
et al., 2016) and ER sequestration mediated by SERCA (Green et al., 2008)
which are impaired in AD, in a manner dependent on [Ca2+]i and Aβ42.
Alternatively, depolarisation-mediated Ca2+ influxes into a cytosol which is
already overburdened with Ca2+ could negatively regulate the production of
subsequent I-mGluR/ER Ca2+ transients, possibly as a means of
neuroprotection. A candidate mediator of such neuroprotective modulation
would have to negatively regulate IP3Rs and/or RyRs, be upregulated by
chronic increases in [Ca2+]i, but also be activated by acute (possibly VGCC
micro domain-dependent) increases in [Ca2+]i. Possible mediators of such an
effect are outlined in Chapter 5 and include proteins such as Bcl-2, which
suppresses Ca2+ release through both IP3Rs, RyRs (Vervliet et al., 2016) and
calcineurin, which is activated by Ca2+ and suppresses IP3R-mediated Ca2+
release via receptor dephosphorylation (Cameron et al., 1997, 1995a,
1995b). Conversely, it may simply indicate that there was a deterioration of
cells as experiments progressed, although this suggestion seems to be
contradicted by the finding that repeated DHPG application controls in the
same cells evoked reproducible responses (50 minute washout; data not
shown), and by the fact that there was no decrease in the proportion of 3xTgAD neurons responding to DHPG nor was there an increase in
spontaneously active neurons (which we used as an indirect measurement of
deterioration in a given population of cultured cells) between experimental
phases (Fig 3.3).
Furthermore, under depolarisation conditions, the amplitude and
A.U.C. of DHPG-evoked calcium responses were significantly increased in
3xTg-AD neurons, relative to non-Tg (Fig 3.7, B). This suggested that
although 3xTg-AD neurons were unable to produce enhanced responses
under depolarisation conditions relative to basal conditions (Fig 3.6), the
magnitude of their responses in K+ HBSS was increased when compared to
those produced by non-Tg neurons under identical conditions (Fig 3.7; B).
This could simply be due to the previously described generally enhanced
levels of [Ca2+]i in 3xTg-AD/PS1M146 neurons, which could negate the effect
of the depolarisation stimulus, despite its amplitude being enhanced in 3xTgAD neurons relative to non-Tg (Fig 3.7; C).
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TgF344-AD rat neurons (Fig 3.10) exhibited a different phenotype to
that observed for 3xTg-AD neurons (Fig 3.6) when compared with agematched non-Tg controls. Specifically, the amplitude and normalised
amplitude of I-mGluR responses were not different when TgF344-AD
neurons were compared with non-Tg control (Fig 3.9), i.e. both parameters
were enhanced under depolarisation relative conditions to basal regardless
of transgenic status. This suggests that there is no overt dysregulation in ImGluR-mediated signalling in TgF344-AD neurons relative to non-Tg control
at this age (7-days-old) and this development in vitro (3 – 7 DIV). In contrast,
in 3xTg-AD neurons, amplitude and normalised amplitude were not
enhanced under depolarisation relative to basal conditions.
Where the TgF344-AD phenotype did differ from that of the non-Tg
F344 neurons was with respect to duration and A.U.C. of DHPG-elicited
responses which were not significantly different under depolarisation
conditions relative to basal conditions in TgF344-AD neurons (Fig 3.10) but
which were enhanced in non-Tg F344 neurons (Fig 3.9). Possible factors
underlying such an observation are outlined above in the context of the
significant decrease observed in both duration and A.U.C. under
depolarisation conditions relative to basal conditions in 3xTg-AD mouse
neurons (Fig 3.6).
These differences in phenotype between the 3xTg-AD mouse and
TgF344-AD rat models suggest that Ca2+ dysregulation at this early stage of
development with respect to amplitude and normalised amplitude is
determined by PS1 mutation (i.e. PS1∆E9 vs PS1M146V; TgF344-AD rat vs
3xTg-AD mouse) or the fact that the 3xTg-AD mice also express a mutation
in tau. Where both mutations could converge in terms of pathogenic effects
is with respect to attenuation of I-mGluR-mediated response persistence.
Work by Zhang et al. (2010) suggests that the PS1∆E9 mutation,
expressed by the TgF344-AD rats, resulted in a gain-of-leak-function of Ca2+
from the ER. Furthermore, at least in MEF cells, transfection with PS1∆E9
normalised [Ca2+]ER to WT levels despite the fact that in lipid bilayer studies,
PS∆E9 exhibits an approximately 2-fold increase in the rate of Ca2+
conductance when compared with WT PS1 (Tu et al., 2011). However, this
gain-of leak function is not supported in the current study as the amplitude of
I-mGluR-mediated responses under basal conditions (an indirect
measurement of resting ER Ca2+ levels) was unchanged in TgF344-AD
neurons relative to non-Tg controls (data not shown). Indeed, unlike
comparisons between non-Tg and 3xTg-AD neurons (Fig 3.7), there were no
differences between non-Tg and TgF344-AD neurons with regard to
amplitude, duration or A.U.C. of DHPG-mediated responses under basal or
depolarisation conditions, or to the depolarisation stimulus itself (data not
shown). It may be the case then, that this proposed gain of leak function is
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not evident, at least at this early developmental time point in TgF344-AD rat
hippocampal neurons, or that it does not operate at a fast-enough rate to
minimise the effects of depolarisation-induced ER loading and subsequent
stimulation of enhanced responses under depolarisation conditions in
TgF344-AD neurons (Fig 3.10).
The fact that there was a significant correlation between the increase
in amplitude mediated by the depolarisation stimulus and the amplitude of
DHPG responses exhibited by non-Tg mouse, 3xTg-AD mouse, SD rat and
non-Tg rat neurons, whereas TgF344-AD rat neurons did not exhibit a
significant correlation between these measurements (see 3.4.1 I-mGluR
response characteristics), does however suggest a difference in the coupling
of depolarisation and/or intracellular Ca2+ influx with ER Ca2+ release
between these models. Interestingly, this is despite the fact that the
proportion of TgF344-AD neurons which responded to depolarisation was
significantly higher than non-Tg controls, suggesting they were in some way
more sensitive to L-type VGCCs activation as a population (Fig 3.3). In
circumstances where there is normal cellular calcium homeostasis, an
increase in Ca2+ influx due to depolarisation and the opening of L-type
VGCCs could logically cause larger I-mGluR-mediated Ca2+ responses, due
to the Ca2+ uptake by SERCA into the ER. However, this would not
necessarily be expected in 3xTg-AD or TgF344-AD neurons at this age and
development in vitro where PS-dependent ER Ca2+ dysregulation is likely
(Zhang et al., 2010). Alterations in, for example, L-type VGCC, SERCA, RyR,
IP3R and PS regulation, expression and/or stability could influence whether
or not the amount of Ca2+ influx due to depolarisation correlates with the
amount released from the ER following I-mGluR mediated stimulation. In the
context of the Ca2+ hypothesis of AD, if the ER was chronically hyper-loaded
with Ca2+, one would expect that a further influx of Ca2+ would not correlate
with an increased I-mGluR elicited Ca2+ release relative to basal conditions
as this additional calcium could not be taken up by the ER. However, such a
correlation is observed in data from 3xTg-AD neurons and suggests that the
ER may not be loaded to capacity in 3xTg-AD neurons under basal
conditions. Alternatively, the initial application of DHPG under basal
conditions could alleviate the hypothesised chronic increase in ER Ca2+
levels (Popugaeva and Bezprozvanny, 2013), such that when DHPG was
subsequently applied under depolarisation conditions, this Ca2+ influx
stimulus is able to increase ER Ca2+ levels and, as such, the nature of
responses to DHPG. Although there are fundamental differences between
TgF344-AD rats and 3xTg-AD mice, including the facts that they are different
species, express different PS1 genes (which have opposite effects on ER
Ca2+ levels; enhanced leak (TgF344-AD) vs impaired leak (3xTg-AD); Zhang
et al. 2010) and that the 3xTg-AD mice alone express a tau mutation, the
lack of correlation between the amplitude of depolarisation- and DHPG172

mediated responses observed in TgF344-AD neurons is puzzling given that
the profile (at least in terms of amplitude and duration) of I-mGluR-mediated
responses is not different in transgenic neurons relative to control. As
described previously, if the proposed gain-of-leak PS∆E9 mutation were active
at this developmental timepoint the rate of calcium leak may not outcompete
the rate of ER loading by SERCA over such an acute time period (Tu et al.,
2011, Zhang et al., 2010) and prevent the stimulation of enhanced responses
under depolarisation conditions, but its effects may be significant enough to
alter the correlation between the amplitude of depolarisation- and I-mGluRstimulated responses.
It also worth noting, however, that the correlation statistics described
above reflect activity only within a subpopulation of neurons which exhibited
measurable responses to depolarisation and may not capture the subtleties
of store loading following depolarisation. Indeed, previous research has
shown that store loading/depolarisation stimuli can enhance I-mGluRmediated Ca2+ responses without any detectable increase in [Ca2+]i arising
from the depolarisation stimulus itself (cultured rat hippocampal neurons,
dentate gyrus neurons from ex vivo intact hippocampal slices and pancreatic
acinar cells; Mogami et al., 1997, Rae et al., 2000, Vaughan et al., 2018)).
Finally, it is worth noting that aside from the aforementioned increase
in the proportion of TgF344-AD neurons which responded to the
depolarisation stimulus relative to non-Tg controls, there were no differences
in a) the proportions of neurons which exhibited detectable responses to
DHPG under basal and depolarisation conditions (including those which
responded solely under depolarisation conditions) or the depolarisation
stimulus itself and b) the percentage of neurons which exhibited
spontaneous activity under basal and depolarisation conditions between nonTg and 3xTg-AD mouse, WT rat and non-Tg rat or non-Tg rat and TgF344AD rat. This suggests that at the population level, there is nothing inherently
different between these murine strains with regards to responsiveness to ImGluR or L-type VGCC stimulation or spontaneous activity rather it is in the
profile and magnitude of the responses themselves where differences
between strains occur.

3.5.4 Limitations
Somatic Calcium Responses
The decision to measure somatic calcium responses was, in part, a
pragmatic one due to the limitations of our imaging system. Depending on
the focal plane, some neuronal processes could be discerned; however, this
was not the case for the vast majority of cells we examined. Even if it had
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been possible to view dendrites and spines in our hippocampal cultures, the
optical resolution of our imaging system was of insufficient quality to
accurately measure calcium transients in these microscopic structures.
Ideally, it would have been preferable to employ two-photon confocal
microscopy for these studies. Unfortunately, significant financial constraints
aside, there are no confocal microscopes available at University College
Cork that are configured to allow continuous perfusion of living tissue.

Global I-mGluR stimulation
I-mGluRs are prominently expressed in CA1 pyramidal neurons (Conn
and Pin, 1997) and indeed, are widely distributed on pyramidal neurons
(Lujan et al., 1996). Given that we were ‘globally’ superfusing an I-mGluR
agonist onto neurons, the magnitude of the calcium responses was
presumably determined largely by the expression and localisation of the
neuronal I-mGluRs. Such global application results in activation of I-mGluRs
throughout the neuron, a situation which is unlikely to replicate in vivo
glutamate-mediated stimulation.

3.5.5 General discussion
Use of young animals
The use of young animals follows the “road map” for the direction of
AD research proposed by Selkoe (2002) who, with regard to investigating the
aetiology of AD, stated that “The earlier one looks, the better”. The findings
presented within this thesis support such an assertion as they demonstrate
that clear mechanistic changes in calcium signalling occur at early stages of
development in AD gene-expressing hippocampal neurons prior to, and
apparently independently of, structural changes and or/protein aggregation.
These changes, which could be responsible for an early, subtle memory loss
syndrome, are likely to be underpinned by eventual synaptic deficits and loss
at a much earlier stage than other late-stage and commonly investigated ADrelated proteins/mechanisms such as Aβ plaques and tangles.

The physiological relevance of I-mGluR evoked hippocampal enhanced
[Ca2+]i signals
Intracellular calcium homeostasis and signalling are universally
recognised as being essential to normal neuronal function and health (see
Section 1.3; e.g. Stutzmann, 2007). Given the possibility that dysregulated
calcium may also be a primary element in initiating and propagating AD,
understanding intracellular Ca2+ dynamics in both health and disease states
may be key to developing a treatment for the disease (Berridge, 2010). As
such, our study not only adds to the current understanding of normal
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neuronal calcium handling but also provides important information about how
neuronal intracellular Ca2+ dynamics can be dramatically altered by specific
gene mutations that are associated with FAD.
Specifically, with regard to the enhanced I-mGluR mediated Ca2+
signals observed in hippocampal neurons described here, similar types of
responses (supralinear responses) may serve as a means of translating
changes in neuronal activity (e.g. membrane depolarisation) into a
physiological response, via the loading state of the ER. The Ca2+ loading
state of the ER could serve as a means of coincidence detection following
prior excitatory input to the neuron (e.g. which may, under certain
circumstances generate back-propagating APs; Nakamura et al., 1999). The
fact that these enhanced ER-mediated Ca2+ signals can be activated for a
relatively long time period following Ca2+ loading of the organelle means that
they could serve as a memory of recent synaptic activity (i.e. a recency
detector; Rae et al., 2000). By enhancing the state of ER Ca2+ loading,
phenomena such as membrane depolarisation and/or NMDAR activation can
also increase the frequency and coupling between elementary release sites
(Koizumi et al., 1999). This increased coupling could, in turn, lead to the
generation of global Ca2+ signals which may ultimately convey Ca2+ signals
from neurites and spines to the nucleus, leading to alterations in gene
expression (Berridge, 1998; Nakamura et al., 1999). Indeed, supralinear
calcium signalling via activation of NMDARs and I-mGluRs may be involved
in the modulation of synaptic plasticity in CA1 hippocampal cells during weak
stimulation paradigms (Rae et al., 2000), whereas NMDAR activation alone
may be sufficient for modulation of synaptic plasticity when stimulation is
sufficiently robust (Wilsch et al., 1998). The magnitude of such calcium
signals generated by ER calcium release can also be further modulated due
to the sensitivity of ER Ca2+ release channels to both luminal (Koizumi et al.,
1999; Missiaen et al., 1992) and cytosolic [Ca2+]i (Bezprozvanny et al., 1991;
Nakamura et al., 1999). The loss of such physiological function and nuance
due to AD-dependent Ca2+ dysregulation has the potential to contribute to
memory impairments that are characteristic of the disease.
More pertinent to our understanding of the Ca2+ hypothesis of AD
however, this work adds to the evidence that Ca2+ dysregulation is an earlystage event in the pathogenesis of at least certain forms of FAD which are
likely caused by neuronal expression of specific PS1 mutations (Guo et al.,
1998; Zhang et al., 2010). As discussed, this Ca2+ dysregulation takes the
form of altered [Ca2+]i and [Ca2+]ER, the former of which is dependent upon
the activity of PLC, IP3R, RyR and/or L-type VGCCs in PC12 and SH-SY5Y
cells (Cedazo-Mínguez et al., 2002; Guo et al., 1998, 1997, 1996). In
agreement with this, I-mGluR-mediated calcium signalling under basal and
depolarisation conditions, likely involving a contribution from, to varying
degrees, each of these components, exhibited an altered profile in transgenic
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hippocampal neurons (3xTg-AD and TgF344-AD) expressing PS1 mutations
relative to non-Tg controls, from a very early age (2 - 5-days-old/2 – 20 DIV;
Fig 3.5 – 3.10) and this effect was particularly evident (across all parameters
measured) in 3xTg-AD mouse neurons relative to non-Tg control (Fig 3.5 –
3.7).
[Ca2+]i and [Ca2+]ER are inextricably linked (Bandara et al., 2013; Das
et al., 2012; Tu et al., 2006) and in AD, normal homeostatic mechanisms
which would return increases in [Ca2+]i back to baseline are overwhelmed,
due in large part to the impaired buffering capacity of the ER. This, in turn, is
primarily due to the fact that the ER is pathologically loaded with Ca2+
(Berridge, 2010; Mattson, 2002), a statement which the current study
supports (see Fig 3.7, 3.11, 3.12 & 3.13). There are numerous lines of
evidence that this is a PS1 mutation-dependent effect across a plethora of
transgenic cell types (e.g. Leissring et al., 2000; see Section 1.4.4 ER
remodelling) whereas in the context of LOAD, there is a surfeit of evidence
for Aβo-mediated Ca2+ dysregulation (e.g. see Yu et al. 2009; see Section
1.2.6 Molecular actions of Aβo and related metabolites). Moreover, the ratio
of [Ca2+]i to [Ca2+]ER in animal models of AD will be determined by which
particular PS1 mutation is expressed, i.e. whether a mutation increases
(including the PS∆E9) or impairs (including PS1M146V) ER Ca2+ leak (Zhang et
al., 2010), given that 80% of the Ca2+ leak from the ER is mediated by PS1
(Tu et al., 2006). In both cases, PS1 mutation could result in chronically
increased [Ca2+]cyt. In the case of PS1M146V, this could occur due to the
impaired buffering capacity of a hyper-loaded ER, whereas the PS1∆E9
mutation could result in a chronically enhanced leak of Ca2+ into the
cytoplasm. Our experiments in 3xTg-AD neurons which express the
proposed impaired leak PS1M146V mutation support these hypotheses as ImGluR stimulation, the primary consequence of which was to evoke ER Ca2+
mobilisation, is enhanced under basal conditions. Furthermore, as described
previously, this study suggests an impairment in the passive leak of Ca2+
from the ER of 3xTg-AD neurons (Fig 3.13) relative to non-Tg controls, likely
in a PS1M146V-dependent manner which could lead to a hyper-loaded ER in
these cells.
The relative contributions of RyR- and IP3R- dependent Ca2+ signals
to I-mGluR-mediated responses aside (see Chapter 4 & Kaar and Rae
(2015)), this work also supports the extensive evidence that ER Ca2+
mobilisation through both IP3Rs and RyRs is enhanced in AD models in a
PS1-dependent manner (see Section 1.4.4 - Alterations in receptor function;
e.g. Stutzman et al. 2007, Zhang et al., 2010).
Basal increases in ER Ca2+ levels such as that seen in 3xTg-AD
neurons will also have critical implications for SOCE, for which low ER Ca2+
levels are a trigger (Venkatachalam et al., 2002). Indeed, Ca2+ responses
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mediated by SOCE are much larger in non-Tg neurons relative to 3xTg-AD
and PS DKO neurons (2-fold increase; cultured hippocampal neurons; 0 - 1days-old; 12 - 13 DIV) and in vitro in cells expressing PS FAD mutations
(Akbari et al., 2004; Herms et al., 2003; Leissring et al., 2000; Yoo et al.,
2000). In agreement with these studies, we have also found that SOCE
stimulation and its inhibition was significantly attenuated in 3xTg-AD cultured
hippocampal neurons, relative to non-Tg controls (Fig 3.11 & 3.12). Crucially,
in the context of AD pathogenesis, Ca2+ dyshomeostasis, including that
specifically due to impaired SOCE (Herms et al., 2003; Leissring et al., 2000;
Yoo et al., 2000), increases the production of pathological Aβo (Hartigan &
Johnson, 1999).
Although I have proposed that I believe that the primary modulator of
homeostasis observed in transgenic AD neurons used in this study is
mutations in PS1, alterations in the levels of APP metabolites, including Aβo,
could also contribute to the transgenic phenotype. This, in turn, will likely
result in further modulation/dysregulation of the neuronal Ca2+ signalling
system, including mGluR-mediated signalling, as described in Section 3.1.4 I-mGluR signalling and the Ca2+ Hypothesis of AD. Notably, there is
conflicting evidence for (Leissring et al., 2002; Lopez et al., 2008; Rojas et
al., 2008) and against (Stieren et al., 2010) the ability of APP mutations
(independently of PS1 mutations or Aβ production, which have both been
definitively determined to cause increased [Ca2+]i; see Section 1.3.3
Molecular actions of Aβo and related metabolites and Section 1.4 The
calcium hypothesis of AD) to cause neuronal Ca2+ dysregulation in animal
models of AD. However, the FAD-linked APP mutants such as the Swedish,
London, Indiana, Flemish and V717L mutations, had no effect on basal
[Ca2+]i, [Ca2+]ER or IP3R-mediated Ca2+ mobilisation in neurosecretory PC12
cells (Stieren et al., 2010). As disparate types of Ca2+ dyshomeostasis were
induced in our rat and mouse models of AD in spite of the fact that they
expressed the same APPSWE mutation, it suggests that this mutation is not
the critical factor inducing the early Ca2+ dysregulation observed here.
Support for this suggestion has been provided by the finding that the 3xTgAD mutant APP and tau gene products are not expressed in cultured
hippocampal neurons before DIV 18 (Zhang et al. 2010). However, that said,
the levels of expression of these transgenes was not determined in this
particular study so we are unable to state conclusively that they did not play
some role in the neuronal Ca2+ dyshomeostasis described herein.
Ca2+
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3.6. Conclusions
There are numerous differences in the nature of responses to
depolarisation and I-mGluR stimulation under basal and depolarisation
conditions when comparing cultured transgenic hippocampal neurons to nontransgenic controls. As I-mGluR-elicited calcium responses are mediated
primarily by ER Ca2+ mobilisation, the differences in the responses observed
with the transgenic phenotypes are likely due to alterations in ER Ca2+
handling. Under depolarisation conditions, differences in the influx of Ca2+
through VGCCs and its uptake by the ER may also influence this transgenic
phenotype. Furthermore, the nature of dysregulated I-mGluR-mediated
signalling is different when comparing responses from 3xTg-AD mouse or
TgF344-AD rat tissue. The most likely candidate underlying Ca2+
dysregulation, in general, and also differences in the transgenic phenotype
between models are leak-specific mutations in PS1 (i.e. y-secretase and
APP processing-independent functions of PS1; Zhang et al., 2010).
Together, these data suggest that Ca2+ dysregulation is an early-stage
phenotype of these particular transgenic models of Alzheimer’s disease, i.e.
PS1-linked FAD could result from chronic Ca2+ dysregulation, beginning at
very early stages of development.
Moreover, this illustrates the potential effect Ca2+ dysregulation could
have in the pathogenesis of LOAD. In this case, the cause of Ca2+
dysregulation is less clear (see Chapter 1) and could arise indirectly from
mutations in genes related to APP processing or Aβo removal such as ApoE
(Coon et al., 2007; Roses et al., 1995), CLU/APoJ (Woody and Zhao, 2016),
SORL1 (Rogaeva et al., 2007) and TREM2 (Colonna and Wang, 2016;
Guerreiro et al., 2013; Neumann and Daly, 2013; Yaghmoor et al., 2014) as
well as from mutations in genes directly implicated in Ca2+ homeostasis such
as CALHM1 (Dreses-Werringloer et al., 2008). That being said, current
understanding of AD suggests that subtle Ca2+ dysregulation (Khachaturian,
1989), which may precede excessive activation of the amyloidogenic APP
processing pathway (Stutzmann, 2007), can induce degenerative pathology
involving oxidative stress, mitochondrial impairment, synaptic dysfunction,
cognitive deficits and, ultimately, widespread neuronal cell death which
characterises the later stages of the disease (Berridge, 2010; Bezprozvanny
and Mattson, 2008; Deshpande et al., 2006; Glabe and Kayed, 2006; Kelly
and Ferreira, 2006; Stutzmann, 2007; Townsend et al., 2006).
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4 ADP-ribosyl cyclase-mediated signalling
4.1 Introduction
Sections of this chapter are taken from a review publication by Kaar
and Rae (2015) entitled ‘Metabotropic glutamate receptor-mediated cyclic
ADP ribose signalling’ which is published in Biochemical Society
Transactions (Appendix 2).
In Chapter 3 I discussed the classical PLC/IP3R pathway, which is
stimulated following I-mGluR activation. However, as mentioned there,
several reports have indicated that certain downstream effects of I-mGluR
activation, on membrane currents and intracellular Ca2+ release, occur
independently of either PLC (Chavis et al., 1998; del Río et al., 1999; Ireland
et al., 2004, 2002; Sohn et al., 2007; Young et al., 2004) and/or IP3R
activation (Currie et al., 1995; Gafni et al., 1997; Ireland et al., 2002).
These findings led to the suggestion that I-mGluR-mediated calcium
signals could, under certain conditions, be mediated by activation of the
other main ER calcium release channel, the RyR (Sohn et al., 2011). This
was based upon the finding that the plant alkaloid, ryanodine, which can both
activate and inhibit RyRs in a concentration-dependent manner, attenuated ImGluR-evoked responses in rat cerebellar granule neurons and dorsal root
ganglion (DRG) neurons (Crawford et al., 1997a; Irving et al., 1992).
Furthermore, in dopaminergic neurons of the ventral midbrain, mGluRmediated Ca2+ mobilisation occurs via activation of both IP3R and RyRs
(Higashida et al., 2003). Moreover, in “acutely dissociated” (i.e. cells which
are dissociated and adhered to a substrate for immediate Ca2+ imaging (Min
et al., 1996), as opposed to the use of cultured cells which are maintained in
vitro prior to utilisation) rat CA1 hippocampal neurons it is proposed that ImGluR-mediated Ca2+ mobilization was generated in its entirety by activation
of the RyRs (Sohn et al., 2011).
The Ca2+-mobilising second messenger cADPR was a prime
candidate mediator of I-mGluR-mediated RyR activation as thousands of
studies support the model of cADPR mobilisation from a RyR-sensitive ER
source (see Morgan et al., 2005) and its activity is established in a plethora
of neuronal and neuron-like cells (Currie et al., 1992; Empson and Galione,
1997; Hachisuka et al., 2007; Higashida et al., 2012, 2003; Hua et al., 1994;
Jin et al., 2007; Lopatina et al., 2010; Sohn et al., 2011; Yue et al.,
2009)(Currie et al., 1992). However, the exact means by which this
interaction occurs has yet to be clearly delineated as cADPR does not
appear to regulate RyR activity by directly binding to the channel itself
(Morgan et al., 2005; Sitsapesan and Williams, 1995). Rather, it is
hypothesized that cADPR activates some sort of molecular ‘intermediary’
which then binds to, and induces the opening of, RyRs (Sitsapesan and
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Williams, 1995). As such, several cytosolic proteins including FKPB12.6
(Hashii et al., 2000b; Noguchi et al., 1997; Tang et al., 2002; Y. X. Wang et
al., 2004), CaM (Lee et al., 1995; Thomas et al., 2001), CaMKII and PKA
(Wehrens et al., 2005b) have been proposed as putative ‘missing links’
between cADPR generation and RyR activation.
cADPR sensitises RyRs to activation by CICR and increases their
open probability, as opposed to a direct ligand-induced gating (Empson and
Galione, 1997; Galione et al., 1991; Guo and Becker, 1997; Hachisuka et al.,
2007; Lee, 1993). In terms of the modulation of this activity, at submaximal
cADPR concentrations, there are synergistic interactions at the same site on
RyRs between Ca2+, Sr2+, caffeine and cADPR, which are all known CICR
enhancing molecules (Guo and Becker, 1997; Lee, 1993). It is also known
that cADPR binding to RyR is unaffected by most CICR modulators (both
endogenous and pharmacological), aside from high levels of Ca2+ which causes
a minor inhibition of cADPR binding (Lee, 1991; Thomas et al., 2001),
suggesting that these compounds modulate the CICR response rather than
cADPR receptor binding. cADPR can sensitise RyRs to such an extent that
they begin to respond to basal [Ca2+]i and can also potentiate release
activated by other signalling processes (Lee et al., 1993). Specifically,
cADPR enhances CICR by orthograde signalling, i.e. that triggered by
calcium influx, in neurons (Empson and Galione, 1997; Hashii et al., 2000b;
Pollock et al., 1999). This, in turn, produces a retrograde signal, whereby
cADPR-mediated Ca2+ mobilisation indirectly primes other RyRs an IP3Rs
(Chavis et al., 1996; Empson and Galione, 1997; Hashii et al., 2000b). Aside
from the well-documented ability of cADPR to mobilise Ca2+ from intracellular
stores, in 3T3 fibroblasts, it can also regulate basal [Ca2+]i(Bruzzone et al.,
2003a; Franco et al., 2001a; Zocchi et al., 1998).
cADPR is abundant in the brain (Partida-Sánchez et al., 2001;
Walseth et al., 1997) and ARC activity has been detected from 1 week of age
in rat hippocampal tissue homogenates (Higashida et al., 2003; Reyes-Harde
et al., 1999a). In the brain, cADPR plays a role in numerous calciumdependent aspects of neuronal and glial signalling (Bruzzone et al., 2004;
Lee, 2001) such as neurotransmitter release (Mothet et al., 1998; Verderio et
al., 2001), excitability (Budde et al., 2000; Ceni et al., 2006), plasticity
(Linden et al., 1995; Morikawa et al., 2003; Pollock et al., 1999; Reyes-Harde
et al., 1999a) and neuron-glia signalling (Higashida et al., 2001a). It also
plays an important role in regulating inflammation and repair processes in the
brain (and other tissues) through the modulation of Ca2+ signalling and
migration of inflammatory cells (Blacher et al., 2015).
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4.1.1 ARC enzymes
cADPR is catalysed from β-nicotinamide adenine dinucleotide (NAD+)
by ADP ribosyl cyclase (ARC; Morgan et al., 2005). Currently, an “Aplysia
cyclase” (Glick et al., 1991; Mothet et al., 1998) and two mammalian
cyclases - CD38 and CD157 are well characterised which are homologous
and structurally similar (Liu et al., 2005; Malavasi et al., 2008; Morgan et al.,
2005; Prasad et al., 1996; States et al., 1992; Yamamoto-Katayama et al.,
2002). Numerous studies suggest that CD157 does not play a critical role in
brain ARC activity (Hirata et al., 1994; Hussain et al., 1998; Itoh et al., 1994;
Kaisho et al., 1994; Kajimoto et al., 1996; Lopatina et al., 2014) and
therefore, it will not be discussed in any further detail. CD38 is widely
expressed in vertebrate cells (Zocchi et al., 1999), including neurons (human
cerebral and cerebellar cortical lysates and cultured mouse hippocampal
neurons; Ceni et al., 2003b; Mizuguchi et al., 1995), astrocytes (Banerjee et
al., 2008; Ma et al., 2014) and microglia (Ceni et al., 2003a; Jin et al., 2007;
Mayo et al., 2008), where it is known to influence Ca2+ homeostasis
(Bruzzone et al., 2004; Higashida et al., 2007; Verderio et al., 2001) and cell
survival (Ma et al., 2014). In the mouse, ARC activity was primarily mediated
by CD38 and was highest in the hypothalamus with activity also detectable in
the cerebellum, cerebrum and posterior pituitary (Jin et al., 2007). CD38
exhibits developmental dependent CNS expression with activity detectable
from E15 in mouse (Choe et al., 2011; Higashida et al., 2007). CD38 staining
is dense in the soma and dendrites of murine and human neurons (Ceni et
al., 2003a; Jin et al., 2007; Mizuguchi et al., 1995) and is expressed on
synaptosomes (Durnin et al., 2012) supporting a role for cADPR in synaptic
transmission and plasticity (Linden et al., 1995; Morikawa et al., 2003;
Pollock et al., 1999; Reyes-Harde et al., 1999a). In human neuronal cultures,
co-culture of neurons with astrocytes resulted in astrocytic CD38
overexpression (both plasma membrane and intracellularly) in a glutamatemediated fashion. It is suggested, therefore, that CD38 may also have a role
in glutamate-mediated neuronal-glial communication (Bruzzone et al., 2004).
ARC enzymes have three known catalytic activities (Fig 4.1), the
products of which stimulate distinct Ca2+ signalling pathways (Fig 4.1 & Fig
4.2; see (Berridge, 2014a; Fliegert et al., 2007):
1. Cyclisation of NAD+ and nicotinamide guanine dinucleotide (NGD) to
cADPR and cGDPR respectively. CD38 exhibits cyclase activity (Ceni
et al., 2003b; Deshpande et al., 2003; Howard et al., 1993; Itoh et al.,
1994; Quarona et al., 2013) producing a relatively small amount of
cADPR (2% of products arising from the application of NAD+ vs 98%
ADPR, in vitro) regardless of which is still physiologically important
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(Ceni et al., 2003a; Schuber and Lund, 2004; Takasawa et al., 1993;
Ziegler, 2000).
2. Hydrolysation of NAD+ and cADPR to ADPR, an enzymatic activity
which is solely exhibited by CD38 and is its predominant mode of
action (Hirata et al., 1994; Howard et al., 1993; Snell et al., 1984;
Takasawa et al., 1993). ADPR is also involved in Ca2+ signalling
(Ayub and Hallett, 2004) and homeostasis (Perraud et al., 2001; Sano
et al., 2001) and activates RyR1 when micromolar [Ca2+]i levels are
also present (Bastide et al., 2002). The majority of investigations of
ADPR-mediated Ca2+ signalling are concerned with the stimulation of
Ca2+ entry into cells through TRPM2, a non-selective cation channel
that is expressed in a variety of tissues, with highest levels in the brain
and immune cells (for review of ADPR signalling see Ernst et al.,
2013). ADPR-mediated activation of TRPM2 is synergised by [Ca2+]i,
cADPR, NAADP and ROS (Sumoza-Toledo and Penner, 2011).
3. The production of nicotinamide and NAADP+ by catalysing a base
exchange reaction, i.e. catalysing the exchange of the NADP+
nicotinamide group with free nicotinic acid (Aarhus et al., 1995;
Fliegert et al., 2007). The substrate NADP+ which is required for this
reaction is formed from NAD+ by NAD+ kinase (Pollak et al., 2007).
NAADP is a Ca2+ mobiliser (for reviews see Fliegert et al., 2007 and
Galione, 2011) which is considered to be critical for the development
of global Ca2+ signals and the regulation of membrane excitability
(Galione, 2011; Schmid et al., 2011). In different cell types it mediates
its effects via IP3Rs (Singaravelu and Deitmer, 2006), RyRs
(Dammermann and Guse, 2005; Gerasimenko et al., 2006;
Hohenegger et al., 2002; Langhorst et al., 2004) and two-pore
channels (TPCs; expressed on endolysosomes; for review see
Morgan et al., 2015; Patel et al., 2010) and from both ER and
endolysosomal stores (Gerasimenko et al., 2003; Kinnear et al.,
2004).
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Figure 4.1 Formation of cADPR, ADPR and NAADP
There is a close metabolic relationship between these compounds that are formed from the three
main enzymatic functions of ADP-ribosyl cyclases (ARCs):
1) cADPR is primarily formed from the cyclisation of the substrate NAD+ (also producing
nicAmide). cADPR mediates Ca2+ mobilisation through RyRs.
2) NAD+ and cADPR are hydrolysed to ADPR (also producing nicAmide). ADPR activates Ca2+
and/or Na+ entry through TRPM2.
3) NAD+ is converted to NADP+ by NAD+ kinase. NADP is then converted by a base-exchange
reaction to NAADP+ and nicAmide. NAADP+ activates RyRs and/or a proposed NAADP
receptor (NAADP-R; which we now know is either RyRs, IP3Rs or endolysosomal TPCs,
dependent on cell type) resulting in intracellular Ca2+ mobilization.
Abbreviations used: ADP-ribose (ADPR), cyclic adenosine 5'-diphosphoribose (cADPR),
nicotinamide adenine dinucleotide (NAD), nicotinate adenine dinucleotide phosphate (NAADP),
the proposed NAADP receptor (NAADP-R), nicotinamide (NicAmide), nicotinic acid (NicAcid),
two pore channel (TPC) and transient receptor potential (TRP) melastatin 2.
Modified with permission from Fliegert et al. (2007).
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Figure 4.2 ADP ribosyl cyclase activation and associated intracellular signalling
ADP ribosyl cyclase (ARC) is activated by exogenous plasma membrane-bound receptors
including GPCRs such as mGluRs. This produces three Ca2+ mobilising second messengers
cADPR, ADPR and NAADP (from NAD, cADPR and NADP, respectively).
There are multiple proposed mechanism which result in cADPR-mediated Ca2+ mobilisation from
ER, such as enhancing the activity of SERCA and by activation of RyRs.
ADPR activates TRPM2 channels causing Ca2+ influx whereas NAADP activates TPC channels
on lysosome related organelles stimulating Ca2+ mobilisation resulting in an intracellular Ca2+
response, possibly in a co-operative manner with other relevant receptors such as VGCCs.
Note: ARC activity is also influenced by cellular metabolism and the levels of intracellular ATP
and NADH.
Abbreviations used: ADP-ribose (ADPR), cyclic adenosine 5'-diphosphoribose (cADPR), Gprotein-coupled receptor (GPCR), metabotropic glutamate receptor (mGluR) nicotinamide
adenine dinucleotide (NAD), nicotinate adenine dinucleotide phosphate (NADP), nicotinic acid
adenine dinucleotide phosphate (NAADP), sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA), transient receptor potential (TRP) melastatin 2 and voltage-gated Ca2+ channels
(VOC)
Modified with permission from Berridge (2014)
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Notably, evidence supporting ARC (including CD38) regulation of basal
and/or stimulus-induced (Aarhus et al., 1995; Cosker et al., 2010) NAADP
levels in a manner that is physiologically relevant is conflicting (Aarhus et al.,
1995; Gul et al., 2016; Schmid et al., 2011) and has been shown in non-CNS
cells, in vitro and in a cell-type specific manner. In fact, there is evidence
from non-CNS cells and tissue that CD38 may degrade NAADP(Aarhus et
al., 1995; Schmid et al., 2011; Soares et al., 2007). Alternatively, however,
the degradation of NAADP to 2′-phospho-ADPR may also occur in these
cells via nucleotide pyrophosphatases (Graeff et al., 2006).
Importantly, ARC preference for the production of either cADPR or
NAADP can be altered with pH (Aarhus et al., 1995; Bacher et al., 2004;
Graeff et al., 1998; Howard et al., 1993). When placed in an acidic
environment (approximately pH 4.5 - 5) and with excess nicotinic acid, CD38
exhibited a preference for base-exchange activity and NAADP generation
which outweighed its hydrolysis (Aarhus et al., 1995). However, when
conditions were more neutral (both pH 7 and pH 7.4) with low nicotinic acid
concentrations, base-exchange did not occur and degradation to 2′-phosphoADPR was enhanced. cADPR was also produced at this more neutral pH.
Given the importance of pH on ARC function, the location of the enzyme
within the cell may be a primary determinant of enzyme activity.
The catalytic domains of membrane-bound ARC, including CD38
which is predominately a transmembrane ectoenzyme (Schuber and Lund,
2004), have been demonstrated as acting extracellularly, as measured by
the extracellular production of ADPR, cADPR and NAADP utilising numerous
cell types including rat cortical astrocytes (Gelman et al., 1993; Hirata et al.,
1994; Hotta et al., 2000; Hussain et al., 1998; Ishihara and Hirano, 2000; Itoh
et al., 1994; Kajimoto et al., 1996; Malavasi et al., 2008; Pawlikowska et al.,
1996; Yamamoto-Katayama et al., 2002). This leads to the “topological
paradox” of cADPR production (De Flora et al., 2004), i.e. that extracellular
synthesis of cADPR conflicts with intracellular activity. However, there are
numerous ways in which this paradox could be satisfied physiologically.
Firstly, NAD+ efflux and availability may be enabled via the gap junction
protein connexin 43 (Cx43; Bruzzone et al., 2001a) and connexin 43 (Cx43)independent transporters, including P2X, ligand-gated ion channel, 7
(P2X7R)-mediated NADH / NAD+ symport (Lu et al., 2007; Romanello et al.,
2002; Salmina et al., 2014). Cx43-mediated NAD+ efflux is hypothesised to
be negatively regulated by Ca2+-dependent (Zocchi et al., 1999) and PKCmediated phosphorylation of Cx43. This decreases the open probability of
Cx43 connexon, preventing NAD+ delivery to the proposed extracellular
active site of CD38, thereby inhibiting CD38-mediated Ca2+ increases
(Bruzzone et al., 2001). There are also three potential mechanisms for
cADPR influx which could also allow cADPR to act as a paracrine Ca2+
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signalling molecule (De Flora et al., 2004; Franco et al., 2001). Namely,
CD38-mediated concentrative cADPR transport (De Flora et al., 2004;
Franco et al., 1998; Jin et al., 2007), co-internalisation with CD38 possibly in
a ligand (Zumaquero et al., 2010) and-or NAD+-induced manner (McCarthy
et al., 2003) which may be balanced with lysosomal degradation of CD38 at
least during periods of prolonged RyR1 activation (Chidambaram and
Chang, 1999; Franco et al., 1998; M.-K. Han et al., 2002; McCarthy et al.,
2003; Zocchi et al., 1999) and CD38-independent transport (both
concentrative and equilibrative) of cADPR (Bruzzone et al., 2003b; De Flora
et al., 2004; Franco et al., 2001; Guida et al., 2002) by nucleoside
transporters (Guida et al., 2004, 2002). These discussions centre upon the
assumption that CD38 is an ectoenzyme. However, extra-plasma membrane
expression of CD38 and the presence of non-CD38 ARC enzymes (see
below) may negate the issues surrounding the topological paradox in certain
cell types. In more detail, CD38 expression has been detected in the cytosol
(Durnin et al., 2012) and in ER, mitochondrial, nuclear and exosome
membranes in numerous non-neuronal cell types (Adebanjo et al., 1999;
Khoo et al., 2000; Khoo and Chang, 2002, 1999; Matsumura and Tanuma,
1998; Orciani et al., 2008; Sternfeld et al., 2003; Sun et al., 2002;
Zumaquero et al., 2010). Furthermore, in addition to the type I conformation,
where the CD38 active site is extracellular, CD38 has been observed in type
II (intracellular) conformation, allowing for cADPR and ADPR production in
the cytosol (Zhao et al., 2012).
Importantly, in the context of this thesis, CD38 and RyRs were
colocalised in osteoblastic MC3T3-E1 cells and NIH3T3 cells, suggesting a
functional coupling of CD38 to intracellular Ca2+ mobilisation (Sun et al.,
2002). Furthermore, mitochondrial CD38 expression (Liang et al., 1999) has
potential relevance to both the upregulated Ca2+ signalling and activation of
cell death pathways evident in AD (Celsi et al., 2009). In more detail,
mitochondrial impermeability to NAD+ (Stein and Imai, 2012) is compromised
following MPT-opening which, aside from depleting mitochondrial NAD+, also
perturbs cellular levels of NAD+ and NADH. This culminates in the activation
of NAD+-glycohydrolases, which alters cellular bioenergetics (Kristian et al.,
2011). The localisation of Cx43 in the mitochondrial compartment is critical in
mPTP-opening (Azarashvili et al., 2011). Given the association of CD38 with
Cx43, this provides a mechanism by which NAD+ released from mitochondria
in damaged cells could be rapidly utilised (Salmina et al., 2008), with
subsequent metabolite formation and downstream Ca2+ signalling.

Other ARC isoforms
Due to the relatively small rates of cADPR production by CD38
discussed previously, and the fact that the cADPR content of certain tissues
is largely unaffected by CD38 KO (Partida-Sánchez et al., 2001), the
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physiological importance of CD38 in cADPR-mediated signalling has been
questioned (Ceni et al., 2003a). The necessity of CD38 for cADPR
production seems to be variable across tissues and between studies. For
instance, CD38 KO either slightly decreases (Partida-Sánchez et al., 2001),
drastically decreases (Ceni et al., 2003a; Jin et al., 2007), or has no effect
on, brain cADPR levels relative to controls (Soares et al., 2007). An
alternative CNS ARC enzyme, with cyclase (10% of products formed;
hypothesised to be able to replenish brain cell cADPR levels within 1 min)
and NAD-glycohydrolase activity (1000-fold lower than CD38 activity)
activities was detected in a PM and ER-enriched fraction from CD38 KO total
brains harvested from either neonate and adult tissue (Ceni et al., 2006).
This novel enzyme is membrane localised, but with an intracellular active site
regulated by G-proteins. Furthermore, this enzyme was functional at both pH
6 (optimal) and pH 7 and inhibited by Zn2+. Interestingly, this enzyme
differentiates itself from other known ARCs as it appears to not possess
NGD cyclization activity (Ceni et al., 2006). Such lack of NGD utilisation has
been recorded previously for a lymphocyte ARC which was observed to have
a physiological role in signalling following T-cell receptor activation (Guse et
al., 1999).
Aside from the cyclase identified by Ceni et al. (2006), it is
hypothesised that numerous, as yet molecularly unidentified, ARC isoforms
exist (Morgan et al., 2005). This suggestion is based upon the detection of
ARCs (including in CD38 KO cells) which have characteristics unlike CD157
and CD38, such as different mechanisms of regulation (e.g. sensitivity to
inhibition by Cu2+), agonist specificity (e.g. to ACh, cholecystokinin (CCK)
and a membrane-permeant analogue of cGMP) and different intracellular
localisations (including soluble). Such ARCs have been detected in a
plethora of non-CNS cell types (Bacher et al., 2004; Bruzzone et al., 2003b;
de Toledo et al., 2000; Graeff et al., 1998; Gul et al., 2008; Guse et al., 1999;
B.-J. Kim et al., 2008; Matsumura and Tanuma, 1998; Nam et al., 2006; Park
et al., 2011; Soares et al., 2007; Sternfeld et al., 2003; Wilson and Galione,
1998; Xie et al., 2003) and brain homogenates (Matsumura and Tanuma,
1998).

4.1.2 Downstream effects of cADPR
cADPR has numerous molecular targets, but in the context of
neuronal signalling, the most interesting of these are RyRs, TRPM ion
channels and purinergic P2X7 receptors. The primary effect of cADPR
production is Ca2+ mobilisation and as such the processes outlined in
Chapter 3, including SOCE, activation of Ca2+-dependent K+ currents and
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modulation of membrane excitability are also pertinent to the ultimate effects
of cADPR on cellular physiology.

RyR
In general, cADPR-mediated activation of RyR1 and RyR3 is quite
variable across cell types and preparations, ranging from inactive to robust
and potentially allowing for a degree of redundancy in the system (Copello et
al., 2001; Fulceri et al., 2001; Kunerth et al., 2004; Mészáros et al., 1993;
Morrissette et al., 1993; Murayama and Ogawa, 2002; Sitsapesan and
Williams, 1995; Sonnleitner et al., 1998). Conversely, cADPR activates RyR2
across numerous cell types (Barone et al., 2002; Rakovic et al., 1996;
Sitsapesan and Williams, 1995; Takasawa et al., 1998; Y. X. Wang et al.,
2004).
cADPR-mediated calcium release is generally considered to be
independent of IP3- and NAADP-mediated Ca2+ release processes. This is
due to the fact that each receptor homologously desensitises, i.e.
desensitisation of one receptor system does not influence the ability of either
of the other systems to be activated (Churchill et al., 2002; Clapper et al.,
1987; Galione et al., 1991; Lee and Aarhus, 1997; Masgrau et al., 2003).
Furthermore, antagonists of IP3Rs do not generally affect cADPR-mediated
signalling (Cancela et al., 1999; Lee, 1993) with the exception of experiments
in bone marrow mesenchymal stem cells (Tao et al., 2011). However, this
does not preclude these alternative intracellular Ca2+ mobilisation sources
from acting in a sequential and/or contributing manner to propagate
response to stimuli.
Indeed, T-cell signalling provides an interesting case study of how
related signalling pathways, particularly those stimulated by other NAD+
metabolites, can work in tandem during physiological responses. Thus,
TCR/CD3 ligation by an antigenic peptide results in the intracellular formation
of NAADP within 10 – 20 seconds (Gasser et al., 2006a). A rapid decrease in
NAADP levels occurs within the first minute, although they remain elevated
for 5 – 20 minutes. At the same time, a smaller rise in intracellular Ca2+
occurs over several minutes (Gasser et al., 2006b). It is hypothesised that
NAADP produces a local Ca2+ signal, which sensitises IP3Rs and RyRs,
thereby facilitating global amplification of the initial NAADP signal (Ernst et
al., 2013). IP3 is formed soon after the initial NAADP peak (Guse et al., 1995)
resulting in IP3R-mediated Ca2+ mobilisation (Guse et al., 1992). Lastly,
cADPR levels increase and cause RyR-mediated Ca2+ mobilisation (Guse et
al., 1999) which is likely facilitated by Ca2+ release arising from both NAADP
and IP3 stimulation (Ernst et al., 2013). This continuous Ca2+ mobilisation
decreases [Ca2+]ER and activates SOCE (Ernst et al., 2013; Guse, 1999).
This amplification and propagation of Ca2+ signals by cADPR has also been
observed during pacemaker signals in T cells (Bruzzone et al., 2003b;
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Kunerth et al., 2004). Furthermore, intracellular Ca2+ mobilisation and
resulting cellular motility following IL-8 application in natural killer cells result
from the activities of cGMP, cADPR and PLCβ (Rah et al., 2005). Aside from
RyRs, cADPR also interacts with Ca2+-ATPases, IP3Rs, FKBPs, TRP
channels and P2XY7Rs (outlined in subsequent sections). RyR-independent
modulatory effects of cADPR may add an even greater degree of complexity
to cADPR- mediated signalling, in terms of increasing specificity or
redundancy to its processes.

IP3R
The presence of a regulatory site for cADPR in the ligand-binding
domain of IP3R1 and IP3R2, but not IP3R3, has been identified in
permeabilised A7r5 smooth-muscle cells (Vanlingen et al., 2001).
Furthermore, cADPR increased the binding of IP3 to IP3R1 (rabbit cerebellar
microsomes), IP3R2 (RBL-2H3 rat mucosal mast cells) and IP3R3
(16HBE14o- human bronchial epithelial cells; Vanlingen et al., 1999)
However, cADPR can also inhibit IP3R-mediated calcium signals in
16HBE14o-cells (Missiaen et al., 1998). Aside from direct regulation via the
aforementioned regulatory site, cADPR could also mediate these effects via
interaction with the IP3R regulatory protein FK506 binding protein 12.6
(FKBP12.6; Noguchi et al., 1997).

FKBP12.6
FKBP12.6 acts to stabilize and suppress RyR- and IP3R-mediated
release (Ahern et al., 1997; Chelu et al., 2004; Patterson et al., 2004)
and is a regulator of hippocampal LTP as well as learning, memory and
behaviour (Hoeffer et al., 2008; Yuan et al., 2016). FKBP12.6 disassociation
from RyRs is enhanced by PKA phosphorylation (Marx et al., 2000) as well
as oxidation and nitrosylation resulting in Ca2+ leak which is implicated in
numerous pathologies (Shan et al., 2010; Wehrens et al., 2006, 2005b).
Ca2+

cADPR has also been shown to bind to FKBP12.6, resulting in its
dissociation from RyRs and IP3R, priming these channels for activation
and/or delaying their inactivation (Hashii et al., 2000b; Noguchi et al., 1997).
Furthermore, in airway smooth muscle cells of FKBP12.6 null mice (Y. X.
Wang et al., 2004) and arterial preparations functionally or physically
stripped of FKBP12.6, cADPR failed to elicit calcium release (Tang et al.,
2002). Conversely, cADPR did not modulate the association between
recombinant FKBP isoforms and RyR3 (Bultynck et al., 2001), suggesting a
RyR subtype specific modulatory role for FKBP12.6 with regard to cADPR
signalling.
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Additional modulators of cADPR-mediated calcium release include
CaM (Lee et al., 1994), CaM-Kinase II and PKA (potentially via the
aforementioned phosphorylation of RyRs and FKBP12.6 dissociation;
Wehrens et al., 2005). In more detail, CaM binds to RyRs (Wagenknecht et
al., 1997) and sensitises them to CICR (Fruen et al., 2000; Lee et al., 1995;
Tripathy et al., 1995). When a threshold intracellular level of cADPR is
reached, CAM dissociates from RyRs, resulting in a refractory period until
cADPR levels are decreased, allowing for negative feedback regulation
(Thomas et al., 2002).

4.1.3 CD38 regulation
So far, I have discussed how cADPR is formed by ARC, its
mechanism of action and its effects at both the cellular and systems level.
However, a fundamental question which also remains unanswered some 30
years after the initial discovery of cADPR as a Ca2+ signalling molecule is
exactly how ARC itself is activated following activation of exogenous plasma
membrane-bound receptors? Although, as discussed below, there are
numerous lines of evidence to suggest that I-mGluR-elicited ARC activation
may be mediated by a cholera toxin (CTx; Gs activator and inhibitor of
GTPase activity (Mangmool and Kurose, 2011) sensitive G-protein.
Regulation at the enzyme level includes its ultrastructural organisation
where it can exist in either a monomeric (Terhorst et al., 1981) and/or
dimeric/multimeric form (Mallone et al., 1998). It is also proposed by Zhao et
al. (2012) that CD38 can alter its cell surface positioning to expose an active
site either intracellularly or extracellularly. Modulation of the structure of its
catalytic centre (Salmina et al., 2014), as well as the targeting of its
expression on numerous intracellular organelles, reveals further mechanisms
of regulation (Quarona et al., 2013). Indirect regulation includes that dictated
by the intracellular levels of substrates and modulators, including NADH,
NAD+, cADPR, NADP, ADPR, ATP and the non-substrate ligand CD31
(Salmina et al., 2014).
The end result of ARC activation is increased [Ca2+]i which can, at
least following cholinergic agonist stimulation in chromaffin cell membranes
(Morita et al., 1997) and adult cardiomyocytes (Xie et al., 2003) in turn,
activate ARC via adenylyl cyclase/ cAMP/ PKA-dependent phosphorylation.
Fukushi et al., 2001; Higashida et al., 2007, 1997; Sternfeld et al., 2003;
Zhang et al., 2005).
A plethora of physiological mediators regulate ARC expression and
activity (including CD38 specific studies) in a variety of cell types including
neuronal cells (for review see; Guse, 1999; Higashida et al., 2007). There is
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a significant body of evidence in support of G-protein (Gi and Gq)
involvement in ARC activation across these different cell types and different
molecular pathways (Barisione et al., 2010; Fukushi et al., 2001; Higashida
et al., 2007, 2003, 2001b, 2000, 1999, 1997; Hotta et al., 2000; Shi et al.,
2007; Sternfeld et al., 2003; Zhang et al., 2005).
Those of which are particularly relevant to neuronal ARC activation include:
Angiotensin II (Higashida et al., 2000), non-specific beta-adrenergic receptor
stimulation (Barisione et al., 2010; Higashida et al., 2003, 2001b, 1999,
1997; Hotta et al., 2000), endothelin receptors (Barone et al., 2002),
mAChRs - M1 & M3 (Fukushi et al., 2001; Higashida et al., 2007, 2001b,
1999, 1997; Sternfeld et al., 2003; Zhang et al., 2005), mGluR1, 3, 5 & 6
(Higashida et al., 2003; Morita et al., 1997; Xie et al., 2003), Nitric oxide (NO)
(Clementi et al., 1996; Galione et al., 1993; Reyes-Harde et al., 1999a;
Willmott et al., 1996), oxytocin (Kim et al., 2016), VGCCs (possibly via NO;
Morita et al., 1997; Xie et al., 2003) and inflammatory mediators such as
bradykinin, histamine (Deshpande et al., 2005; Higashida et al., 2006), TNFα, IL-1β, interferon gamma (Deshpande et al., 2003), IL-8 (Rah et al., 2005)
and lipopolysaccharide (LPS; implicating ARC activity in LPS-mediated
microglial activation; Barone et al., 2002; Higashida et al., 2007; Mayo et al.,
2008). Notably, mGluR2, M2, M4 and NMDA receptor stimulation inhibits
ARC activity (Higashida, 1997; Higashida et al., 2003, 1997; Salmina et al.,
2011). As the focus of this chapter is on I-mGluR mediated ARC activation,
this will now be discussed in greater detail.
Activation of ARC by mGluRs is mediated by specific mGluR subtypes
in a cell-specific manner. For instance, ARC activation occurs via mGluR6
stimulation in crude rat and mouse retinal membranes and via I-mGluRs in
rat superior cervical ganglion (SCG) membranes. Notably, however,
glutamate had little effect on ARC activity in membranes from rat and mouse
olfactory bulb, cerebral cortex, hippocampus, and cerebellum (Higashida et
al., 2003). Activation of transiently overexpressed mGluR subtypes in
NG108-15 cells with glutamate also differentially modulated ARC activity,
with cells expressing mGluR1, 3, 5 and 6 increasing ARC activity (CTx
sensitive), cells expressing mGluR2 decreasing activity (PTx sensitive) and
with no change in activity being observed in mGluR4 and 7 expressing cells
(Higashida et al., 2003). Mechanistically, in retinal and SCG membranes and
NG108-15 cells (Higashida et al., 1997) cADP-ribose hydrolase activity was
barely detectable and unchanged in the presence or absence of glutamate
respectively, suggesting glutamate-induced cADPR accumulation was due to
increases in production rather than the inhibition of hydrolysis. Notably, ImGluR agonists can reverse NMDAR-mediated ARC inhibition, suggesting a
hierarchy in glutamate-mediated ARC inhibition (Salmina et al., 2011).
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This evidence clearly supports a role for mGluRs in the G-protein
mediated activation of ARC, in a cell type-dependent manner. Notably, as
mentioned previously, RyR-mediated Ca2+ mobilisation following I-mGluR
stimulation also supports the suggestions of a role for cADPR in this
signalling pathway as observed in hippocampal, cerebellar granule, midbrain
dopaminergic and DRG neurons (Crawford et al., 1997a; Higashida et al.,
2003; Irving et al., 1992; Morikawa et al., 2003; Sohn et al., 2011).
It is clear though that across different tissues, and even within the
same tissue, where evidence of I-mGluR – induced RyR - evoked calcium
signals have been provided, the contribution, or otherwise, of cADPR to the
generation of those signals is highly variable. For example, in studies on
whole labyrinth preparations, Hendricson and Guth (2002), demonstrated
that although I-mGluR stimulation did activate RyRs, this was induced by
calcium-induced calcium release (CICR), initiated by calcium release through
IP3Rs, rather than being due to ARC - mediated cADPR production. Indeed,
RyR function was necessary for IP3R-mediated Ca2+ release, at least in rat
cerebellar granule cells where RyR antagonism inhibited mAChR/IP3mediated Ca2+ responses (Irving et al., 1992a). In this scenario, it is
proposed that an initial Ca2+ release via IP3R triggers a major regenerative
Ca2+ response component through CICR (Berridge, 1998; Crawford et al.,
1997; Irving et al., 1992a, 1992b; Simpson et al., 1995). However, when the
contribution of RyR-mediated Ca2+ mobilisation to IP3R-stimulated responses
in mouse cortical neurons was quantified by Stutzmann et al. (2007), it was
found to be relatively modest (caged IP3 = 20 ± 7%; AP-evoked = 15 ± 5%; 4
- 6 weeks of age).
In contrast, within cultured rat DRG neurons, I-mGluR activation did
evoke cADPR - dependent calcium release via RyR activation. However,
because the potential contribution of IP3R - mediated signalling to the overall
I-mGluR - evoked calcium signal was not measured, it is unclear what the
net relative contributions of the two calcium signalling pathways to the overall
calcium response were (Crawford et al., 1997b). Of particular interest in this
respect was the study of Sohn et al. (2011) which, using acutely dissociated
rat hippocampal neurons, indicated that I-mGluR-mediated Ca2+ mobilization
was generated in its entirety by activation of the cADPR/RyR pathway. This
finding was supported by the fact that I-mGluR-mediated Ca2+ signals were
evoked in hippocampal neurons derived from PLCβ1 and PLCβ4 knockout
mice (Sohn et al., 2011). The nature of this Ca2+ mobilisation in cultured
hippocampal neurons, in terms of the involvement of IP3Rs and RyRs and
whether or not it is altered in transgenic models of AD, is the focus of this
thesis chapter.
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4.1.4 Implication of ARCs/cADPR signalling in AD
There is considerable overlap between processes regulated by CD38
and those implicated in AD pathology, including Ca2+ signalling and
regulation of inflammatory processes such as microglial activation (Franco et
al., 2006; Mayo et al., 2008). However, the ARC signalling system has not
been investigated in any great depth in the context of AD aside from the
observations that, a) the percentage of CD38 positive PBMCs was
upregulated in samples from AD patients (Kassner et al., 2008), b) CD38 has
been observed to accumulate in NFTs (Otsuka et al., 1994) and, c)
intracerebral injection of Aβ increased CD38 and Cx43 expression in the
cortex and hippocampus, which could lead to Ca2+ dysregulation, but
decreased expression in the amygdala (Salmina et al., 2014).
Blacher et al. (2015) conducted the most extensive study with regard
to CD38 in the context of AD published to date. When CD38 KO
APPSWE/PS1∆E9 mice were compared with controls (8- and 14-month-old),
KO mice displayed significant reductions in both soluble and insoluble Aβ
levels and total brain plaque load which correlated with improved spatial
learning. Furthermore, the reduction in Aβ42 levels observed in mice brain
samples was also mirrored in cerebral cortical cultures from CD38 KO mice
and in APP/PS cultures treated with a CD38 enzyme inhibitor or a
competitive antagonist of cADPR-dependent Ca2+ signalling, relative to
control. This suggested that the pathological effects of this enzyme were
mediated, partly at least, by cADPR. Indeed, cADPR is implicated directly in
AD with respect to P2X7 purinergic receptor (P2X7Rs) and TRP activity.
P2X7 in the brain are expressed primarily on microglia and astrocytes
(Kamatsuka et al., 2014; Yamamoto et al., 2013) where they transport NAD+,
NADH and ions across the PM in both neuronal and glial cells (Lu et al.,
2007; Salmina et al., 2014). Moreover, cADPR is implicated in P2XYRdependent Ca2+ influx, mitochondrial activity and cell death (Bruzzone et al.,
2010, 2007). In mice, expression of P2X7R was required for Aβ-mediated
microglial activation and neuroinflammation (Sanz et al., 2009) resulting in
ROS production and synaptotoxicity in APPSWE/PS1∆E9 mice (Lee et al.,
2011). Furthermore, inhibition of native or overexpressed P2X7R inhibited
glycogen synthase kinase 3β (GSK3β)-mediated increases α-secretase
activity, in cell lines (Diaz-Hernandez et al., 2012) and reduced Aβ plaque
number in APPSWE/V717F(Indiana) mice (Diaz-Hernandez et al., 2012).
TRP ion channels are expressed abundantly in the brain including on
neurons (Okada et al., 1998; Tóth et al., 2010), astroglia (Verkhratsky et al.,
2013) and microglia (Kraft et al., 2003) where their modulation of Ca2+ influx
is regulated by cADPR and [Ca2+]i (Starkus et al., 2007; Tao et al., 2011).
TRPM2 dysfunction contributes to Aβ-induced cerebrovascular pathology
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and neurotoxicity in AD (Fonfria et al., 2005; L. Park et al., 2014) and is
implicated in the development of oxidative stress in brain cells (Bai and
Lipski, 2010). Interestingly in T-lymphocytes and neutrophils, although
TRPM2 is activated by micromolar concentrations of NAADP, this activation
is significantly synergised by cADPR (Beck et al., 2006; Lange et al., 2008).
Conversely however, cADPR modulation of TRPM2 signalling was not
observed in HEK293 cells overexpressing TRPM2 (Tóth and Csanády,
2010). However, the active molecule at TRPM2 may also be ADPR (Ernst et
al., 2013), which is a common contaminant of commercial cADPR
preparations (Kirchberger et al., 2009).
It is also possible that the “anti-amyloid” effects of CD38 KO in AD
models are mediated by increases in its substrate, NAD+ (Aksoy et al.,
2006b; Blacher et al., 2015). This is supported by the finding that application
of NAD+ to APPSWE mouse neocortical cultures as well as to APP/PS and/or
CD38 KO cerebral cortical cultures reduced Aβ levels (Aksoy et al., 2006b;
Blacher et al., 2015; Qin et al., 2006). Furthermore, treatment of APPSWE
mice with an NAD+ precursor, attenuated cognitive deficits (Gong et al.,
2013). The process underlying these observations likely involves a reduction
in Aβ production and/or secretion on the basis that CD38 KO reduced the
number but not the size of plaques, reduced both soluble and insoluble Aβ
levels, decreased β- secretase and γ-secretase activity and did not alter
expression of genes known to be involved in microglia/macrophagemediated Aβ phagocytosis or degradation (Blacher et al., 2015).
NAD+ levels decrease with ageing (Imai and Guarente, 2014) which
impairs cellular respiration, decreases mitochondrial ATP and contribute to
cell death (Yao et al., 2017). As such, NAD+ depletion and the resulting
cellular energy deficits attributed to the effects of neurodegeneration are
proposed as a potential therapeutic target (Liu et al., 2008). In order to
increase NAD+ levels, one of four NAD+ synthesising pathways present in
mammals would need to be enhanced. The principal route of NAD+
production is via the salvage pathway where nicotinamide, nicotinic acid,
nicotinamide riboside are utilised (Yao et al., 2017). There is also an
additional de novo NAD+ synthesis pathway which utilises tryptophan
(Yamamoto et al., 2014).
NAD+ also seems to interact with the JNK family of protein kinases
which, in addition to being involved in regulating brain development, repair
and memory formation, are also mediators of neuroinflammation and
neuronal death, and as such are implicated in neurodegenerative conditions
including AD (Mehan et al., 2011; Yarza et al., 2016). Indeed, JNK is
abnormally activated in transgenic models of AD and in AD patients
(Braithwaite et al., 2010; Sclip et al., 2011; Thakur et al., 2007). Interestingly
in this regard, application of the NAD+ precursor, nicotinamide
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mononucleotide (NMN), inhibits JNK and decreases Aβ production, Aβ
plaque burden, synaptic loss, inflammatory responses and cognitive
impairments in APPSWE/PS1∆E9 mice. Aside from the effects mediated by the
inhibition of JNK activation, NMN also upregulates the non-amyloidogenic
processing of APP (Yao et al., 2017).
The aforementioned potential decrease in NAD+ levels in AD models
could subsequently alter metabolic activity, by decreasing glycolysis and
glycolysis-associated NAD+ regeneration (Salmina et al., 2014). Astrocytes
are particularly sensitive to NAD+ depletion compared to neurons (Alano et
al., 2010; Ying et al., 2005a) as they are highly dependent on glycolysis
(Hertz et al., 2007). Furthermore, astrocytic NAD+ depletion also decreases
astrocytic lactate production which, in turn, impacts upon neuronal
metabolism as lactate is a major energy source for neurons (Bouzier-Sore et
al., 2003; Wyss et al., 2011) and is shuttled from glia-neurons by Cx (Bennett
et al., 2012) for use in oxidative metabolism (Pellerin et al., 1998; Pellerin
and Magistretti, 1994).
Aside from ARCs, numerous other enzymes, including poly-ADPribose polymerases (PARP), ADP-ribosyltransferases (ART) and SIRTs, use
NAD+ and its metabolites as substrates (Haigis and Sinclair, 2010; Hassa
and Hottiger, 2008). PARP and ART activity regulate cell signalling, DNA
repair and apoptosis (Haag et al., 2007). It is proposed that ARCs/CD38
(CD38 is the principal mammalian ARC; Bruzzone et al., 2004) regulate
NAD+ homeostasis under normal physiological conditions. Conversely, in
pathological conditions, where significant DNA damage has occurred, it is
proposed that PARPs principally regulate NAD+ levels (Ying et al., 2005b). In
AD, astrocytic PARP-1 activation by Aβ indirectly mediates neuronal cell
death (Abeti and Duchen, 2012). PARP-1 is a DNA repair enzyme which is
activated by single strand breaks associated with oxidative stress (de Murcia
and de Murcia, 1994). This catalyses the formation of poly ADP-ribose
polymers from NAD+. Pathological activation of PARP-1 by Aβ leads to NAD+
depletion and cell death (Abeti and Duchen, 2012; Ying et al., 2003). As
such, prevention of NAD+ depletion is a proposed therapeutic approach for
AD (Braidy et al., 2008).
NAD+ also interacts with the NAD-dependent deacetylase, SIRT1, the
activity of which is increased in the brains of CD38KO mice (Barbosa et al.,
2007; Blacher et al., 2015), likely due to decreased nuclear CD38 expression
(Aksoy et al., 2006a). Aside from their role in energy metabolism (Haag et
al., 2007; Malavasi et al., 2010), in the brain SIRTs are critical for normal
learning, memory, and synaptic plasticity, at least in mice (Michan et al.,
2010). They are also implicated in ageing (Haag et al., 2007; Malavasi et al.,
2010) and neurodegeneration (Outeiro et al., 2008), including AD (Braidy et
al., 2012; Wang et al., 2010). SIRT1 also enhances α-secretase activity and
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expression which decreases Aβ levels in APPSWE mice (Qin et al., 2006).
The SIRT1/PGC-1a pathway has also been shown to promote BACE1
degradation resulting in a reduction in β-secretase activity (Gong et al.,
2013). That being said, in the study by Blacher et al. (2015) utilising
APP/PS/CD38KO mice, α-secretase and ADAM10 activity were not
increased, nor were BACE1 levels decreased, suggesting that the effect of
CD38KO on Aβ dynamics and neuroprotection was not due to SIRT1mediated reduction in α- secretase and/or β- secretase expression and/or
activity (Blacher et al., 2015).
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4.2 Aims
Based primarily upon the finding that I-mGluR mediated Ca2+ signals
were cADPR-dependent (and PLC-independent) in pyramidal neurons from
acutely dissociated SD rat CA1 hippocampal tissue (Sohn et al., 2011), the
aim of this chapter was to determine the proportion, if any, of I-mGluRmediated responses which were mediated by the ARC/cADPR/RyR
signalling pathway in cultured rat hippocampal neurons. Specifically, to add
weight to any determination of the importance of this pathway to I-mGluRmediated signals, I wished to compare results from the inhibition of both the
enzyme which produces cADPR, ARC (utilising nicotinamide and NGD), as
well as the primary target of cADPR-mediated Ca2+ mobilisation, RyRs
(utilising dantrolene).
I also sought to determine if any observed results were reproducible
across different murine across species (comparing data from SD rat with that
from non-Tg mouse). Moreover, I also wished to determine whether or not
the contribution of the ARC/RyR pathway was altered in 3xTg-AD neurons
relative to non-Tg controls.
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4.3 Materials and Methods
4.3.1 Ca2+ imaging
Ca2+ imaging experiments and data analysis were carried out as
described in Section 3.3. Materials and methods. For experiments which
compared the percentage increase from baseline between two unpaired
nonparametric populations (See Fig 4.3) the Mann Whitney test was utilised.
This set of experiments differs from those presented in Chapter 3 in that
application of DHPG under depolarisation conditions served as the control
responses which were then compared with DHPG-evoked responses under
depolarisation conditions but in the presence of, and subsequent to
incubation (4 mins) with, antagonists of either ARC (nicotinamide; 5 mM) and
NGD; 100 µM) or RyRs (dantrolene; 10 µM). Negative control experiments
for nicotinamide were conducted using an analogue, benzamide (5 mM)
(Martino Carpi et al., 2018) but does not inhibit of CD38 (Migaud et al.,
1999a).

4.3.2 Applied compounds
•
•
•
•
•
•
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Benzamide (Sigma, cat. no. 135828)
DMSO (Sigma, cat. no. W387520)
Nicotinamide (Sigma, cat. no. 72340)
Nicotinamide guanine dinucleotide (NGD) sodium salt (Sigma, cat. no.
N5131)
Dantrolene (Sigma, cat. no. 1163140) dissolved in DMSO
U73122 (Tocris, cat. no. 1268)
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DHPG (50 M) + K (15 mM)
DHPG + K+ + nicotinamide (5mM)
DHPG + K+ + benzamide (5 mM)
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Histograms illustrate the amplitude (a.u.; i) , normalised amplitude (% change; ii), duration (s; iii) and area under the curve (A.U.C.; measured in a.u.; iv)
+
of DHPG-mediated calcium responses under depolarisation conditions (control; DHPG = 50 μM; K = 15 mM; white bars) and following prior incubation
with the ARC inhibitor nicotinamide (4 mins; 5 mM; grey bars). Negative control experiments replacing nicotinamide with benzamide (5 mM; grey
dashed bars) were also carried out (control; white dashed bars) and are displayed paired with the corresponding phase of the nicotinamide experiments for
comparison. * and † indicate significant differences between paired and unpaired observations, respectively. Populations used in negativecontrol
experiments: SD rat = 4-days-old / 2 – 6 DIV, non-Tg mouse = 3-days-old / 6 – 13 DIV, 3xTg-AD mouse = 2-days-old / 2 DIV.

Representative traces illustrate somatic intracellular DHPG-mediated Ca responses of cultured hippocampal neurons under depolarisation conditions
+
(DHPG = 50 μM; K = 15 mM) with (grey dashed line) and without (control; solid black line) prior incubation with the ARC antagonist nicotinamide (4
mins; 5 mM; a 50-minute agonist washout period separates both experimental phases). A SD rat; 3-days-old / 6 - 13 DIV, B non-transgenic mouse; 3 - 4days-old / 2 DIV and C = 3xTg-AD mouse; 4 – 5-days-old / 3 - 9 DIV. The horizontal axis represents 120 seconds (s) and the vertical axis represents 25
arbitrary units (a.u.) of fluorescence.
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Figure 4.3. Somatic I-mGluR-mediated (DHPG = 50 μM) Ca responses of SD rat (A), non-transgenic (non-Tg) mouse (B) and 3xTg-AD mouse
+
(C) cultured hippocampal neurons (3 – 5-days-old) under depolarisation conditions (K = 15 mM) with and without prior incubation with the
ARC inhibitor nicotinamide (5 mM) which prevents the formation of cyclic ADP-ribose (cADPR).

C

B

A

4.4 Results

4.4.1 The effect of nicotinamide on I-mGluR-evoked neuronal
calcium signals

When DHPG-mediated responses under depolarisation conditions
were compared with and without prior incubation with nicotinamide, we found
that nicotinamide produced a significant decrease in the amplitude,
normalised amplitude and A.U.C. (amplitude = 43 ± 5 vs 32 ± 4 a.u., p =
0.003; normalised amplitude = 100 vs 80 ± 6%, p = 0.001; A.U.C. = 2216 ±
394 vs 1659 ± 348 a.u.; p = 0.01; n = 44; control vs nicotinamide) of
responses in SD rat neurons (Fig 4.3, A; 3 days-old; 6 – 13 DIV). These
results are likely under-represented, given that the off-target effects of the
nicotinamide analogue benzamide modified I-mGluR signals in a significantly
different manner to nicotinamide, (p = 0.01; n = 44 vs 22; nicotinamide vs
benzamide), namely, benzamide significantly enhanced I-mGluR signals, at
least in data normalised to the control phase of the experiment (100 vs 149 ±
24%; p = 0.0001; n = 22; 4 days old 2 – 6 DIV; Fig 4.3, A, ii, dashed bars).
Conversely, the amplitude (raw a.u.) and A.U.C. of I-mGluR signals were
unchanged by benzamide (amplitude = 17 ± 2 vs 21 ± 3 a.u., p = 0.27;
A.U.C. = 2526 ± 479 vs 2328 ± 552 a.u.; p = 0.74; n = 22; control vs
benzamide).
In contrast to the nicotinamide experiments carried out in SD rat
neurons, in non-Tg neurons (Fig 4.3, B; 3 - 4 days-old; 2 DIV), prior
incubation with nicotinamide increased amplitude, normalised amplitude and
A.U.C. of I-mGluR-mediated responses relative to I-mGluR stimulation alone
(amplitude = 13 ± 2 vs 19 ± 2 a.u., p = <0.0001; normalised amplitude = 100
vs 177 ± 11%, p = <0.0001; A.U.C. = 1144 ± 247 vs 1439 ± 247 a.u.; p =
0.05; n = 61; control vs nicotinamide). These effects are likely due to extraARC nicotinamide side effects given that the amplitude and normalised
amplitude (but not A.U.C.) of I-mGluR responses was also increased with
benzamide co-application (amplitude = 9 ± 1 vs 13 ± 2 a.u., p = 0.007;
normalised amplitude = 100 vs 139 ± 9%, p = 0.0001; A.U.C. = 572 ± 119 vs
660 ± 134 a.u., p = 0.35; n = 34; control vs benzamide). Furthermore, the
effect of nicotinamide and benzamide on I-mGluR signals was statistically
similar (p = 0.06; n = 61 vs 32; nicotinamide vs benzamide)
In 3xTg-AD mouse neurons (Fig 4.3, C; 4 - 5 days-old; 3 - 9 DIV), coapplication of nicotinamide and DHPG had no effect on amplitude,
normalised amplitude or A.U.C. relative to DHPG application alone
(amplitude = 12 ± 1 vs 11 ± 2 a.u., p = 0.07; normalised amplitude = 100 vs
91 ± 10%, p = 0.29; A.U.C. = 738 ± 130 vs 652 ± 136 a.u.; p = 0.40; n = 33;
control vs nicotinamide). Again, these figures are likely under-represented (p
< 0.0001; n = 33 vs 41; nicotinamide vs benzamide) given that the amplitude
and normalised amplitude (but not A.U.C.) of I-mGluR responses were both
enhanced in 3xTg-AD neurons with benzamide co-application (amplitude = 6
± 1 vs 8 ± 1 a.u., p = 0.02; normalised amplitude = 100 vs 187 ± 18%, p = <
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0.0001; A.U.C. = 358 ± 87 vs 431 ± 62 a.u., p = 0.33; n = 41; control vs
benzamide).
Duration was unchanged between these experimental conditions in all
animal models used in nicotinamide (SD rat = 98 ± 11 vs 96 ± 10 s, p = 0.8;
non-Tg mouse = 120 ± 12 vs 124 ± 11 s, p = 0.63; 3xTg-AD mouse = 98 ± 11
vs 98 ± 12 s, p = 0.98; control vs nicotinamide) and benzamide experiments
(SD rat = 257 ± 24 vs 196 ± 28 s, p = 0.08; non-Tg mouse = 97 ± 14 vs 89 ±
10 s, p = 0.28; 3xTg-AD mouse = 90 ± 12 vs 94 ± 9 s, p = 0.65; control vs
benzamide).
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4.4.2 Effect of NGD on I-mGluR-evoked neuronal calcium signals
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Figure 4.4. Somatic I-mGluR-mediated (DHPG = 50 μM) Ca2+ responses of SD rat (A), non-transgenic mouse (B) and 3xTgAD mouse (C) cultured hippocampal neurons (3 – 5-days-old) under depolarisation conditions (K+ = 15 mM) with and without
prior incubation with the ARC inhibitor nicotinamide guanine dinucleotide (NGD; 100 μM) which prevents the formation of
cyclic ADP-ribose (cADPR).
2+

Representative traces illustrate somatic intracellular DHPG-mediated Ca responses of cultured hippocampal neurons under
depolarisation conditions (DHPG = 50 μM; K+ = 15 mM) with (grey dashed line) and without (control; solid black line) prior
incubation with the ARC antagonist NGD (4 mins; 100 μM; a 50 minute agonist washout period separates both experimental phases).
A = SD rat; 5-days-old / 2 - 6 DIV, B = non-transgenic mouse; 2-days-old / 11 DIV and C = 3xTg-AD mouse; 4-days-old / 9 DIV.
The horizontal axis represents 120 seconds (s) and the vertical axis represents 25 arbitrary units (a.u.) of fluorescence.
Histograms illustrate the amplitude (a.u.; i) , normalised amplitude (% change; ii), duration (s; iii) and area under the curve (A.U.C.;
measured in a.u.; iv) of DHPG-mediated calcium responses under depolarisation conditions (control; DHPG = 50 μM; K + = 15 mM;
white bars) and following prior incubation with the ARC inhibitor NGD (4 mins; 100 μM; grey bars). Data are pooled from the
following populations.
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Experiments to determine the effect of inhibiting cADPR production on
I-mGluR-mediated Ca2+ signals were repeated utilising an alternative ARC
antagonist, NGD (100 μM). In experiments utilising SD rat neurons, prior
incubation with NGD resulted in a significant decrease in all I-mGluR
mediated response parameters measured (amplitude = 13 ± 1 vs 8 ± 1 a.u.,
p = < 0.0001; normalised amplitude = 100 vs 67 ± 4%, p = < 0.0001; duration
= 159 ± 9 vs 129 ± 8 s, p = 0.009; A.U.C. = 159 ± 9 vs 129 ± 8 a.u.; p =
0.0009; n = 49; control vs NGD; Fig 4.4, A), relative to I-mGluR application
alone.
In contrast, in non-Tg neurons NGD significantly, but slightly,
increased the amplitude (amplitude = 30 ± 2 vs 33 ± 2 a.u., p = 0.03;
normalised amplitude = 100 vs 114 ± 6%, p = 0.01; control vs NGD) of
DHPG-mediated Ca2+ responses, relative to control (Fig 4.4, B; n = 40),
whereas the duration and A.U.C. were decreased with NGD and DHPG coapplication (duration = 178 ± 9 vs 138 ± 21 s, p = 0.02; A.U.C. = 2667 ± 221
vs 2056 ± 304 a.u.; p = 0.02; control vs NGD).
In experiments utilising 3xTg-AD mouse neurons (4 days old; 9 DIV),
NGD had no significant effect (albeit in a single experiment) on the
amplitude, duration or A.U.C. of DHPG-responses, relative to DHPG
application alone (amplitude = 18 ± 3 vs 19 ± 3 a.u., p = 0.63; normalised
amplitude = 100 vs 140 ± 22%, p = 0.22; duration = 76 ± 12 vs 78 ± 9 s, p =
0.75; A.U.C. = 591 ± 135 vs 727 ± 170 a.u.; p = 0.16; n = 18; control vs NGD;
Fig 4.4, C).
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4.4.3 Effect of dantrolene on I-mGluR-evoked neuronal calcium
signals
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Figure 4.5. Somatic I-mGluR-mediated (DHPG = 50 μM) Ca2+ responses of SD rat (A), non-transgenic mouse (B) and 3xTg-AD
mouse (C) cultured hippocampal neurons (3 – 4-days-old) under depolarisation conditions (K+ = 15 mM) with and without prior
incubation with the ryanodine receptor (RyR) antagonist dantrolene (10 μM).
2+

Representative traces illustrate somatic intracellular DHPG-mediated Ca responses of cultured hippocampal neurons under
depolarisation conditions (DHPG = 50 μM; K+ = 15 mM) with (grey dashed line) and without (control; solid black line) prior incubation
with the RyR antagonist dantrolene (4 mins; 10 μM; a 50 minute agonist washout period separates both experimental phases). A = SD
rat; 3-days-old / 7 - 13 DIV, B = non-transgenic mouse; 3 - 4-days-old/3 – 9 DIV and C = 3xTg-AD mouse; 3 - 4-days-old / 5 - 14 DIV.
The horizontal axis represents 120 seconds (s) and the vertical axis represents 25 arbitrary units (a.u.) of fluorescence.
Histograms illustrate the amplitude (a.u. ; i) , normalised amplitude (% change; ii), duration (s; iii) and area under the curve (A.U.C.;
measured in a.u.; iv) of DHPG-mediated calcium responses under depolarisation conditions (control; DHPG = 50 μM; K + = 15 mM;
white bars) and following prior incubation with the RyR antagonist dantrolene (4 mins; 10 μM; grey bars).
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The RyR antagonist dantrolene (10 μM) significantly decreased the
amplitude and A.U.C. (amplitude = 74 ± 8 vs 46 ± 4 a.u., p = < 0.0001;
normalised amplitude = 100 vs 73 ± 6%, p = 0.0002; A.U.C. = 5658 ± 1052
vs 3302 ± 555 a.u.; p = 0.0004), but not duration (76 ± 12 vs 78 ± 9 s, p =
0.75; n = 29; control vs dantrolene; Fig 4.5, A) of I-mGluR-mediated calcium
responses under depolarisation conditions in SD rat neurons.
When these experiments were repeated with non-Tg mouse neurons,
the normalised amplitude of I-mGluR responses were significantly enhanced
following prior incubation with dantrolene relative to I-mGluR responses
alone (100 vs 116 ± 7%, p = 0.02; n = 36; control vs dantrolene; Fig 4.5, B,
ii). Conversely, amplitude (measured in a.u.), duration and A.U.C. of I-mGuR
responses were unchanged by dantrolene (amplitude = 11 ± 1 vs 11 ± 1 a.u.,
p = 0.96; duration = 168 ± 17 vs 152 ± 21 s, p = 0.19; A.U.C. = 1107 ± 166
vs 1111 ± 209 a.u.; p = 0.97; control vs dantrolene; Fig 4.5, B).
Dantrolene had no effect on any I-mGluR response parameters
measured in neurons from 3xTg-AD mice (albeit from one experiment;
amplitude = 18 ± 4 vs 13 ± 3 a.u., p = 0.09; normalised amplitude = 100 vs
78 ± 15%, p = 0.19; duration = 68 ± 8 vs 59 ± 7 s, p = 0.15; A.U.C. = 648 ±
151 vs 459 ± 135 a.u.; p = 0.14; n = 15; control vs dantrolene; Fig 4.5, C).
Notably, there were no significant differences between the levels of
inhibition of the amplitude of the I-mGluR signal between any of the
antagonists used (i.e. nicotinamide, NGD or dantrolene) in SD rat neurons
(one-way ANOVA with Tukey’s multiple comparison test; ns). Conversely, in
non-Tg mouse experiments, the level of I-mGluR response agonism was
significantly less with NGD co-application relative to nicotinamide (14 ± 6%
vs 177 ± 11%; n = 40 vs 61; p = < 0.0001). In 3xTg-AD experiments
(although there was no significant effect of nicotinamide, NGD or dantrolene
on DHPG responses relative to DHPG responses alone) NGD application (n
= 18) resulted in a significantly different effect on DHPG responses
compared with nicotinamide or dantrolene whereas there were no significant
differences between co-application of nicotinamide or dantrolene with DHPG
(p = 0.48; n = 33 vs 15; nicotinamide vs dantrolene).
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4.5 Discussion
4.5.1 Contribution of ARC/RyR pathway to I-mGluR signalling
The central aim of this study was to add to the limited experimental
data investigating whether cADPR is a second messenger downstream of
neuronal I-mGluR stimulation. In order to determine if a given drug can be
related to its proposed effect, in this case; DHPG / I-mGluR-mediated
stimulation of the ARC/cADPR/RyR system, it needs to satisfy the five
characteristics of second messengers as proposed by Sutherland and
Robison (1966; and expanded upon by others (Gao and Vanhoutte, 2014;
Hardman et al., 1971; Schultz and Rosenthal, 1985)).
Two of these characteristics are concerned with established effects
downstream of cADPR production, i.e. that the cADPR signal can be
terminated and that cADPR can act as a cellular effector (controlling a
biological function in cells, organs or tissues), which have been explained
previously in both this chapter and in reviews covering the status of cADPR
as a bona fide second messenger (Guse, 2004; Lee, 2011). Of note, with
respect to glutamate signalling, ARC may be regulated in a hierarchical
manner (at least in cerebellar granule cells), whereby NMDAR activation
inhibits ARC activity which, in turn, can be reversed by I-mGluR and IImGluR activation (Salmina et al., 2011). The remaining three characteristics
are more relevant to the proposed coupling of I-mGluR signalling with
ARC/cADPR and will be discussed in more detail below.
Firstly, does ARC respond to I-mGluR-stimulation in broken cell
preparations as might be expected in results with intact tissues? I-mGluRmediated ARC stimulation in broken cell preparations exhibits significant
variability across cell types and/or brain regions. For instance, glutamatestimulated ARC on NG108-15 cell membranes overexpressing mGluR1 and
5 only and I-mGluR stimulation activated ARC in SCG membrane
preparations. Conversely, glutamate or DHPG had little effect on ARC
activity in membranes from rat and mouse retina, olfactory bulb, cerebral
cortex, hippocampus, and cerebellum (Higashida et al., 2003).
Secondly, with regard to regulation, does the concentration of cADPR
in intact cells change when I-mGluRs are stimulated and does this
generation occur rapidly enough to accompany or precede the known
physiological effect? The precise intracellular concentration of cADPR cannot
yet be visualised directly in intact cells. However, there are indirect methods
of measuring cADPR levels in intact cells including Ca2+ imaging following
intracellular injection of cADPR, as well as an indirect determination of ARC
activity using a fluorogenic substrate nicotinamide guanine dinucleotide (see
Morgan et al., 2005). It is known that extracellular stimuli, generally, cause a
rapid increase in intracellular cADPR (Guse et al., 1999; Leckie et al., 2003;
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Yamasaki et al., 2005). Evidence for I-mGluR stimulation, specifically, is
lacking although ARC activity is increased (rate was not measured) in
cerebellar granule cells following I-mGluR stimulation (Salmina et al., 2011).
Furthermore, within cultured rat DRG neurons, I-mGluR and II-mGluR coactivation (with a non-specific agonist) evoked calcium release via RyR
activation which was mimicked by extracellular application of the cADPR
precursor NAD+. This observation suggests cADPR generation could occur
rapidly enough to be involved in I-mGluR-mediated neuronal signalling.
However, as mentioned previously, this study contains a major flaw in that
the potential contribution of IP3R - mediated signalling to the overall I-mGluR
- evoked calcium signal was not measured (Crawford et al., 1997b).
Thirdly, can the physiological effect of I-mGluR stimulation be
mimicked by cADPR (not membrane permeable; Morgan, 2005), a cADPR
derivative or a membrane-permeable cADPR analogue? The major
downstream physiological effect, at least with respect to this project, of
DHPG / I-mGluR stimulation is RyR-(and/or IP3R-) mediated Ca2+ signalling
as a potential molecular mechanism for synaptic plasticity (Futagi and
Kitano, 2015; Rose and Konnerth, 2001; Sajikumar et al., 2009). Although
ARC is implicated in mediating such I-mGluR signals, and cADPR can
certainly mimic ER Ca2+ release (Crawford et al., 1997a; Higashida et al.,
2003; Irving et al., 1992; Morikawa et al., 2003; Sohn et al., 2011), little is
known about ARC/cADPR involvement in synaptic plasticity (Reyes-Harde et
al., 1999a) or in I-mGluR-mediated enhanced signals proposed to correlate
to “learning events” (Nakamura et al., 1999; Rae et al., 2000). It is in this
context that the current project sought to determine cADPR involvement,
albeit not specifically by utilising cADPR analogues, but instead indirectly by
way of ARC inhibition and/or cADPR antagonism.
This approach was utilised previously by Sohn et al. (2011) who
proposed that I-mGluR-mediated Ca2+ mobilization in acutely dissociated SD
rat CA1 pyramidal neurons was generated in its entirety by activation of the
cADPR/RyR pathway. Although this finding was supported by the
demonstration that I-mGluR-mediated Ca2+ signals were still evoked in
neurons derived from PLCβ1- and PLCβ4-knockout mice, the investigators
failed to either quantify how large these signals were relative to those evoked
in control neurons or, indeed, to demonstrate that these calcium signals were
blocked by their chosen cADPR antagonists (Sohn et al., 2011). This is a
particularly important distinction given the aforementioned canonical coupling
of I-mGluRs to IP3Rs. Furthermore, in whole labyrinth preparations at least, ImGluR-mediated RyR activation occurred via IP3R-initiated CICR and not
due to ARC-mediated cADPR production (Hendricson and Guth, 2002).
When we attempted to replicate the findings of Sohn et al. (2011),
using cultured SD rat hippocampal neurons, rather than acutely dissociated
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SD rat CA1 pyramidal neurons, we found that the cADPR/RyR calcium
signalling pathway was indeed responsible for a significant proportion of the
overall I-mGluR-mediated calcium signal (Fig 4.3 - 4.5; Kaar and Rae, 2014).
However, this portion comprised a much lower proportion of the total ImGluR mediated response (ARC inhibition = 20 ± 6% (nicotinamide) and 33
± 4% (NGD); RyR inhibition = 17 ± 6% (dantrolene); % decrease in
amplitude; Fig 4.3 – 4.5, A, ii) in comparison to the entirety of the signal
proposed by Sohn et al. (2011). However, as detailed below, the effect of
nicotinamide is likely underrepresented given the opposing effects of
negative controls used in these experiments (Fig 4.3). Interestingly, our
finding of potential redundancy in the IP3/IP3R and cADPR/RyR pathways
activated by I-mGluR stimulation was mirrored by findings from rat midbrain
dopaminergic neurons. Here, both the IP3/IP3R and cADPR/RyR pathways
were necessary to mediate maximum magnitude intracellular calcium
responses to I-mGluR activation, but both ‘arms’ of the calcium signalling
cascade evoked intracellular calcium release independently of one another
(Morikawa et al., 2003).
By using dantrolene I was able to determine the role of the putative
cADPR target, RyR, in I-mGluR mediated Ca2+ signals with the caveat that
there are question marks regarding its isoform specificity (see Section 4.5 Limitations). There were no significant differences in the level of I-mGluRmediated calcium signal reduction following inhibition of the synaptosomal
cyclase (with NGD) or RyRs. This suggests that the entirety of the
dantrolene- sensitive RyR-evoked signal (potentially through RyR1 and 3
subtypes, solely (F. Zhao et al., 2001)) downstream of I-mGluR activation is
stimulated by cADPR derived from this synaptosomal cyclase.
Conversely, when negative control experiments are factored in for
nicotinamide inhibition of CD38 (likely meaning that levels of I-mGluR
inhibition are much greater in reality with this antagonist; Fig 3.4; A; ii) it
suggests that, a) both the synaptosomal cyclase and CD38 are mediators of
I-mGluR stimulated ER Ca2+ mobilisation and that, b) there is a RyRaccessible Ca2+ pool which is not inhibited by dantrolene (possibly through
RyR2; F. Zhao et al., 2001) in SD rat hippocampal neurons. Conversely, if
dantrolene is an effective pan-RyR inhibitor, it suggests that the effects of the
proposed cADPR binding to, and enhancement of, IP 3R1-3 Ca2+ mobilisation
(Vanlingen et al., 1999) and/or SERCA activation (Bradley et al., 2003;
Lukyanenko et al., 2001; Yamasaki-Mann et al., 2009) also contribute to this
I-mGluR-elicited signal. Notably, NGD at high concentrations (2 mM) is also
considered to be a general ARC (including CD38) inhibitor. However, it is
unknown if the 100 μM concentrations used in this study inhibited other
ARCs aside from the synaptosomal species (Fritz et al., 2005). Had time and
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circumstances permitted them, experiments in which these antagonists were
co-applied would have been useful in determining this definitively.
Although ARC-mediated I-mGluR signalling appears underrepresented in this study, it is still markedly lower than the entirety of the
signal suggested by Sohn et al. (2011). The reason(s) for such a marked
difference in results between the two studies is unclear but one obvious
suggestion is that the culturing process itself might somehow alter the
phenotype of intracellular calcium signals evoked by I-mGluR stimulation,
relative to those observed in acutely dissociated cells. A similar discrepancy
in IP3-mediated calcium mobilisation between cultured, compared to acutely
dissociated, cells has been noted when utilising rat DRG neurons, although
overall responsiveness to I-mGluR stimulation appeared to also be a function
of DRG soma size (Pollock et al., 1999; Svichar et al., 1997a). In order to
determine, in a relatively definitive manner, if the culturing process did
indeed induce a rapid alteration in I-mGluR-activated calcium signalling
pathways relative to more ‘physiological’ preparations, experiments which
examined the contribution of the cADPR/RyR pathway to I-mGluR-mediated
signals in dentate gyrus neurons within intact hippocampal slices using “bulkloading” calcium imaging have also been carried out by Dr Rae’s lab group.
Thus far only the effects of nicotinamide on I-mGluR-mediated Ca2+ signals
have been investigated. It caused a significant decrease in I-mGluRmediated Ca2+ signals in both non-Tg mouse (11 ± 5%; n = 30 from 5
experiments) and 3xTg-AD mouse neurons (23 ± 6; n = 22 from 3
experiments; Vaughan et al., 2018). Alternatively, hippocampal neurons can
exhibit differences in mGluR expression, localisation and activity in a manner
dependent on postnatal development (2 – 3 weeks vs 6 – 8 weeks; CA1
pyramidal neurons; intact hippocampal slices; Ireland and Abraham, 2002;
Mannaioni et al., 2001). This factors may be relevant to differences in
phenotype between acutely dissociated neurons in the Sohn et al. (2011)
study (7 to 14-days-old) and cultured hippocampal neurons (3 days-old; 6 13 DIV) in the present study.
Caution must be taken when making comparisons between the results
of Sohn et al. (2011) utilising acutely dissociated rat neurons, results from
Vaughan et al. (2018) utilising dentate gyrus mouse neurons from intact
hippocampal slices and my own research utilising cultured mouse and rat
hippocampal neurons, as the role of cADPR signalling in I-mGluR-evoked
calcium responses may vary between species and neuronal populations and
may even be dependent on I-mGluR localisation within the same cell. For
example, dendritic I-mGluR mediated Ca2+ signalling within hippocampal
neurons appears to be mediated solely by the IP3R pathway (Nakamura et
al., 2000, 1999), whereas, as discussed above, cADPR appears to mediate
at least a proportion of the I-mGluR mediated calcium signal evoked within
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the somata of both hippocampal (Kaar and Rae, 2014; Sohn et al., 2011)
and adult DRG neurons (Svichar et al., 1997b), with or without additional
involvement of IP3-evoked signalling. Importantly, in the current study,
species differences were evident between SD rat and non-Tg mouse
neurons. Specifically, ARC inhibition with nicotinamide prior to and during ImGluR stimulation enhanced Ca2+ signals (77 ± 11% increase; Fig 4.3, A, ii)
in non-Tg mouse neurons. This is in direct contrast to the decrease we saw
using nicotinamide in SD rat experiments (reduced amplitude and A.U.C.;
duration unchanged). The fact that our benzamide experiments mirrored the
results of our nicotinamide experiments in non-Tg mouse neurons (Fig 4.3;
B; ii) suggests that the effects we witnessed were due to off-target effects of
nicotinamide and (unlike in SD rat, where the effects observed in control
conditions and in the presence of nicotinamide were opposed) may suggest
that CD38 does not play a role in I-mGluR-evoked signals in these mouse
neurons. Potential off-target effects of both the synaptosomal cyclase
inhibitor, NGD, and nicotinamide may occur by enhanced ER Ca2+ release
as cADPR can stimulate SERCAs (Bradley et al., 2003; Lukyanenko et al.,
2001; Yamasaki-Mann et al., 2009) and IP3Rs (Tao et al., 2011; Vanlingen et
al., 1999). However, conversely, Missiaen et al. (1998) presented evidence
of the exact opposite effect, i.e. cADPR-mediated inhibition of SERCA and
IP3Rs.
Similar to our nicotinamide experiments, NGD caused a small but
significant increase in the amplitude of I-mGluR-evoked signals in non-Tg
mouse experiments (14 ± 6% increase; Fig 4.4, B, ii) which could also be
due to off-target effects of this antagonist (although to significantly lower
levels than observed with nicotinamide; 14 ± 6% and 77 ± 11% increase
respectively). Aside from off-target effects perhaps explaining the
enhancement of I-mGluR-mediated signals we observed following ARC
inhibition, another possibility is that an I-mGluR-mediated persistent (>20
minutes) suppression of sAHP, similar to that described by Ireland and
Abraham (2002) following application of a I- and II-mGluR agonist (Ireland
and Abraham, 2002), may result in a greater activation of L-type VGCCs
upon the second depolarisation stimulus, potentially allowing greater uptake
of Ca2+ by the ER and its subsequent mobilisation by DHPG. However, in
control experiments (repeated DHPG applications under depolarisation
conditions) there was a decrease in the amplitude of I-mGluR-evoked
responses in non-Tg mouse neurons over time (16 ± 5%; p = 0.006; n = 58).
To complicate matters further, however, the duration and A.U.C. of
DHPG-mediated responses were decreased in the presence of NGD in both
non-Tg mouse and SD rat neurons (Fig 4.4; A & B, iii & iv). This could
suggest that potential off-target effects of this antagonist in non-Tg mouse
experiments mask its ARC inhibiting effects with respect to calcium signal
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amplitude, but not with respect to signal A.U.C. (Fig 4.4; B; I & ii vs iii & iv).
Furthermore, despite response size differences between non-Tg mouse and
SD rat neurons in the initial I-mGluR mediated ER Ca2+ release following
inhibition of the synaptosomal cyclase (amplitude), the magnitude (A.U.C.) of
the resultant sustained somatic Ca2+ signals were not different and
decreased in both models when DHPG and NGD were co-applied. Could it
be that in non-Tg neurons, inhibition of the synaptosomal cyclase (and a
rapid decrease in cADPR) relieves a negative regulation of IP3Rs, causing
an initial increase (amplitude) of the I-mGluR response, whereas a reduction
in cADPR ultimately results in less CICR and a decrease in the sustained ImGluR response? However, if this were the case, quite why it would be a
signalling algorithm in non-Tg mouse but not SD rat neurons is unclear.
Furthermore, if this was the case one would expect the RyR antagonist
dantrolene to have the same effect on the A.U.C. of I-mGluR responses as
the ARC inhibitors, which is not the case (Fig 4.5, B, iv). In fact, dantrolene
did not alter I-mGluR responses in non-Tg neurons, suggesting a lack of
involvement of RyR1 and 3 (and potentially 2) in this signalling system. It is
also a possibility that these unique differences between enhanced amplitude
but inhibited duration and A.U.C. of I-mGluR responses with NGD coapplication (Fig 4.4; B) reflect that this single non-Tg mouse experiment was
an outlier.
This large inter-species variability is in contrast to the work of
Higashida et al. (2003) which found consensus between mouse (“adult WT”)
and Wistar rat (1 – 12 weeks-old) in that mGluR or I-mGluR stimulation did
not affect ARC activity in membranes from the retina, olfactory bulb, cerebral
cortex, hippocampus, and cerebellum. Aside from species differences, an
added layer of variability could also arise from the fact that SD rats are a
genetically heterogeneous outbred strain in comparison to our inbred strain
of non-Tg mice (C57BL6/129sv).
An added layer of complexity to this story comes from the finding that
in NG108-15 cells and rat cerebellar granule neurons, cADPR signalling
seems to be dependent upon the excitation state of the cell as well as the
loading state of the ER. For example, under resting conditions, intracellularly
applied cADPR failed to evoke any form of Ca2+ mobilisation, but did amplify
both depolarization-induced Ca2+ mobilisation (by acting as an agonist of
RyRs at the ER) as well as Ca2+ influx through L-type VGCCs (De Flora et
al., 1996; Empson and Galione, 1997; Hashii et al., 2000b). These findings
support previous research which showed that the loading state of the ER had
an important bearing on the magnitude of signals evoked by ER stimulation
(Rae et al., 2000; Rae and Irving, 2004). Similarly, oxytocin release in
hypothalamic neurons in response to depolarization was decreased in CD38
null mice (Higashida et al., 2012; Jin et al., 2007). Therefore, it would be of
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interest to investigate whether the contribution of the ARC/RyR pathway to ImGluR-evoked calcium signals displayed a similar modulation under basal
conditions, relative to depolarisation conditions, in our model of cultured
hippocampal neurons.
Another consideration that must be borne in mind when interpreting
putative cADPR-evoked Ca2+ signalling data is the possibility that RyRmediated CICR can be induced both by cADPR alone (Ayar and Scott, 1999;
Crawford et al., 1997b; Empson and Galione, 1997; Hua et al., 1994) and by
amplification of local signals following IP3R activation (Morgan and Cyclic,
2002; Stutzmann et al., 2007). Thus, one may show the sensitivity of one's
Ca2+ signals to RyR blockade, but it may be that the responses are mediated
via IP3R-evoked CICR, rather than cADPR activation of RyRs per se. This
might explain why I-mGluR evoked responses which can be inhibited by IP3R
and/or PLC antagonists are also sensitive to inhibition by RyR antagonists
(Abdul-Ghani et al., 1996). However, in the case of hippocampal neurons at
least, I-mGluR mediated calcium signals can still be evoked even following
putative IP3R blockade with heparin in acutely dissociated hippocampal CA1
neurons (Sohn et al., 2011) and cultured SD rat hippocampal neurons (150
μM 2-APB; no effect on DHPG-evoked Ca2+ signals; p = 0.97; n = 17; Kaar
and Rae, 2013), although this finding is absolutely contingent upon the
antagonists being specific for IP3Rs, which is less than certain in some cases
(Bootman et al., 2002; Chung et al., 2004; Dasso and Taylor, 1991;
Lemonnier et al., 2004; Peppiatt et al., 2003; Rae et al., 2012). Indeed, this
last point highlights a problem which continues to beset this field of study: the
lack of specific antagonists and agonists for IP3Rs, RyRs and ARC with
which to pharmacologically dissect out the relative contributions of IP3mediated versus cADPR/RyR-mediated I-mGluR-evoked Ca2+ signals (as
discussed below - Limitations). This usually necessitates the requirement for
multiple approaches to establish a single datum piece which, in addition to
being both costly and time-consuming, may still be regarded with some
suspicion by others in the field.
Finally, there is evidence to suggest that both I-mGluR subtypes,
mGluR1 and mGluR5, may mediate cADPR/RyR-activated Ca2+ signals. For
example, Higashida et al. (2003) showed that activation of I-mGluRs
stimulated ARC activity and increased cADPR concentration in rat SCG
membranes. Interestingly, they also demonstrated that both mGluR1 and
mGluR5 were relatively equally effective in stimulating ARC activity when
these receptors were overexpressed in NG108-15 cells (Higashida et al.,
2003). Conversely, mGluR-mediated cADPR responses in rat DRG neurons
and acutely dissociated CA1 hippocampal neurons were proposed to be
mediated solely by mGluR5 (Pollock et al., 1999; Sohn et al., 2011). This
may suggest some receptor redundancy in cells where both receptor
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subtypes are expressed, such as rat CA1 hippocampal neurons, as has been
shown in other studies with regard to I-mGluR-evoked Ca2+ signals
previously ascribed to activation of IP3Rs (e.g. Rae and Irving, 2004).

4.5.2 ARC/RyR-mediated signalling in AD
The final aim of the work detailed in this chapter was to determine
whether or not the contribution of the ARC/RyR pathway was altered in
3xTg-AD neurons relative to non-Tg controls. This investigation was
predicated upon the results of Stutzmann et al. (2007) who found that the
contribution of RyR-mediated Ca2+ mobilisation to IP3R-stimulated responses
in non-Tg cortical neurons was relatively modest (caged IP3 = 20 ± 7%;
action potential-evoked = 15 ± 5%). This was replicated in the current study
as the RyR antagonist dantrolene had no effect on the amplitude, duration or
A.U.C. of I-mGluR mediated responses (Fig 5.5; B). However, as evidenced
by the aforementioned apparent enhanced inhibition of I-mGluR signals with
nicotinamide, compared with dantrolene there appears to be a dantrolene
insensitive RyR pool accessed by I-mGluRs, at least at the concentration
used in these experiments.
The contribution of RyRs to caged IP3 induced signals (i.e. due to
CICR) was increased in PS1M146V and 3xTg-AD neurons (which also express
PS1M146V) to 59 ± 11% and 71 ± 9%, respectively, suggesting an
upregulation of RyRs in these models (Stutzmann et al., 2007). This
apparent increase in the amplitude of RyR-mediated Ca2+ responses in
3xTg-AD neurons, relative to PS1M146V neurons, suggested an additive effect
of either APPSWE or TauP301L to PS1 M146V-mediated Ca2+ dysregulation.
When compared to the experiments contained herein, there was no
significant difference in the amplitude, duration or A.U.C. of I-mGluR
responses following dantrolene incubation. However, the caveat of a low n
number (15 cells) used in these experiments should be considered in this
case as well as the fact there is a trend towards an inhibitory effect of
dantrolene on I-mGluR responses (Fig 4.5; C).
Interestingly however, unlike in non-Tg mouse where the
synaptosomal cyclase appears to modify I-mGluR-mediated signals (Fig 4.4;
B) in 3xTg-AD mouse neurons NGD did not alter I-mGluR signals (albeit in
one experiment; n = 18; Fig 4.4, C), suggesting an alteration in I-mGluR
coupling to this enzyme. Furthermore, when negative control experiments
are factored in to CD38 inhibition experiments and results are compared
between non-Tg and 3xTg-AD mouse experiments (Fig 4.3; B vs C) it
appears that CD38 does not modulate the amplitude of I-mGluR responses
(although off-target effects of nicotinamide do; Fig 4.3, B, ii) in non-Tg
neurons, whereas this pathway is utilised in 3xTg-AD neurons. This could
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have the effect of upregulating ER Ca2+ signals which is a proposed
characteristic of a neuron affected by AD pathology (Berridge, 2010).
In summary, these results suggest that FAD mutations, most likely in
PS1, can alter the dynamics of I-mGluR-mediated ER Ca2+ mobilisation in
terms of the relative contributions of IP3Rs and RyRs to overall stimulated
Ca2+ mobilisation. As discussed previously and investigated in Chapter 5,
this transgenic phenotype could be underpinned by increased RyR
expression in transgenic cultured neurons (Chakroborty et al., 2009; Kelliher
et al., 1999; Oules et al., 2012; Stutzmann et al., 2006; see Fig 5.3) and/or a
more general increase in ER Ca2+ levels due to impaired PS1-mediated Ca2+
leak (Zhang et al., 2010). With regard to ARC, there is tentative evidence
that its activities are altered between non-Tg and 3xTg-AD cultured
hippocampal neurons.

4.5.3 Limitations
Morgan et al. (2005) outline common problems surrounding Ca2+
imaging experiments which may influence the results presented herein.
These include the “questionable pharmacology” of antagonists targeting
proteins relevant to this field and fluorimetry issues (such as an antagonist
which absorbs the exciting light or is auto-fluorescent).
To address the first issue, we utilised two ARC antagonists (nicotinamide
and NGD) as well as an antagonist of RyRs (the most likely downstream
mediator of ARC-dependent Ca2+ mobilisation; RyRs) in order to reduce the
likelihood that the effects of these compounds on I-mGluR evoked calcium
signals was not completely due to non-specific or unwanted modulation of
other Ca2+ signalling pathways. Evidence for the effectiveness of these
compounds as inhibitors of ARC/RyR signalling is as follows:
1. Nicotinamide is a cell-membrane permeant (possibly in a non-passive
manner; Olsson et al., 1993) inhibitor of ARC activity, which prevents
the formation of cADPR (Bruzzone et al., 2003a; Geiger et al., 2000;
Liang et al., 1999; Migaud et al., 1999b; Sethi et al., 1996). There is also
limited evidence that nicotinamide inhibits PARP1 (Namazi, 2003; Woon
and Threadgill, 2005). Of particular relevance to this study, it has been
utilised in acutely dissociated rat hippocampal neurons to antagonise ImGluR/ARC-mediated Ca2+ responses (5 mM; 5 mins pre-treatment;
Sohn et al., 2011).
2. NGD is catalysed by CD38, CD157 and Aplysia cyclase to produce
hydrolysis- resistant cGDPR (Fernàndez et al., 1998; Graeff et al., 1994;
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Guse et al., 2001; Lee et al., 1999; Zocchi et al., 2001). cGDPR does not
evoke Ca2+ mobilisation and as such is often used to measure ARC
activity in cell homogenates (Graeff et al., 1996). The use of NGD, in this
context, is based upon the assumption that the active ARC enzyme(s) in
one’s cell(s) of choice can utilise this substrate. However, as mentioned
previously, Ceni et al. (2003) have identified a non-CD38 synaptosomal
ARC in mouse whole brain tissue enriched in a PM and ER-fraction which
can bind NGD but cannot utilise it as a substrate. Indeed, NGD acts as a
competitive antagonist of NAD+ at the cyclase active site (Ki = 24 μM;
Ceni et al., 2006, 2003a). Similarly, high concentrations of NGD (2 mM)
inhibited ACch-mediated Ca2+ responses and the number of oscillatory
responses in permeabilised myocytes (resulting from RyR-mediated
CICR). Ach-mediated Ca2+ responses in these cells are dependent on a
signalling cascade involving muscarinic M2 receptors, ARC (likely CD38),
FKBP12.6 and RyR2 (Fritz et al., 2005). Therefore, the use of NGD (in
excess) as an ARC inhibitor can also be extended to non-synaptosomal
ARCs such as CD38, which do utilise NGD as a substrate. Previous
studies have characterised its function mostly in homogenised or
permeabilised cells, however its use as an antagonist in this study is
dependent upon either the presence of an extracellular active site on the
constitutively active ARC(s) in cultured hippocampal neurons or the
transport of NGD across the plasma membrane. To the best of our
knowledge such transport has not yet been described but may involve
similar mechanisms to the transport of cADPR (including that by NTRs or
concomitant with CD38 internalisation; Guida et al., 2004, Zumaquero et
al., 2010) or its analogue NAD+ (including that by P2X7Rs; Salmina et al.,
2014), as described previously in Section 4.1 - Transport of
NAD+/cADPR.
3. Dantrolene has been characterised as a membrane-permeable RyR
antagonist. However, there are still numerous questions surrounding its
molecular action and binding sites on RyRs (Krause et al., 2004).
Although it has been established that dantrolene inhibits RyR1 (in a CaMdependent manner; native SR vesicles; Zhao et al., 2001) and RyR3
(expressed in HEK-293 cells; Zhao et al., 2001), its activity at RyR2 is
less clear. In this particular context, although dantrolene has inhibits
RyR2 in CHO cells, a finding which is supported by an abundance of
literature on cardiac tissue where RyR2 is predominately expressed (for
review see Wehrens and Marks, 2005), it failed to inhibit RyR2 in native
cardiac SR vesicles or when they were expressed in HEK-293 and CHO
cells (F. Zhao et al., 2001). As all three RyR isoforms are expressed in
mouse, rat and human brain (Bennett et al., 1996), it is possible that a
component of the I-mGluR-mediated Ca2+ signals in hippocampal
neurons described here (Fig 4.5) is mediated via RyR2 in neurons, which
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would not have been blocked by dantrolene (S. Kim et al., 2007). This
suggestion is all the more pertinent given that cADPR-mediated activation
of RyR1 and RyR3 is variable across cell types (Copello et al., 2001;
Fulceri et al., 2001; Kunerth et al., 2004; Morrissette et al., 1993;
Murayama and Ogawa, 2002; Sitsapesan and Williams, 1995;
Sonnleitner et al., 1998), whereas it universally activates RyR2 (Barone
et al., 2002; Rakovic et al., 1996; Sitsapesan and Williams, 1995;
Takasawa et al., 1998; Y. X. Wang et al., 2004).
4. U73122 has been utilised in numerous previous studies as an irreversible
cell membrane permeant inhibitor of PLC (Bleasdale et al., 1990) and
PLC-dependent Ca2+ mobilisation. As such, this compound was utilised
by Jin et al., (1994) to study PLC function in neuronal NG108-15 cells and
rat DRG neurons where they found that it inhibited bradykinin-induced
increases in [Ca2+]i (IC50 of 1 μM after 3 mins incubation and 200 nM after
a 20-minute incubation). However, U73122 also inhibited VGCCs,
preventing depolarisation-induced Ca2+ influx in both NG108-15 cells and
DRG neurons (Jin et al., 1994). U73122 also stimulated a slight Ca2+
mobilisation in NG108-15 cells, DRG neurons and MDCK cells (Jin et al.,
1994) and Ca2+ influx in MDCK cells (Jan et al., 1998). Furthermore, in
myocytes, U73122 (10 μM) inhibited SERCA, increased steady-state
[Ca2+]cyto and sensitised IP3Rs and RyRs to stimulated Ca2+ release
(Macmillan and McCarron, 2010). Notably, in a cell-free system, human
PLCβ was, in fact, activated by U73122 (EC50 = 13.6 ± 5 μM; (Klein et al.,
2011). Therefore, caution clearly needs to be exercised when interpreting
experiments utilising this compound. In our hands, U73122 (10 μM; 8
mins) induced widespread death of our cultured hippocampal neurons as
evidenced by phenomena such as cell lysis, cell shrinkage or rapidly
increasing or decreasing [Ca2+]i baselines (unpublished observations).
These findings are in agreement with other studies which showed that
U73122 (10 μM) was pro-apoptotic in cultured human umbilical vein
endothelial cells (Miao et al., 1997) and PC12 cells where it resulted in
decreased Bcl-2 expression and activation of caspase-2, at least
following hydrogen peroxide-induced cell insult mediated by PLC-ƴ1
(Yuan et al., 2009).
The choice of antagonists and agonists of both the ARC/RyR and
PLC/IP3 systems in this study was limited by the commercial availability of
membrane-permeable compounds. To add weight to the proposal that ImGluR signalling is mediated in part by the ARC/RyR pathway, it would have
been useful to have employed several more alternative agonists, antagonists
and/or modulators of these signalling systems. Unfortunately, time
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constraints did not allow for such experiments to be undertaken in this period
of study. These compounds include:
1. Membrane-permeant cADPR competitive-antagonists 8-Br-cADPR and
7-deaza-8-Br-cADPR (Barone et al., 2002; Lukyanenko et al., 2001; Sethi
et al., 1997; Walseth et al., 1993).
2. cADPR mimetics (agonists). A large number of cADPR derivatives have
been developed of which N1-cyclic inosine diphosphoribose (N1-cIDPR)
has an almost-identical biological activity to cADPR (Wagner et al., 2005)
and its derivatives are membrane permeant (Guse et al., 2005; Jianfeng
Xu et al., 2006; Xianfeng Gu et al., 2004).
3. ARC antagonists. Flavonoids, including luteolinidin, inhibit CD38
(membrane permeant; Kellenberger et al., 2011) and mirror results from
CD38 KO mice (Blacher et al., 2015).
4. IP3R antagonists. Heparin (non-cell permeant), xestospongin C and 2APB are utilised as IP3Rs blockers but have numerous side-effects
(Morgan et al., 2005). For instance, heparin uncouples GPCRs from Gproteins (Dasso and Taylor, 1991), xestospongin C inhibits SERCA
(Castonguay and Robitaille, 2002; De Smet et al., 1999; Solovyova et al.,
2002), and 2-APB inhibits SERCA, SOCCs, GABAA and TRPV3
(Bootman et al., 2002; Chung et al., 2004; Lemonnier et al., 2004;
Peppiatt et al., 2003; Rae et al., 2012). For this reason, preliminary
experiments utilising 2-APB in cultured SD rat neurons, which did not
inhibit I-mGluR-mediated signals (described previously; Kaar and Rae,
2013) were not expanded upon further.
5. RyR antagonists. Ruthenium red inhibits RyRs but is also a potent
blocker of the MCU (Matlib et al., 1998). Although ryanodine is
recognised as a concentration-dependent RyR agonist/antagonist, the
precise concentration ranges which have to be utilised vary between
experimental preparations. Furthermore, it binds to the open-state of
RyRs only and therefore its effectiveness is determined by the activation
state of the receptor (Morgan et al., 2005).
Lastly, with regard to fluorimetry issues, dantrolene exhibits
fluorescent properties with an excitation at 395 nm and emission at 530 nm
(Dehpour et al., 1982; Hollifield and Conklin, 1968). However, although this is
of concern when utilising fura-2 (excitation = 340/380 nm (high/low Ca2+);
emission = 505 nm; Coleman, 2005), given that fluo-2 has markedly different
excitation (491 nm) and emission (515 nm) properties to dantrolene, the
auto-fluorescent effects of dantrolene were likely to be negligible in our
protocol. Indeed, this was tested by recording baseline fluorescence before
and after dantrolene application in basal and high K+ HBSS and was found to
be unaltered by dantrolene (data not shown).
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4.6 Conclusions
In conclusion, nearly 30 years after its initial discovery, much work still
remains to be done to characterise neuronal cADPR /RyR signalling both in
terms of its fundamental mechanics and interactions with other calcium
signalling systems. Although this work informs the proposal of cADPR acting
as a second messenger downstream of I-mGluR stimulation, at least in SD
rat neurons, much further characterisation needs to be done. As outlined by
Seifert et al. (2015), the harnessing of technologies including highperformance liquid chromatography (HPLC), mass spectrometry (MS),
combined LC-MS, dynamic mass redistribution (DMR) and the creation of
membrane permeable cADPR-AM dyes may be pivotal in answering this
question.
Crucially, the possible role for, or alteration of, cADPR / RyR signalling
in human pathology has yet to be investigated to any significant degree. This
is surprising given the putative role that dysregulation of normal cellular
calcium homeostasis and/or calcium signalling pathways are proposed to
play in several major human diseases such as cardiac disease,
schizophrenia, bipolar disorder and AD.
Specifically with regard to AD, there is now substantial evidence,
gleaned from both human and animal studies, that alterations in neuronal
calcium homeostasis, with the knock-on effect that this has on both IP3 - and
RyR - mediated signalling (including that mediated by I-mGluRs), may be the
key underlying factor in the disease pathogenesis. In transgenic models of
AD, these alterations occur long before any behavioural changes or overt
histopathology appears (Berridge, 2014b, 2012; Stutzmann, 2007).
Therefore, it is not inconceivable that one may also detect alterations in
cADPR - mediated signalling within these animals, and in the process,
uncover a hithertofore unrecognised novel therapeutic target. Given that AD
is currently one of the greatest public health threats facing mankind in the
forthcoming century, this would be no small feat.
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5. Bcl-2 Superfamily
5.1.1 Introduction
The superfamily of Bcl-2 proteins are critical regulators of cell death
and survival by virtue of the fact that they are primary regulators of
apoptosis, the major mode of programmed cell death (for review see:
Czabotar et al., 2013; Youle and Strasser, 2008), necrosis (Tsujimoto et al.,
1997) and, indeed, the balance between these two forms of cell death (Du et
al., 2006; Meilhac et al., 1999).
Bcl-2 family proteins contain blocks of sequence homology called
Bcl-2 Homology (BH) domains (Fig 5.1).

Figure 5.1 Structures of the three main classes of BCl-2 family proteins
Anti-apoptotic Bcl-2 proteins contain four α-helical Bcl-2 homology (BH) domains. BH1 2 and 3
form a hydrophobic cleft which binds to the hydrophobic surface of pro-apoptotic BH3 proteins.
These include multi-domain pro-apoptotic proteins and BH3-only pro-apoptotic proteins.
Acronyms used: Bcl-2 antagonist of cell death (BAD), Bcl-2 antagonist of cell death (BAK), Bcl2-associated X protein (BAX), B-cell lymphoma 2 (BCL2), Bcl-2 homology (BH) domain, BH3interacting domain death agonist (BID), Bcl-2-interacting killer (BIK), Bcl-2-modifying factor
(BMF), Bcl-2-related ovarian killer (BOK), myeloid cell leukaemia sequence 1 (MCL1),
transmembrane domain (TM).
Reproduced with permission from Letai (2008).
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The anti-apoptotic Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1 (BFL1) and Bcl-B
and pro-apoptotic multi-domain effector proteins BAX, BAK and BOK, all
share three BH domains (BH 1 – 3; Fig 5.1; Kvansakul et al., 2008) which
give these proteins a common structure (Muchmore et al., 1996) including a
cleft which allows for interactions with BH3-containing proteins (i.e. all known
Bcl-2 family proteins; Czabotar et al., 2013; Letai, 2008). Anti-apoptotic Bcl-2
family proteins also have a BH4 domain (Letai, 2008) that is critical for
binding to ER Ca2+ release channels (Rong et al., 2009).
Of these proteins, the focus of this particular investigation was on the
relative expression of Bcl-2 and Bcl-XL in postnatal hippocampal tissue from
3xTg-AD mice (P5, 15 and 21) in comparison to non-transgenic age-matched
controls. These proteins were chosen for investigation as increases in their
expression and activity correlate with increased neuronal resistance to
apoptotic and oxidative stresses both in vitro and in vivo (for reviews see
Merry and Korsmeyer, 1997; Shacka and Roth, 2006) which, as discussed in
Section 1, are processes of significant relevance to AD.
Bcl-2 and Bcl-XL also reversibly inhibit IP3R and RyR gating. This
process is itself anti-apoptotic, at least with regard to IP3Rs, as it reduces
Ca2+-dependent apoptosis, but also has important implications for
intracellular Ca2+ signalling (Hanson et al., 2008; Rong et al., 2008; Vervliet
et al., 2014). Furthermore, these Bcl-2 family proteins are of significant
interest in early AD pathology due to the fact that there is a growing body of
evidence implicating them in almost all aspects of cell death, intracellular
Ca2+ homeostasis and signalling, as well as ER organelle remodelling
(Vervliet et al., 2016), all of which are affected by AD. In the subsequent
sections of this chapter, the physiological functions of various Bcl-2 family
members, particularly Bcl-2 and Bcl-XL, will be discussed, with a specific
emphasis on Ca2+ homeostasis and signalling.
The expression of the ER Ca2+ release channels, IP3Rs and RyRs,
which Bcl-2 family members interact with, will also be assessed in this
chapter. As these have been discussed thoroughly in Section 1.3 Ca2+
Signalling and 1.4 Ca2+ Hypothesis the reader is directed to these sections
for introductory information relating to these receptors, whereas their
relevance to Bcl-2 family members, specifically, can be found throughout the
following sections and in Section 5.4 Discussion.

Bcl-2
Bcl-2 is predominately expressed as an integral membrane protein
which localises to mitochondria, ER and nuclear membranes (Hockenbery et
al., 1990; Krajewski et al., 1993; Monaghan et al., 1992; Shimohama et al.,
1998), although cytosolic expression of splice variants has also been
observed (Chan et al., 1995; Joensuu et al., 1994; Papadimitriou et al.,
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1996). Notably, it is a characteristic of Bcl-2 family members to be directed
by a C-terminal hydrophobic transmembrane domain to intracellular
membranes, resulting in the majority of their interactions occurring at these
sites(Czabotar et al., 2013).
In rodents, Bcl-2 expression in the CNS begins at the early prenatal
period and peaks during embryonic development, where high levels of Bcl-2
mRNA and protein are widespread in the developing brain (Abe-Dohmae et
al., 1993; Castrén et al., 1994; Ferrer et al., 1994b; González-García et al.,
1995; Hockenbery et al., 1991; Krajewska et al., 2002; LeBrun et al., 1993;
Martinou et al., 1994b; Merry et al., 1994; Shimohama et al., 1998). Bcl-2
mRNA levels decrease slightly in adult mouse brain (8- to 20-week-old;
including hippocampal tissue) relative to embryonic and neonatal samples
(Castrén et al., 1994; González-García et al., 1995; Vyas et al., 1997). In the
adult human brain, Bcl-2 mRNA remains readily detectable (85 – 89 ± 7
years of age; Castrén et al., 1994). Bcl-2 protein is robustly expressed in
adult mouse (including in the hippocampus; Karlnoski et al., 2007) and
human brain samples (85 – 89 ± 7 years of age; Vyas et al., 1997). There
are however conflicting reports showing that Bcl-2 mRNA and protein
expression in the adult human brain occurs solely in neurons (Hockenbery et
al., 1991; Vyas et al., 1997) or solely in microglia (Merry et al., 1994).

Bcl-X
Bcl-X mRNA and protein is found almost exclusively within neuronal
tissue where it is widely expressed during human, rat and mouse
development (González-García et al., 1995), as well as in adult brains. It is
localised primarily to the soma, although it has also been detected in axons,
dendrites and peripheral nerve fibres (Frankowski et al., 1995; GonzálezGarcía et al., 1995, 1994; Krajewski et al., 1994; Parsadanian et al., 1995).
Bcl-XL is the major form of Bcl-X expressed in the murine nervous
system and its expression (RNA and protein) begins early in neurogenesis
and increases postnatally until it peaks either at an early prenatal stage (E14;
mice; Krajewska et al., 2002), early postnatal stage (P14; rat; Shimohama et
al. 1998) or at adulthood (mouse; Frankowski et al., 1995; González-García
et al., 1995; Krajewski et al., 1994). In more detail, Shimohama et al. (1998)
found that Bcl-XL protein levels remained high in embryonic and adult rat
cerebral cortex lysates over a wide range of ages from E19 days to 96 weeks
but found that Bcl-XL levels peaked at P14. Another detailed study by
Krajewska et al. (2002) found that relative Bcl-XL immunoreactivity, including
in hippocampal CA3 pyramidal neurons, increased from E15.5 – E17.5,
where levels were maintained postnatally (P0 to 3-months-old) These
findings were supported by immunoblot data which demonstrated that Bcl-XL
protein declined only slightly in adult brain (cerebrum and cerebellum) and
increased in the cerebellum and spinal cord at both late embryonic stages
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and postnatally when compared to early embryonic stages (defined as
<E15.5; Krajewska et al., 2002)
Bcl-XL is primarily found in the membrane-associated, as opposed to
the cytosolic, fraction where the other Bcl-X isoform, Bcl-Xβ (also called BclXs), is primarily detected (rat cerebral cortex; E19 – “adult”; Shimohama et
al., 1998). Notably, Bcl-XL has the highest sequence homology of prosurvival Bcl-2 family members with Bcl-2 (Boise et al., 1993). Krajewska et
al. (2002) showed that Bcl-Xβ expression begins in the CNS at E8.5 - E11.5
and in subsequent embryonic stages, expression is confined to post-mitotic
neurons (which are also Bcl-2 and Bcl-XL positive) but becomes
undetectable by later foetal life (E15.5 - 17.5 mice; Krajewska et al., 2002).
Thus, this study questions the relevance of Bcl-Xβ expression in the tissue
harvested postnatally in these studies. Conversely, Shimohama et al., (1998)
showed that Bcl-Xβ expression mirrors that of Bcl-XL postnatally, except that
its levels are lower than Bcl-XL at 4 weeks of age and are maintained at
moderately high levels thereafter.
In summary, the documented localisation, expression and activity of
Bcl-2 and Bcl-X in mouse and human CNS tissue is such that they can be
considered candidate modulators of IP3R and RyR signalling within the
hippocampal tissue utilised in this project and their levels could, therefore, be
relevant to interpreting the Ca2+ signalling experiments outlined in Chapter 3
& 4.
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5.1.2 Bcl-2 family members and Ca2+ regulation
Aside from the aforementioned neuroprotective interactions of antiapoptotic Bcl-2 family members such as Bcl-2 and Bcl-XL with proapoptotic
Bcl-2 family members at the mitochondria, activity at the ER also contributes
to their anti-apoptotic effects (Akl et al., 2014; Annis et al., 2001; Thomenius
et al., 2003) via modulation of ER Ca2+ signals and intracellular Ca2+
homeostasis (Baffy et al., 1993; Lam et al., 1994; Magnelli et al., 1994). For
example, Bcl-2 mediated dampening of ER Ca2+ signals prevents excessive
Ca2+ transfer to the mitochondria and therefore, indirectly, prevents
mitochondrial outer membrane permeabilisation (MOMP; (Giorgi et al., 2012;
Marchi et al., 2014; Pinton et al., 2008).
There are two proposed mechanisms underlying such Bcl-2
mediated dampening of ER Ca2+ signals: either Bcl-2 lowers steady-state
[Ca2+]ER (Pinton et al., 2000), or Bcl-2 directly suppresses ER Ca2+
mobilisation (He et al., 1997; Thomenius and Distelhorst, 2003). Although,
this question remains a provocative one in the field (e.g. "Bcl-2 and calcium:
controversy beneath the surface"; Distelhorst and Shore, 2004), Vervliet et
al. (2016) posit that rather than being an “either/or” scenario, the two
proposed mechanisms likely reflect the complex and diverse regulation of
Ca2+ signalling by Bcl-2 family members. Regardless of which hypothesis is
correct, it is worth noting that a decrease in [Ca2+]ER (Scorrano et al., 2003),
mediated by either anti-apoptotic Bcl-2 (Pinton et al., 2000) or BAX/BAK KO
will, on the one hand, limit pro-apoptotic ER Ca2+ transfer to the mitochondria
(Pinton and Rizzuto, 2006) but, on the other, also have the potential
(perhaps at a certain threshold) to trigger ER stress and ER-mediated
apoptosis via the unfolded protein response (UPR; (Kiviluoto et al., 2013;
Mekahli et al., 2011; Urra et al., 2013).
Importantly, there are also examples of Ca2+ regulation by Bcl-2
family members which are independent (at least directly) of cell death
regulation, such as the fine-tuning of IP3R signals (Bonneau et al., 2013;
Parys, 2014). Indeed, Bcl-2 family members interact with the majority of the
known Ca2+ signalling toolkit proteins including IP3Rs (Bcl-2, Bcl-XL , Mcl-1),
RyRs (Bcl-2, Bcl-XL), SERCA (Bcl-2), PMCA (Bcl-2), mitochondrial VDAC
(Bcl-2, Bcl-XL , Mcl-1) and mitochondrial Na+/Ca2+ exchanger (Bcl-2; for
review see Vervliet et al., 2016) as will be discussed next.

IP3R
Bcl-2 binds to the central modulatory domain of all IP3R isoforms to
inhibit Ca2+ release producing an anti-apoptotic effect (Chen et al., 2004;
Hanson et al., 2008; Monaco et al., 2013, 2012b; Rong et al., 2009)
Conversely, Bcl-XL binds to IP3Rs with significantly lower affinity than that of
Bcl-2 and lacks Ca2+ inhibition activity (Monaco et al., 2012b)
223

Bcl-XL overexpression does, however, produce anti-apoptotic effects
via negative regulation of the expression of IP3R1 and 3 (in an interleukin-3dependent lymphoid cell line FL5.12; Li et al., 2002). In line with this, T cell
receptor-stimulated Ca2+ signals, which are mediated by IP3Rs, were
suppressed in Bcl-XL overexpressing cells (Jayaraman et al., 1995).
In addition to binding to the central modulatory domain of IP 3Rs, Bcl2 and Bcl-XL can also bind to an alternative IP3R site at the C-terminal region
(Eckenrode et al., 2010; Monaco et al., 2012a; White et al., 2005). Binding at
this region sensitises IP3Rs to low/basal levels of IP3 and promotes Ca2+
oscillations regulating mitochondrial bioenergetics and cell survival
(Eckenrode et al., 2010; Monaco et al., 2012a; Palmer et al., 2004; White et
al., 2005). Binding of Bcl-XL at the C-terminal region sensitises all three IP3R
isoforms and, notably, binding to the IP3R3 isoform alone causes a reduction
in [Ca2+]ER (C. Li et al., 2007).
Bcl-2 can also act as a docking protein for, a) DARPP-32 (a 32kDa
phosphoprotein) which is regulated by dopamine cAMP and PKA, and, b) the
Ca2+-activated phosphatase, calcineurin (CN). The combined activities of
both proteins dynamically control IP3R1 phosphorylation and activity (Chang
et al., 2014).

RyR
The characterisation of the Bcl-2-IP3R binding site also revealed a
homologous region in the central domain of all three RyR isoforms (Vervliet
et al., 2015b, 2014) and subsequent co-immunoprecipitation studies
demonstrated that RyR1 and RyR3 form complexes with Bcl-2 (full length)
and the BH4 domain of Bcl-2 in both HEK293 cells and 21-day-old rat
hippocampal lysates. Furthermore, endogenous Bcl-2 expression or
application of its BH4 domain both suppressed RyR-mediated Ca2+ release
in HEK293 cells. Application of the BH4 domain in hippocampal neurons also
decreased RyR-mediated Ca2+ release (E18; 14 – 18 DIV; Vervliet et al.,
2014).
Bcl-XL also binds to RyR3 via its BH4 domain, although with a lower
affinity than Bcl-2. Furthermore, caffeine-induced Ca2+ release was inhibited
by Bcl-XL-BH4 domain in both RyR3-overexpressing HEK293 cells and
dissociated hippocampal neurons (E18; 14 – 18 DIV; Vervliet et al., 2015a).

5.1.3 Bcl-2 family members and AD
Support for the involvement of Bcl-2 family members in AD
pathogenesis comes from research utilising murine models of AD and human
AD brain samples. Research into the role of Bcl-2 using animal models of AD
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is still in its infancy, where Bcl-2 is, so far, the only anti-apoptotic protein
characterised to any great extent. The majority of these studies has indicated
that Bcl-2 expression generally decreases from around 3 months of age
compared to non-transgenic controls (Table 5.1; Giuliani et al., 2013;
Karlnoski et al., 2007; Stein and Johnson, 2002; X. Wang et al., 2009).
Furthermore, Bcl-2 expression correlates with a reduction in the formation of
APP (Poon et al., 2010) and tau pathology via caspase cleavage inhibition
(Rohn et al., 2008). Bcl-2 expression also protects cells from Aβ-induced
toxicity (Deng et al., 1999; Saillé et al., 1999; Song et al., 2004). Conversely,
Aβ peptides generally downregulate Bcl-2 (and Bcl-XL and Bcl-w (Yao et al.,
2005)) expression (Clementi et al., 2006; Lee et al., 2015; Paradis et al.,
1996). Later stage pathology Aβ plaques increase Bcl-2 and BAX
immunoreactivity in human AD brain samples, including in reactive glia
surrounding Aβ plaques (Kitamura et al., 1998; Satou et al., 1995; Tortosa et
al., 1998), whereas NFTs either have no effect (Tortosa et al., 1998), or
actually decrease Bcl-2 immunoreactivity (Satou et al., 1995; Su et al.,
1996).
Finally, Bcl-XL and Bcl-2 interact with PS1 and PS2, which may
modulate the threshold for induction of apoptosis (Passer et al., 1999;
Schellenberg et al., 1992). These findings are elaborated upon in the
following sections.

Bcl-2 protein family expression
At mRNA and protein level, the expression of Bcl-2 in the CNS is
altered in animal models of AD relative to controls (Table 5.1). In a study
utilising young 3xTg-AD mice (3 months of age), hippocampal levels of Bcl-2
(lower), BAX (higher) and caspase-3 (higher) protein were altered to a more
pro-apoptotic phenotype (Giuliani et al., 2013). Similarly, Bcl-2 expression
was decreased in the cerebral cortex of 3 – 6-month-old APPSWE/PS1∆E9
mice (X. Wang et al., 2009). Interestingly, microRNA (miR)-34a was found to
be highly expressed in the cerebral cortex of APPSWE/PS1∆E9 mice (3 – 6
months of age) when compared with age-matched controls (X. Wang et al.,
2009). miR-34a interacts with Bcl-2 mRNA to inhibit its translation, such that
miR-34a expression is inversely correlated with Bcl-2 protein levels (Lin et
al., 2014). Conversely, miR-34a knockdown increased Bcl-2 protein levels
and decreased active caspase-3 in SH-SY5Y cells (X. Wang et al., 2009). In
line with the known mediators of Bcl-2 function, APPSWE/PS1∆E9 mice and
miR-34a transfected cell lines exhibited higher levels of active caspase-3 (X.
Wang et al., 2009) which is an important apoptotic mediator involved in DNA
fragmentation (Friedlander, 2003). Similarly, Bcl-2 mRNA is upregulated by
approximately 25% in the hippocampus and Bcl-2 expression is increased 2fold in the cortex and hippocampus of “middle-aged”/16-18-month-old mice
APPSWE/PS1M146L mice compared with age-matched controls (Karlnoski et
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al., 2007). This increase in Bcl-2 expression is also primarily localised to
neuronal cells (Karlnoski et al., 2007). The authors of this study speculate
that amyloid deposition was a key stimulus for Bcl-2 upregulation based on a
correlation between the two in tissue of the posterior cortex and cerebellum
from both APPSWE and APPSWE/PS1M146L mice, although transgene effects
independent of amyloid deposition are also possible. This lack of an Aβ
“deposition stimulus” could explain currently limited observations whereby
Bcl-2 levels decrease at early stages of the disease and increase thereafter.
That being said, more generally, neuroprotective genes such as IGF-2, Akt,
Erk1/2, and TTR are upregulated in AD, as is a protective pathway which
results in the phosphorylation of the proapoptotic Bcl-2 antagonist of cell
death (BAD) at both pre-plaque (6 months of age) and post-plaque (12
months of age) stages in “Aβ containing” hippocampi and cerebellums of
APPSWE mice. This suggests that Aβ plaques may not be the determining
stimuli for anti-apoptotic protein regulation (Stein and Johnson, 2002).

Table 5.1 Bcl-2, BAX and BAD expression and activity in animal models of AD from 3 - 18months-old.
The expression or activity of the anti-apoptotic Bcl-2 and the pro-apoptotic BAX and BAD in
mouse models of Alzheimer’s disease (AD) are displayed in sequential order based on age
(relative to non-transgenic controls).
Abbreviations used: amyloid precursor protein (APP), Bcl-2 antagonist of cell death (BAD), Bcl2-associated X protein (BAX), B-cell lymphoma 2 (Bcl-2), microRNA (miR), presenilin (PS),
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Recorded expression levels of Bcl-2 in adult human AD brain tissue,
compared with age-matched controls, is limited and exhibits significant
variability (see Table 5.2).

Table 5.2 Expression of pro- and anti-apoptotic Bcl-2 family members in human tissue from
Alzheimer’s disease patients relative to age-matched controls.
The activity or expression of the anti-apoptotic Bcl-2, Bcl-XL and Bcl-Xβ as well as the proapoptotic BAK and BAD in Alzheimer’s disease (AD) human brain tissue (from numerous brain
regions) is displayed, relative to age-matched controls.
Numbers following references refer to their explanation in the preceding list
Abbreviations used: Bcl-2 antagonist of cell death (BAD), Bcl-2 antagonist of cell death (BAK),
Bcl-2-associated X protein (BAX), B-cell lymphoma 2 (Bcl-2).

Taken together, these studies suggest that AD does affect the
expression of certain Bcl-2 family members in either membrane or cytosolic
fractions of the human brain. Specifically with regard to Bcl-2, it is generally
increased in AD, most notably of the membrane, rather than the cytosolic,
fraction (Karlnoski et al., 2007). There is a paucity of studies investigating
Bcl-2 family members in animal models of AD, particularly at early
developmental stages. From the limited number of studies in the field, APP
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and/or PS1 mutations appear to suppress Bcl-2 expression relative to nonTg controls.

Bcl-2 and Aβ
There are now numerous studies which have identified a specific
connection between Bcl-2 expression and Aβ pathology. In terms of cell
death, which is intertwined with Bcl-2 family member expression and
function, I have already discussed how Aβo promote cell death pathways
and thereby contribute to neurodegeneration in AD (Section 1.2 Amyloid
Cascade Hypothesis; e.g. Demuro et al., 2005; Simakova and Arispe, 2007).
Notably, the expression levels of Bcl-XL are variably altered in
studies, depending upon the profile of Aβ exposure utilised. For instance,
exposure of SH-SY5Y neuroblastoma cells to “sub-toxic” levels of Aβ40 and
Aβ25-35 up-regulated Bcl-XL (Luetjens et al., 2001), whereas toxic Aβ
exposure using aggregated Aβ40, Aβ42 and Aβ25-35, dramatically reduced BclXL (Yao et al., 2005). However, regarding Bcl-2, specifically, according to the
current research, Aβo appear to reduce its expression regardless of the
severity of the insult.
Aβ25-35 and Aβ42 application resulted in dissipation of mitochondrial
transmembrane potential (MMP), decreased Bcl-2/Bax ratio, increased
caspase-3 expression and activation and time-dependent decreases in cell
viability in SH-SY5Y cells and human neuroblastoma cells (IMR-32) (Lee et
al., 2015). Interestingly, the redox state of the Aβ peptides modulated the
expression profiles of the aforementioned proteins, revealing yet another AD
disease process which can be affected by ROS (Clementi et al., 2006).
Similarly, sub-apoptotic inducing levels of Aβ40 and Aβ42 peptides
downregulated Bcl-2 expression, increased neuronal susceptibility to low
levels of oxidative stress and, in the case of Aβ42 alone, increased BAX
expression after 3 DIV in human foetal (13 – 17 week) cerebrum cultures
(Paradis et al., 1996).
Logically, increased levels of anti-apoptotic Bcl-2 family members
including Bcl-2 (in PC12 cells and cortical neurons; Deng et al., 1999; Saillé
et al., 1999; Song et al., 2004), Bcl-XL (in PC12 cells and SH-SY5Y
neuroblastoma cells; Luetjens et al., 2001; Tan et al., 1999) and Bcl-w (in
cortical neurons and M17 neuroblastoma cells; Yao et al., 2005; Zhu et al.,
2004) protect cells from Aβ-induced toxicity, including apoptosis and
necrosis, in vitro. Furthermore, in APPSWE/APPV717F(INDIANA) mice, Bcl-2
overexpression decreased plaque pathology and reduced Aβ42 levels in the
hippocampi of aged mice (Poon et al., 2010). In the most comprehensive
study conducted to date investigating the links between AD pathology and
Bcl-2 family-related signalling, Rohn et al. (2008) found that Bcl-2
overexpression prevented the spectrum of AD pathology in 3xTg-AD mice.
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Specifically, Bcl-2 overexpression limited caspase-3 and -9 activations and
translocation in the neocortex and hippocampus of these animals at 6-, 12and 18- months of age, resulting in an attenuation of APP and tau cleavage
by caspases relative to untreated animals (Rohn et al., 2008). This factor
likely attenuated Aβo- and tau-mediated pathology in these animals (Gamblin
et al., 2003; Gervais et al., 1999; Rissman et al., 2004; Rohn et al., 2002).
Indeed, these Bcl-2 overexpressing mice exhibited; a) reduced caspasemediated cleavage of tau (6 – 18 months of age), b) reduced “total
pathological tau”, c) an absence of NFTs (12 months of age) d) reduced Aβ 42
and Aβ40 levels and accumulation (12-18 months of age) and, e) improved
place recognition memory (24 months of age; Rohn et al., 2008).

Oxidative stress
Oxidative stress, which is proposed to be of considerable importance
in contributing to AD pathogenesis (Gella and Durany, 2009; Huang et al.,
2016; Perry et al., 2002), can also increase the expression of Bcl-2 family
members, including Bcl-XL in PC12 cells (Luetjens et al., 2001) and Bcl-2 in
the hippocampus and cerebellum of 3- and 24-month-old rats (Kaufmann et
al., 2001). Although outside the remit of this general introduction, the reader
should note that the activities of other apoptotic regulators such as proapoptotic caspases and neuroprotective NFB can also be altered by ADlinked genetic mutations, excess Ca2+ and ROS (Pahl and Baeuerle, 1996;
Rohn, 2010).
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5.2 Aims
1) To determine the expression of the anti-apoptotic proteins Bcl-2 and
Bcl-XL in total hippocampal lysates from 3xTg-AD mice (P5, 15 and 21) and
to compare these with non-transgenic controls.
2) The expression of IP3Rs and RyRs, which Bcl-2 and Bcl-XL are
reported to regulate, was also investigated in transgenic and non-transgenic
control hippocampal tissue in the same age groups as in aim 1.
The expression profiles of each these Ca2+ interacting proteins may
elucidate underlying mechanisms responsible for altered Ca2+ signalling
observed in 3xTg-AD mouse neurons.
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5.3 Materials and methods
5.3.1 Statement of collaboration
The majority of work presented in this chapter was undertaken in the
lab of Dr Geert Bultynck in K.U. Leuven (Belgium), in collaboration with, and
under the supervision and expert guidance of, Dr Tim Vervliet. Specifically,
animals were sacrificed and hippocampi harvested in University College
Cork (UCC; Ireland), as described in Chapter 2. I then travelled to Dr
Bultynck’s lab in Belgium to conduct the actual western blot experiments
outlined herein. The data presented in the results section of this chapter
investigating BCL-2, Bcl-XL, IP3R and RyR expression arise from work
carried out during this period of study (1 biological replicate) combined with
data that Dr Vervliet subsequently generated independently using additional
samples which were harvested by me in UCC (4 biological replicates). I
would like to express mine and my lab’s sincere gratitude to both Dr Bultynck
and Dr Vervliet for their time, expertise and stimulating discussions during
this aspect of my doctoral work.

5.3.2 Chemicals, antibodies, peptides
Unless otherwise stated all chemicals were obtained from Sigma–
Aldrich. Antibodies used in this study were: mouse monoclonal anti-Bcl-2
(C2; 1:1000: Santa Cruz Biotechnology cat no. sc-7382, Antibody Registry:
AB_626736), mouse monoclonal anti-Bcl-XL antibody (YTH-2H12; 1:1000;
Trevigen, cat no. 2300-MC-100, Antibody Registry: AB_2064868), rabbit
polyclonal anti-IP3R1 (Rbt03; 1:1000; made “in-house” as published
previously in Parys et al. (1995)), mouse monoclonal anti-RyR (1-3) antibody
(34C; 1:2000; Thermo Scientific, cat no. MA3-925, Antibody Registry:
AB_2254138), mouse monoclonal anti-RyR (2) antibody (C3:33; 1:2000;
Thermo Scientific, cat no. MA3-916, Antibody Registry: AB_2183054),
mouse monoclonal anti-actin antibody (AC-74; 1:2000; Sigma Aldrich, cat.
no. A222, Antibody Registry: AB_476697), mouse monoclonal anti-GAPDH
antibody (GAPDH-71.1; 1:50000; Sigma Aldrich, cat. no. G8795, Antibody
Registry: AB_1078991), mouse monoclonal anti-vinculin (VIN-11-5; 1:1000;
Sigma Aldrich, cat. no. V4505, Antibody Registry: AB_477617).

5.3.3 Brain samples
3xTg-AD mice and non-transgenic controls at 5-, 15- and 21-daysold were euthanized in accordance with European Directive 2010/63/EU and
experiments approved by the Animal Experimentation Ethics Committee of
University College of Cork. Hippocampi were removed as described
previously (Beaudoin et al., 2012). For experiments comparing the effect of
elevated extracellular potassium concentration on Bcl-2 family member
expression utilising 5-day-old mice, whole brains were either dissected in the
standard manner or placed in either basal HBSS (5mM K+) or elevated K+
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HBSS (15mM K+) while the hippocampus was being removed. Hippocampi
were frozen in liquid nitrogen before storage at -80oC.

5.3.4 Immunoblots
Samples were prepared and used as described previously (Monaco
et al., 2012b). Briefly, tissue was taken from storage at -80oC and placed in
iced extraction buffer (pH7.5; 100mM NaCl, 50mM Tris-HCl, 50mM NaF,
2mM EDTA, 1mM Na3VO4, Chaps 1%, 2 x protease inhibitor cocktail tablets
(Roche, Basel, Switzerland) for tissue homogenisation. Depending upon the
size of hippocampal tissue, an appropriate volume of buffer was added
(approximate values of 175ul, 250ul and 500ul were used for 5, 15 and 21
DIV mouse samples, respectively, whereas 375ul and 1ml were used for 5
and 21 DIV rat samples, respectively). The hippocampi were incubated in
extraction buffer for 30 mins, vortexing at 10-minute intervals, before being
centrifuged (4000 xg; 5 mins; 4oC). The protein concentration of samples
was determined by Bradford assay (Sigma-Aldrich) using bovine serum
albumin (BSA) as standard. Samples containing protein levels of 300 μg,
50ul Lithium Dodecyl Sulfate (LDS) and the remaining volume H2O up to
200ul were boiled (95°C; 5 min) immediately prior to running on either
NuPAGE 4 - 12% Bis-Tris SDS-polyacrylamide gels (180V; 55min; RT) or
NuPAGE 3 - 8% Tris-Acetate gels (180V; 1hr30; 4oC; both from Life
Technologies). Transfer (100V; 1hr; 4oC) was carried out onto a
polyvinylidene fluoride (PVDF) membrane.
After blocking with Tris-buffered saline (TBS) containing 0.1% Tween
and 5% non-fat dry milk powder, the membrane was incubated with the
primary antibody overnight (1% non-fat dry milk powder 0.1% Tween/TBS
was used for all antibody incubations). After washing (3 x 5 mins in 0.1%
Tween/TBS), membranes were incubated for 1 hour with a secondary
horseradish peroxidase (HRP)-conjugated antibody (dilution 1: 2000 in 0.1%
Tween/TBS). After washing (3 x 5 mins in 0.1% Tween/TBS), detection was
performed using Pierce ECL Western Blotting Substrate (Thermo
Scientific) and the Chemidoc™ MP system (Bio-Rad, Nazareth Eke,
Belgium). Band quantification was performed using Image Lab™ software
(Bio-Rad).

5.3.5 Statistical analysis
Two-tailed unpaired Student's t-tests were performed when two
conditions were compared. When comparing three conditions, a one-way
ANOVA with Tukey’s multiple comparison test was utilised. * indicates
significantly different results (p<0.05). Exact P values are indicated in the
figure legends.
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5.4 Results
5.4.1 Bcl-2 and Bcl-XL

Figure 5.2. Western blot analysis of non-transgenic (non-Tg) and 3xTg-AD (Tg) hippocampal lysates, harvested from
animals at 5-, 15- and 21-days-old, with antibodies against Bcl-2 (A) and Bcl-XL (B).
i) Representative images from five independent experiments (n = 5) are shown. GAPDH was used as a loading control.
ii) Graphical representation of protein expression after densitometric analysis. Data normalised to GAPDH and shown relative
to non-Tg P5 expression levels. *p < 0.05 (minimum) as determined by Tukey’s multiple comparison test.
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Western blot analysis of Bcl-2 expression in hippocampal lysates
prepared from P5, 15 and 21 non-Tg and 3xTg-AD animals is displayed in
Fig 5.2. All data are presented in arbitrary units, normalised to expression of
a control protein (either GAPDH, vinculin or actin; see corresponding graphs)
and displayed relative to non-Tg P5 expression levels.
Interestingly, and although not significant, there was a trend towards
greater Bcl-2 expression in P5 3xTg-AD tissue relative to age-matched
controls (1.24 ± 0.07 vs 1; Tg P5 vs non-Tg P5; p = 0.25, n = 5). It is notable
that Bcl-2 expression decreased in both control and Tg tissue with increasing
age (significantly in controls when comparing P5 to P15 (p = 0.008) and in Tg
when comparing P5 with P15 and P21 (p = < 0.0001; n = 5). However, this
decrease was even more dramatic in Tg tissue at P21 relative to agematched controls (0.41 ± 0.09 vs 0.83 ± 0.13; p = 0.03; n = 5; Tg P21 vs nonTg P21).
Bcl-XL expression followed a similar trend to that of Bcl-2 whereby
expression appeared to be greater in Tg tissue at P5, relative to non-Tg
tissue (although not significantly so; 1.23 ± 0.22 vs 1; Tg P5 vs non-Tg P5; p
= 0.93, n = 5) and decreased thereafter in both non-Tg and Tg tissue
although only significantly so in Tg tissue, when comparing P5 with P21
animals; 1.23 ± 0.22 vs 0.43 ± 0.11; Tg P5 vs Tg P21; p = 0.01, n = 5). There
was also a non-significant trend towards a greater decrease in Bcl-XL levels
in Tg tissue with increasing postnatal development, relative to non-Tg tissue
(0.79 ± 0.20 vs 0.63 ± 0.14, non-Tg P15 vs Tg P15, p = 0.5, n = 5; 0.82 ±
0.23 vs 0.43 ± 0.11, non-Tg P21 vs Tg P21, p = 0.17, n = 5).

234

235

Representative images of four independent experiments (n = 4) are shown. Vinculin and GAPDH were used as a loading controls.

Graphical representation of protein expression after densitometric analysis. Data normalised to vinculin or GAPDH expression level and shown relative to non-Tg
P5 expression levels. *p < 0.05 (minimum) as determined by Tukey’s multiple comparison test.

i)

ii)

Figure 5.3 Western blot analysis of non-transgenic (non-Tg) and 3xTg-AD (Tg) hippocampal lysates, harvested from animals at 5-, 15- and 21-days-old, with
antibodies against RyR (2 – preferentially), RyR (3 - preferentially) and IP3R1.

5.4.2 ER calcium release channels

We found that there were no significant differences in RyR (2), RyR
(3) or IP3R1 expression levels between non-Tg and 3xTg-AD samples at
either P5, P15 or P21 (n = 4; Fig 5.3). That being said there were some
notable trends. At P5, transgenic tissue had a trend towards increased RyR
(2) (2.09 ± 0.28 vs 1; p = 0.37; Tg P5 vs non-Tg P5), RyR (3) (1.83 ± 0.44 vs
1; p = 0.99; Tg P5 vs non-Tg P5) and IP3R1 (2.05 ± 0.39 vs 1; p = 0.18; Tg
P5 vs non-Tg P5), relative to non-Tg controls. At P15 the levels of all three
ER release channels were similar between non-Tg and Tg tissue. However,
differences between phenotype were observable again at P21, where RyR
(3) expression increased in Tg tissue to a greater extent than in controls
(4.37 ± 0.27 vs 3.4 ± 0.49; p = 0.14; Tg P21 vs non-Tg P21), whereas IP3R1
expression decreased relative to that in non-Tg tissue (5.63 ± 0.9 vs 6.04 ±
1.27; p = 0.79; Tg P21 vs non-Tg P21).
Both non-Tg and Tg samples followed similar trends of
developmental-dependent expression for RyR (2 and 3), which increased
with increasing age (although the extent of this increase was quite variable
between biological units) and was significant only for the expression of nonTg RyR (2) (1 vs 5.61 ± 1.49 vs 6.04 ± 1.27; non-Tg P5 vs P15 vs P21; p =
0.04 and 0.02, respectively), non-Tg RyR (3) (1 vs 3.48 ± 0.63 vs 3.4 ± 0.49;
non-Tg P5 vs P15 vs P21; p = 0.003 and 0.004, respectively) and Tg RyR (3)
(2.09 ± 0.28 vs 4.37 ± 0.27; p = 0.001; Tg P5 vs Tg P21).
In immunoblot experiments measuring IP3R1 expression, there was
no significant difference between groups (non-Tg vs Tg) or between ages
within groups. In non-Tg tissue, there was a trend towards greater IP3R1
expression with increasing age, but this was not significant. In Tg tissue,
IP3R1 expression trended towards an increase at P15 but then decreased to
near P5 expression levels again in P21 animals.
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5.5 Discussion
Bcl-2 and Bcl-XL expression correlate with resistance to apoptotic
and oxidative stresses, two highly relevant processes in AD pathology, in
vitro and in vivo (for reviews see Merry and Korsmeyer, 1997; Shacka and
Roth, 2006). However, whether the apparent decreased expression of either
Bcl-XL or Bcl-2 in transgenic tissue relative to controls would have a
significant impact upon cell death in these animals at this early time point (P5
– 21) is unknown and was not measured. Instead, the focus of this
discussion relates to the ability of Bcl-2 and Bcl-XL to reversibly inhibit IP3Rand RyR-gating which, aside from being an important mechanism employed
by these proteins to prevent Ca2+-dependent apoptosis (Giorgi et al., 2012;
Marchi et al., 2014; Pinton et al., 2008), also has important implications for
intracellular Ca2+ signalling (Hanson et al., 2008; Rong et al., 2008; Vervliet
et al., 2014).
It was our hypothesis that in animal models of AD (such as the 3xTgAD mouse) which display robust Ca2+ dyshomeostasis, including that
mediated by ER Ca2+-release channels (see Chapter 4), Bcl-2 expression
would be increased in a compensatory manner to dampen pathologically
increased IP3R- and RyR- mediated ER signals (Morley et al., 2012).
However, the expression levels of Bcl-2 family proteins and/or the activity of
their downstream effectors (including caspases) are generally reduced in
transgenic models of AD and/or following exposure to Aβ proteins in vitro
(discussed previously). That being said, as is the norm in the field of AD,
these investigations were solely concerned with later stages of the disease
and comparisons between Tg and non-Tg brain tissue are lacking at earlier
disease stages. We were also aware that if murine models of AD displayed
upregulation of Bcl-2 relative to controls, the resulting hypothetical Bcl-2
mediated inhibition of IP3Rs could be counteracted indirectly, by AD-initiated
mitochondrial impairment (dependent upon the appearance of mitochondrial
impairment in the chronology of the disease). This would induce cytochrome
c translocation to the ER where it binds to, and blocks, Ca2+-dependent
inhibition of IP3Rs. This results in sustained, oscillatory increases in [Ca2+]i
levels and amplification of Ca2+-dependent apoptosis (Boehning et al., 2003).
The expression of the anti-apoptotic Bcl-2 and Bcl-XL as well as two
release channels with which Bcl-2 and Bcl-XL interact, IP3Rs and RyRs,
were investigated in whole hippocampal lysates using immunoblot analysis.
In summary, although there was a trend towards decreased expression of
Bcl-2 and Bcl-XL and a trend towards increased expression of RyR and IP3R1
with development (P5 vs P15 and P5 vs P21) regardless of transgenic
status, this was only significant in 3xTg-AD tissue only in the case of Bcl-2,
Bcl-XL and RyR (2) expression, and generally, solely at the latest stage of
development tested, P21.
Ca2+
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5.5.1 Characterisation of postnatal Bcl-2 and Bcl-XL expression
As detailed previously, Bcl-2 expression peaks in the CNS during
embryonic development and declines postnatally (Krajewska et al., 2002;
Shimohama et al., 1998). In line with these data, we found that Bcl-2
expression decreased with increasing postnatal development (P15 and 21 vs
P5) in hippocampal lysates from non-Tg and 3xTg-AD mice (19 of 20
samples (regardless of transgenic status) exhibited lower expression when
compared to control (non-Tg; P5); group analysis was significant for the
following comparisons: non-Tg P5 vs P15 and Tg P5 vs P15 and P5 vs P21;
Fig 5.2)
It is worth noting that in agreement with relatively recently observed
Bcl-2 protein expression in adult mouse and human brain (Karlnoski et al.,
2007, Vyas et al., 1997), as opposed to an absence of Bcl-2 protein
expression in older studies (González-García et al., 1995; Merry et al.,
1994), Bcl-2 protein was readily detectable in 28 separate postnatal mouse
and rat whole hippocampal lysates (data not shown), suggesting that despite
a relative decline postnatally, Bcl-2 may still be physiologically relevant for
both the regulation of Ca2+ signalling and neuroprotection. However, whether
or not this Bcl-2 signal was derived from neurons or glia, or a combination of
both, was not determined in this study. Indeed, there are conflicting reports
of Bcl-2 mRNA and protein expression occurring either solely in neurons
(Hockenbery et al., 1991; Vyas et al., 1997) or solely in glia (Merry et al.,
1994), at least in human CNS tissue.
The physiological process(es) underlying this change in Bcl-2
expression is likely the developmentally-regulated mechanism of naturally
occurring cell death (NOCD). NOCD is enhanced during the first postnatal
week and decreases thereafter (Ferrer et al., 1994a), in tandem with Bcl-2
expression (Shimohama et al., 1998). Moreover, it is likely that Bcl-2 plays a
role in dictating which neurons undergo NOCD, as Bcl-2 overexpression
protects neurons from this process (Martinou et al., 1994a). Lower levels of
Bcl-2 found in numerous brain regions postnatally (as described previously)
may help to protect neurons from more subtle toxic insults such as oxidative
stress (Shimohama et al., 1998). Conversely, such low levels may simply
indicate that Bcl-X proteins, which are highly expressed postnatally, are the
principal anti-apoptotic regulators of neuronal cell death in adult brain
(González-García et al., 1995; Shimohama et al., 1998; Yachnis et al.,
1998).
Previous research suggests that Bcl-XL expression (both RNA and
protein) begins early in neurogenesis and increases postnatally, peaking
either at an early prenatal stage (E14 mouse; Krajewska et al., 2002), early
postnatal stage (P14 rat; Shimohama et al. 1998) or at “adulthood” (mouse;
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Frankowski et al., 1995; González-García et al., 1995; Krajewski et al.,
1994). Conversely, the current research suggests that Bcl-XL expression
actually trended towards a decrease in the early postnatal stages of
development in tissue from both non-Tg and 3xTg-AD mice (18 of 20
samples (regardless of transgenic status) exhibited lower expression when
compared to control (non-Tg; P5); group analysis was significant only for Tg
P5 vs P21; Fig 5.2). However, there are some notable differences between
our work and that undertaken previously, which may explain this
discrepancy. Firstly, Shimohama et al. (1998) showed that Bcl-XL expression
peaked at P14 and remained elevated thereafter (P14 – 96 weeks of age)
but this investigation utilised cortical lysates which may have had a different
Bcl-XL expression profile to hippocampal lysates. Secondly, the Krajewska et
al. (2002) study also showed that although hippocampal Bcl-XL
immunoreactivity (immunohistochemistry), was maintained at a high level
postnatally (mice between P0 – 3 months), this was predominately evident
only in CA3 hippocampal pyramidal neurons. Although staining may have
been strong in this specific region, the overall expression levels may have
actually been relatively low when lysates were analysed from whole
hippocampi, as utilised in the current study. Furthermore, although protein
expression was found to increase postnatally (compared to early embryonic
stages; immunoblot) and reduced only slightly in adult tissue in the study by
Krajewska et al. (2002), this work was carried out utilising lysates from the
cerebrum and cerebellum, not the hippocampus.
Interestingly, two further publications which are often cited as
correlating increased Bcl-XL expression with development, in fact, lack the
required evidence to support such a statement. For example, GonzálezGarcía et al. (1995) presented an image of RNA analysis which showed a
comparison of Bcl-XL mRNA levels between E13 – 19, neonatal and adult
mouse brain sections (from undefined brain regions) which were not
quantified. This lack of quantification was repeated for another image in the
same paper which showed that there was elevated Bcl-XL expression (in
comparison to Bcl-2 and Bcl-Xβ) in all regions tested in the adult CNS,
including the hippocampus. The same study also presented a single western
blot showing Bcl-XL protein expression in lysates from various embryonic
(E17; cerebral cortex and cerebellum) and adult (20 weeks-old; cerebral
cortex, basal ganglia, cerebellum, spinal cord) brain regions. In said blot, BclXL protein expression differences are not objectively clear, as no loading
control has been used and the blot was not densitometrically analysed
(González-García et al., 1995). The study by Krajewski et al., (1994)
presented “graded/arbitrary” immunohistochemical staining intensity of BclXL in the CNS from a range of 4 - 12-week-old mice as well as human biopsy
and autopsy samples, but with no analysis of how this changed with
development. Based upon the omissions outlined in these papers I would,
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therefore, argue that Bcl-XL expression in the CNS in the early postnatal
stages, which I have investigated herein, has not previously been well
characterised, particularly in hippocampal tissue. The increase in Bcl-XL
expression established as a trend in the literature may also occur at a later
developmental stage than that investigated in this study (post-P21).

5.5.2 Effects on Ca2+ signalling
Bcl-2 family members interact with the majority of cellular Ca2+
signalling toolkit components such as IP3Rs, RyRs, SERCAs, PMCAs,
mitochondrial VDACs and mitochondrial Na+/Ca2+ exchangers (see Section
5.1 and for review see Vervliet et al., 2016). The expression and activity of
this family are therefore of great relevance to neuronal mechanisms of Ca 2+
homeostasis, Ca2+ signalling (including I-mGluR-IP3R/RyR mediated
signalling outlined in Chapter 3 and 4) and putative ‘calciumopathies’ such as
AD.
Specifically, given our investigations into ER Ca2+ dynamics, the
mechanisms through which Bcl-2 is proposed to alter Ca2+ signalling are
particularly relevant. As described previously, these mechanisms include the
suppression of ER Ca2+ mobilisation through IP3Rs (binding to all three
isoforms; Monaco et al., 2012) and RyRs (He et al., 1997; Thomenius and
Distelhorst, 2003), the lowering of steady-state [Ca2+]ER (Pinton et al., 2000)
or a combination of all aforementioned forms of regulation (Vervliet et al.,
2016). Bcl-XL also suppresses ER Ca2+ release. However, aside from one
study which utilised supra-physiological Bcl-XL concentrations (Yang et al.,
2016), this occurs solely via RyRs (Monaco et al., 2012b; Vervliet et al.,
2015a). Importantly though, Bcl-XL also indirectly modulates IP3R-mediated
Ca2+ release as its expression (at least in overexpression studies) negatively
regulates IP3R1 and 3 expression in an interleukin-3-dependent lymphoid
cell line (FL5.12; Li et al., 2002). However, the subtleties of Bcl-XL
expression-mediated regulation of IP3R expression may be lost amongst the
overall developmentally-dependent expression patterns of Bcl-XL and IP3R
proteins and therefore may not be physiologically relevant during this period
of development.
Any changes in the functional activity and/or expression of Bcl-2
and/or Bcl-XL within neurons will almost certainly modulate I-mGluR
mediated signalling. Such modulation could occur by direct regulation of
IP3R- and RyR-mediated Ca2+ mobilisation, steady-state [Ca2+]ER, IP3R
expression, and/or modulation of the plethora of Ca2+ signalosome proteins
with which Bcl-2 proteins interact (including FKBPs, SERCA and PMCA;
Vervliet et al., 2016).
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Our results suggest that in the hippocampi of 3xTg-AD mice (nonsignificant trend; Fig 5.2) expression of Bcl-2 may be increased (by
approximately 25%) at P5 relative to age-matched controls. Hypothetically,
an elevation in Tg tissue at such an early postnatal stage could occur as a
compensatory response to either increased AD-related susceptibility to cell
death or dysregulated intracellular Ca2+ homeostasis such as that which has
been observed in 3xTg-AD mice at this stage of development (Morley et al.,
2012; Zhang et al., 2010). As mentioned previously, in mice, levels of Bcl-2
and Bcl-XL generally decrease in the hippocampus with increasing postnatal
age irrespective of transgenic status. Notably, this decrease in Bcl-2
expression with postnatal developments exaggerated in transgenic
hippocampi (significantly solely when comparing Bcl-2 expression in
hippocampi from 3xTg-AD mice at P21 to non-Tg age-matched controls), a
finding which suggests that transgenic neurons are, by an as yet unknown
mechanism, unable to maintain protective Bcl-2 protein expression to the
same extent as age-matched controls.
Given its roles as a suppressor of ER Ca2+ release (Vervliet et al.,
2016), lower levels of Bcl- expression in hippocampi from 3xTg-AD mice may
contribute to the enhancement of I-mGluR-mediated Ca2+ responses in Tg
neurons under basal and depolarisation conditions, relative to non-Tg
neurons (see Chapter 3; Fig 3.7). Furthermore, the fact that RyR (3)
expression is significantly increased solely when comparing Tg tissue at P21
vs P5 and is unaltered in the same developmental timeline in non-Tg
neurons (Fig 5.2) suggests RyR upregulation may further enhance the
magnitude of ER Ca2+ release in Tg neurons. Indeed, Zhang et al. (2010)
showed that RyR expression increased approximately 2-fold in cultured
3xTg-AD hippocampal neurons relative to non-Tg controls at P0-1 (13 DIV).
Whether this increase in RyR expression was due to regulation by Bcl-2
family proteins and/or by separate AD-driven process (including, for
example, general disruption of normal of ER Ca2+ homeostasis, see Chapter
3), is not clear.
Interestingly, Bcl-2 expression and activity correlated with a
reduction in the formation of APP (Poon et al., 2010), protects cells from Aβinduced toxicity (Deng et al., 1999; Saillé et al., 1999; Song et al., 2004), and
reduces tau-related pathology via caspase cleavage inhibition (Rohn et al.,
2008). Whether these effects occur in a manner that is dependent upon the
previously described modulation of intracellular Ca2+ dynamics by Bcl-2 is
however currently not clear. The exaggerated decrease of Bcl-2 expression
observed in 3xTg-AD hippocampi (Fig 5.2) may leave this region more
vulnerable to amyloid- and tau-related pathological insults. Furthermore, Aβo
decrease Bcl-2 expression (Clementi et al., 2006; Lee et al., 2015; Paradis et
al., 1996) which may, in turn, exacerbate the already decreased Bcl-2
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expression in transgenic animal models of AD and enhance ER Ca2+ signals
further at later stages of the disease (if the appearance of Aβo in these
models is subsequent to diminished Bcl-2 expression). Importantly, this work
provides entirely novel evidence of altered Bcl-2 expression in the
hippocampus of 3xTg-AD mice in early postnatal development (P21). The
decrease in Bcl-2 expression that we describe here is in agreement with
previous work utilising hippocampi of 3-month-old 3xTg-AD mice (Giuliani et
al., 2013) and the cerebral cortex of 3 - 6-month-old APPSWE and PS1∆E9
mice (Wang et al., 2009). The relevance of this evidence of decreased Bcl-2
and Bcl-XL expression collected from animal models to the human condition
of AD becomes difficult to determine given that, as discussed previously (see
table 5.2), Bcl-2 expression (which is the only Bcl-2 family member studied to
any degree in human samples) is generally increased in brain samples from
AD patients. It could be possible that enhanced Bcl-2 expression in the
human brains of AD patients is an end-stage protective mechanism which
does not reflect the early response to the disease. Alternatively, the opposite
trends in expression profiles of Bcl-2 may simply be due to species
differences.

5.6 Conclusions
In summary, the data we present here suggest that in the 3xTg-AD
model of AD, the expression profiles of Bcl-2, Bcl-XL and RyRs, combined
with the known regulatory effects of Bcl-2 and Bcl-XL at these ER Ca2+
release channels, could promote dysregulated hippocampal ER Ca2+
signalling and disruption of normal Ca2+ homeostasis from at 21 days of age.
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