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ABSTRACT

Alzheimer’s disease (AD) is the most prevalent form of dementia, projected to affect
over 150 million people worldwide by 2050. Clinically, AD manifests as progres-
sive memory loss and cognitive decline. Neuropathologically, it is characterised by
extracellular amyloid-β plaque deposition and intracellular neurofibrillary tau tangle
formation, followed by synaptic loss and neural cell death. To date, candidate therapies
and interventions have been developed almost exclusively in transgenic animal models,
yet little success has been achieved in clinical trials. This translational failing has driven
a growing departure from the classical amyloid-cascade hypothesis, upon which these
animal models were developed, towards several alternative hypotheses of AD aetiology.
Ethical and practical limitations on accessing living human brain tissue for research
have, until recently, left the field without an appropriate experimental system to evaluate
these alternative hypotheses.
This thesis is primarily concerned with the utility of human induced pluripotent stem
cell (iPSC)-based two- and three-dimensional neural culture technologies to investigate
these alternative hypotheses of AD in a species-relevant model. Initially, we worked
on developing neural progenitor cells (NPCs), mature dentate gyrus (DG) like neurons
using a novel differentiation protocol, and cerebral organoids from iPSCs derived from
healthy control donors and from a patient carrying the PSEN1M139V mutation. Building
on these iPSC-derived materials, we examined two major mechanisms central to alterna-
tive hypotheses of AD in NPCs; calcium dysregulation and altered metabolic function.
Using live-cell calcium imaging and Seahorse metabolic flux analysis, we characterized
how PSEN1M139V NPCs differ from controls in intracellular Ca2+ handling and bioen-
ergetic profiles. Finally, we reviewed current evidence derived from human studies and
human cellular or tissue models for herpes simplex virus (HSV)-induced disruption of
the neuronal intracellular trafficking system in AD development. Although primary
data in human cells are limited, alterations in lysosomal load, endoplasmic reticulum
and Golgi architecture, and upregulation of activity-regulated cytoskeleton-associated
protein (ARC) mRNA, emerge as promising metrics of disruption for future HSV
studies in human iPSC-derived systems.
In summary, this work (1) validates presenilin-mutant neural phenotypes previously
observed only in animal models, (2) generated an efficient differentiation method for
DG like mature neurons, and (3) synthesised the human-specific evidence linking HSV-
infection to intraneuronal trafficking disruption.
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GENERAL INTRODUCTION

1.1 Alzheimer’s disease

In 1906, German psychiatrist and neuroanatomist Alois Alzheimer was the first
to describe the eponymous condition as, this “peculiar severe disease process of the
cerebral cortex”, which he initially observed in a middle-aged patient, Auguste Deter
(Alzheimer 1907). Suffering from paranoia, severe memory deficits, mood/behavioural
changes and a loss of independence, Auguste’s story ended in her death five years after
entering his care. Upon autopsy, Alzheimer, a proponent of cutting-edge histologi-
cal analysis, described mass brain atrophy, atherosclerotic damage, dense neurofibril
impregnation of cells and miliary foci (plaques) made up of a “special substance”.
Several years later, after studying another patient, Josef F., Alzheimer believed that
Josef’s cortical disease was a plaque-only variant of Auguste’s affliction. Due to the
lucky re-discovery of brain-slice preparations from both patients decades later, we now
understand that Alzheimer was observing two separate time points in the progression of
the same pathology. Alzheimer’s disease (AD) had its first comprehensive description
in 1911 in Alois’s “Über eigenartige Krankheitsfälle des späteren Alter” - “On certain
peculiar diseases of old age” (Alzheimer 1911).

Alzheimer’s disease (AD) is the most common form of dementia, accounting for two-
thirds of all diagnosed cases. While predisposition to AD varies due to gender (Fisher,
Bennett, and Dong 2018), ethnicity (Kulminski et al. 2020), and geography (Fox et

al. 2013), it is consistently a disease of the elderly, affecting approximately 10.9% of
people aged 65 years and approximately 33.4% of those over 85 years in the United
States (Rajan et al. 2021). It exists as a gross acceleration and amplification of the
“normal” cognitive decline seen in ageing. AD is a progressive neurodegenerative
disorder that is characterized behaviourally by the gradual development of memory
and identity impairments (Huntley et al. 2021; Norberg 2019). Histopathologically, it
is defined by the deposition of extracellular amyloid β (Aβ ) protein plaques (Alois’
miliary foci) and the intracellular neurofibrillary tangles (NFTs). These NFTs consist of
aggregated tau proteins that are hyperphosphorylated and resistant to proteolysis (Buée
et al. 2000; Gendron and Petrucelli 2009). The disease also involves chronic neuroin-
flammation and significant neuronal loss, especially in the hippocampus and neocortical
regions of the brain (Heneka et al. 2024; Scheff et al. 2006; West et al. 1994). This
pairing of behavioural and histopathological symptomology has long formed medicine’s
understanding of the disease.

With the advent of molecular screening, AD can now be further sub-categorized under
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the titles of sporadic/late onset AD (LOAD) and early onset familial AD (EOFAD). The
majority of cases (95%) occur sporadically after the age of 65 with no known specific
cause (Bertram and Tanzi 2004; Durmaz et al. 2019). The remaining 5% occur before
age 65 (early onset), with 20% (1% of all cases) being linked to autosomal-dominantly
inherited mutations that cause EOFAD. These familial disease (FAD) cases are caused
by a mutation of at least one of three genes, coding for presenilin 1, presenilin 2, and
amyloid precursor protein (APP) (Tanzi 1999). In the 1980s and 1990s, the identifica-
tion of these FAD genes and their capacity to alter Aβ production provided a foundation
for the development of mechanistic disease hypotheses. While this thesis will focus on
ancillary hypotheses of AD aetiology, it is important to highlight the central knowledge
of the field.

The most popular and longest-reigning hypothesis of AD causation for the past 32 years
(at time of writing) has been the Amyloid Cascade Hypothesis (ACH).

Successive proteolytic cleavage of the membrane-bound APP leads to the production
of Aβ (see Fig. 1.1). Presenilin 1 and 2 proteins form the catalytic core of γ-secretase,
responsible for the final cleavage step in the amyloidogenic process. These genetic
findings led to the development of the ACH, first described in 1992 (Hardy and Higgins
1992), which postulates that the initial pathological event in AD is the build-up and
deposition of insoluble Aβ within the neuropil. Within this framework, Aβ nucleation
is proposed to promote plaque formation, which is thought to subsequently drive tau
pathology. These NFTs then are thought to cause synapse disruption, leading to cogni-
tive decline and eventual death. The recognition of the presence of Aβ in both the senile
plaques of AD patients, in cases of adult Down syndrome, coupled with the discovery
of the causative role of amyloid-relevant gene mutations, formed the basis of the ACH
(Armstrong 2014; Behl 2024).

Years of scrutiny and contradictory data however have, for some scientists, caused a
shift away from considering ACH to be the ‘conclusive model’ of AD. Pioneers of the
ACH, such as Professor John Hardy himself, have talked at length about the errors made
by early researchers, and the lack of scepticism by journal editors at the time (Hardy
2017). The inability of the ACH to encompass and/or reconcile several observations
about Aβ pathology that have been made subsequent to its initial publication lends
credence to its ineffectiveness to describe AD pathology. The most notable of these
discrepancies is the lack of a direct correlation between Aβ plaque density and cognitive
decline (Arriagada et al. 1992), as substantial plaque deposition has been observed
in cognitively unimpaired elderly individuals (Nelson, Braak, and Markesbery 2009;
Zolochevska and Taglialatela 2016). Transgenic AD models with only mutations of
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amyloidogenesis-promoting genes only display minor NFTs localized to senile plaques,
not total brain tau pathology (Sturchler-Pierrat et al. 1997).

AD treatments based upon the ACH, such as anti-Aβ antibodies and metal-complexing
agents have also shown little success in stopping disease progression even when clearly
evidenced to reduce plaque build-up and presence in clinical trials (Doody et al. 2014;
Ostrowitzki et al. 2022; Salloway et al. 2014; Vandenberghe et al. 2016). In July
2022, an extensively publicized investigation revealed fraudulent data supporting the
pathogenic role of the specific amyloid beta 56 oligomer species (Lesné et al. 2006;
Piller 2022). While amyloid accumulation may cause large swathes of AD symptoms,
there is a belief that the initiation of AD progression occurs much earlier than clinical
symptom presentation, a consideration which has led to the development of multiple
alternate hypotheses (Hampel et al. 2021; Palmqvist et al. 2017).

The various alternative aetiological hypotheses discussed in this general introduction 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 practice, while determining the sequence of events in disease
pathology is crucial for the development of treatments, it is essential to recognize that
focusing solely on any one hypothesis fails to consider the complete range of factors
involved in disease progression. The growing recognition of multiple potential factors
calls into question AD’s status as a single disease entity. It is likely a feed-forward
collection of pathological mechanisms, each described by a separate hypothesis, which
culminate in the AD spectrum recognised in patients.

1.1.1 Amyloid β

Amyloid β is a 4 kDa peptide derived from the larger APP, and is what we now
recognise as Alzheimer’s “special substance” (Divry 1927). APP is synthesised within
the rough endoplasmic reticulum and trafficked to the cell surface, acting as an integral
membrane protein. APP contains multiple enzyme cleavage sites, whose products can
enter either the so-called amyloidogenic, or non-amyloidogenic, processing pathways
(see Fig. 1.1).

To be amyloidogenic means to be predisposed to the production of amyloid deposits.
A major amyloidogenic processing pathway is recognised as being due to β -secretase
activity (see Fig. 1.1). Beta-site APP cleaving enzyme 1 (BACE1) mediates this β -
secretase activity in neuronal cells and cleaves APP at the N terminus of the Aβ peptide
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sequence, leaving C-terminal fragment β (CTF-β ) for further processing. In the brain,
the subsequent γ-site cleavage is mediated by a protein complex composed of four
components: anterior pharynx defective 1, nicastrin, presenilins 1/2, and presenilin
enhancer 2 (see Fig. 1.3) (Zhang et al. 2014). This γ-secretase cleaves the C terminus
of the peptide sequence producing Aβ . Aβ1-40 is 40 amino acids in length, is the
predominant form of Aβ produced, and is linked to the neurotoxic effects of amyloid.
However, longer forms of amyloid, which can also be produced via this process (e.g.
Aβ1-42 and Aβ1-43), are more amyloidogenic than Aβ1-40 (Braun et al. 2022; Chen
et al. 2017).

BACE1 cleavage of APP is the rate-limiting step for the production of Aβ (Cai et al.

2001; Kwak et al. 2011). As both are membrane-bound proteins this would dictate the
importance of APP and BACE1 co-localization for pathway progression. Following
this logic, Das et al. (2013), deduced the existence of separate neuronal trafficking
pathways, spatially segregating the enzyme and the substrate during non-amyloidogenic
processing (Das et al. 2013). They found that upon exit from the trans-Golgi network,
separate organelles carry these proteins to the cell membrane. Retrograde transport and
subsequent co-localization of both proteins occurs following endocytosis. BACE1 en-
docytosis can operate under clathrin-independent and/or clathrin-mediated mechanisms,
while APP is endocytosed in a clathrin-dependent manner (Das et al. 2013). Subsequent
APP/BACE1 convergence is dependent on APP endocytosis (Koo and Squazzo 1994)
and largely takes place in the recycling endosome within dendrites (Rajendran et al.

2006; Wei et al. 2010). Mobile BACE1 vesicles mostly co-localize with recycling
endosome markers (Tfr and syntaxin13), while stationary vesicles are also positive
for Rab5 (a marker for early endosomes) (Das et al. 2016). These immobile BACE1
vesicles are more commonly observed in axonal transport (Buggia-Prévot et al. 2014)
and add to the work describing differential Aβ production between presynaptic and
postsynaptic compartments (DeBoer et al. 2014; Wang et al. 2009b).
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Figure 1.1: Pathways involved in amyloid precursor protein (APP) processing.
Amyloid precursor protein (APP) is a single transmembrane protein. In the non-
amyloidogenic pathway (left), it is cleaved by a disintegrin and metalloprotease (ADAM)
proteases, producing the membrane-bound C83 fragment and extracellular soluble
APP alpha (sAPPα). In the amyloidogenic pathway (right), beta-site APP cleaving
enzyme 1 (BACE1) cleavage generates CTF-β , which is further processed by γ-secretase
(Presenilin 1/2, Nicastrin, PEN2 and APH-1), releasing extracellular amyloid β (Aβ )
and intracellular APP intracellular domain (AICD). Created with BioRender.com.
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1.1.2 Tau

Tau is the name given to a series of proteins, derived from alternate splicing of
the microtubule-associated protein tau (MAPT) gene, that are involved in microtubule
stabilisation (Murphy, Johnson, and Borisy 1977; Trinczek et al. 1995). Although
previously believed to be ‘axon-specific’, this is incorrect as tau proteins aid tubulin
integration within the microtubule and provide structure and flexibility in neuronal
somata, dendrites, axons and synapses, as well as in glial cells (Kanaan 2024). Tau
protein isoforms are differentiated by their number of binding domains, and all act as
phosphoproteins, with phosphorylation negatively regulating their capacity to stimulate
microtubule construction (Buée et al. 2000; Mandelkow et al. 1995).

The intracellular accumulation of aggregated tau fibrils, referred to as “tauopathy”,
typically occurs following hyperphosphorylation of tau proteins by abnormal kinase
activity (see Fig. 1.2) (Alonso et al. 2001; Noble et al. 2013). The hyperphosphorylated
proteins remove themselves from the microtubule scaffold, adding to the pool of “free”
tau within cells. Subsequent phosphorylation of this soluble tau leads to enhanced fib-
rinogenation and the self-assembly of the AD hallmark NFTs within neurites (Hanger,
Anderton, and Noble 2009; Hanger et al. 2007; Johnson and Stoothoff 2004). It should
be noted however that NFT formation is not unique to AD, and is also found in other
neurodegenerative disorders, such as frontotemporal dementia (Bigio et al. 2001; Jiang
et al. 2000; Rizzu et al. 1999), Parkinsonism-dementia complex of Guam (Arif et

al. 2014; Qi et al. 2023; Steele 2005), Huntington’s disease (St-Amour et al. 2018;
Fernández-Nogales et al. 2014; Vuono et al. 2015), among others (Cummings et al.

2023b; Langerscheidt et al. 2024; Momota et al. 2022). Tauopathic cell disruption has
two primary theorised mechanisms of pathology, which are not mutually exclusive;
breakdown of the microtubule fast axonal transport starves cell extremities of nutrients,
leading to the degradation of neural projections (Mandelkow et al. 2003; Reddy 2011;
Roy et al. 2005), and physical impedance of intracellular functions by NFTs, stimulating
attempted autophagic clearance of the excess tau, resulting in neurite damage (Gendron
and Petrucelli 2009; Keck et al. 2003; Rodríguez-Martín et al. 2013).

Despite their presence being required for a definitive clinical diagnosis of AD (Braak
and Braak 1991; Braak et al. 2006), the role of NFTs in AD pathogenisis remains
unclear. While strongly associated with synaptic dysfunction, no causal relationship has
been established, and NFT formation may reflect a protective or compensatory response
to underlying disease processes (Arendt, Stieler, and Holzer 2016; Langerscheidt et

al. 2024; Sexton et al. 2022). To support this, NFTs have been detected in healthy
individuals, with pregnant neurons observed to survive for decades (Morsch, Simon,
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and Coleman 1999). Tau, rich in lysine-serine-proline domains, can act as an oxidative
sponge, taking the majority of oxidative damage within the neuronal process upon
itself (Wataya et al. 2002). Finally, the aggregatory function of individual tau filaments
may allow tangles to protect the cells in which they accumulate, like other intracellular
inclusions (Chen et al. 2011; Taylor et al. 2003). For example, inclusion-body forma-
tions, consisting of Huntington aggregates, promote resistance to neurodegeneration in
Huntington’s disease cell cultures (Arrasate et al. 2004).

Pathogenic or otherwise, NFTs are an integral part of AD symptomology, with the
AD brain containing approximately four times more hyperphosphorylated tau than a
“healthy” aged adult brain.
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Figure 1.2: Tau hyperphosphorylation and tangle formation. Tau is a microtubule-
associated protein that stabilizes axonal microtubules. Under pathological conditions,
Tau becomes hyperphosphorylated by kinases such as GSK-3β and CDK5, reducing its
affinity for microtubules. This leads to microtubule destabilization and Tau mislocal-
ization. Further unchecked phosphorylation leads to the formation of toxic aggregates
including neurofibrillary tangles (NFTs) in the cytoplasm. Created with BioRender.com.
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1.2 Presenilin

First identified in genetic screens for mutations in EOFAD patients (Sherrington
et al. 1995), the presenilins are a family of proteins with six to nine transmembrane
domains (Levy-Lahad et al. 1995). Existing in two main forms, PSEN1 and presenilin
2 (PSEN2) are highly homologous (Rogaev et al. 1995) but differ in their subcellular
locations. PSEN1 is broadly distributed across multiple compartments of the secretory
and endocytic pathways, including the endoplasmic reticulum, Golgi apparatus, and
plasma membrane, whereas PSEN2 localises predominantly to late endosomes and
lysosomes (Annaert et al. 1999; Sannerud et al. 2016; Wolfe and Yankner 2016). It is
difficult to discuss the physiological role of the presenilins without mentioning their
association with AD. Since their discovery was due to AD research, almost all subse-
quent studies on presenilins have focused on their involvement in neurodegenerative
pathogenesis. A 2013 study reported Alzheimer’s initial patient Auguste Deter had a
c.526T->C point mutation within the PSEN1 gene following targetted exon sequencing
of paraffin embedded tissue samples (Müller, Winter, and Graeber 2013). This finding
was, however, quickly disputed by a subsequent study that attempted to validate the
reported mutation but found no evidence of nonsynonymous hetero- or homozygous
mutations in the exons of APP, PSEN1, or PSEN2, concluding that further investigation
was required (Rupp et al. 2014).

As mentioned previously, the presenilins form the catalytic core of the γ-secretase
protease complex (see Fig. 1.3). In addition to APP, in excess of 140 γ-secretase sub-
strates have been identified to date, including Notch, CD44 and E-cadherin (Güner and
Lichtenthaler 2020; Hou et al. 2023). γ-secretase-dependent involvement of presenilin
mutations in AD pathogenesis was believed to be due to the impedence of the cleavage
of longer Aβ peptides, increasing the ratio of Aβ42/Aβ40 length protein fragments.
However, a complete analysis of 138 presenilin 1 pathogenic mutations however, illus-
trated that 55 of the mutations that had been examined decreased Aβ42/Aβ40 ratio,
while 42 of the mutations completely abolished Aβ42 and Aβ40 production altogether
(Sun et al. 2017).

Aside from their γ-secretase role, also referred to as their carboxypeptidase function, pre-
senilins have highly conserved γ-secretase-independent regulatory/trafficking functions,
including autophagy, lysosomal functioning and wingless-related integration site (Wnt)
signalling (Coen et al. 2012; Saura 2010). Another pertinent γ-secretase-independent
role of presenilin is related to endoplasmic reticulum (ER) calcium homeostasis. Specif-
ically, Tu et al., (2006) proposed that healthy holoprotein presenilins act as passive Ca2+

“leak” channels across the ER membrane (Tu et al. 2006). Significantly, however, some
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mutated presenilins do not maintain this ability, disrupting Ca2+ homeostasis within
AD cells (Tu et al. 2006).

PSEN1 and 2 can also modulate intracellular ryanodine receptor (RyR) behaviour,
with a reduction in the PSEN1/2 ratio increasing intracellular Ca2+ release by RyRs
(Payne et al. 2013). These receptors are key intracellular calcium channels that mediate
calcium-induced calcium release from the endoplasmic reticulum, playing a crucial role
as an amplifier in cellular signalling, synaptic transmission, and calcium homeostasis.

Presenilins exert their influence on both “healthy” ageing brains, and AD brains,
with PSEN mutations observed in brains of individuals with EOFAD mimicking non-
functioning presenilins that occur during “normal” ageing (Sama and Norris 2013). The
role of calcium homeostasis in ageing and AD will be addressed in a later segment
(section 1.3.1), but increasing evidence suggests a link between mutant presenilins and
disruption of Ca2+ homeostasis in neurodegenerative pathologies (Makarov et al. 2023;
Ryan et al. 2021).
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Figure 1.3: γ-secretase complex. γ-secretase is a multi-subunit intramembrane protease
complex composed of Presenilin 1 or 2 (catalytic core), Nicastrin (substrate recognition),
APH-1 (structural support and complex stability) and PEN2 (complex maturation). The
complex resides in the lipid bilayer of several organelles and mediates the final cleavage
of APP, releasing Aβ into the extracellular space. Created with BioRender.com.

9



1.2.1 Presenilins in Mitochondrial Function

In 2009, it was reported that PSN1 is highly enriched in mitochondria-associated
endoplasmic reticulum membranes (MAMs) (Area-Gomez et al. 2009). While prese-
nilin mutants had previously been considered to affect mitochondria via the amyloid
cascade (see section 1.3.3), their enrichment in MAMs suggests a potential for direct
effects on the critical functions of these domains, including phospholipid biosynthesis,
cholesterol esterification, calcium transport, and the maintenance of mitochondrial and
ER homeostasis (Area-Gomez 2014; Area-Gomez et al. 2009; Hayashi et al. 2009). A
study by Han et al. investigated how five PSN1 mutations (A431E, E280A, H163R,
M146V, and ∆exon9) affected mitochondrial function in H4 glioblastoma cells (Han
et al. 2021). While all mutants showed decreased γ-secretase activity, indicated by
the accumulation of APP-CTFs, they each exhibited distinct profiles of mitochondrial
dysfunction. The ∆exon9 mutant induced mitochondrial fragmentation, whereas A431E,
E280A, H163R, and M146V mutants increased MAMs formation. A431E, E280A,
M146V, and ∆exon9 mutants also promoted mitochondrial reactive oxygen species
(ROS) production. The A431E mutant impaired both complex I and peroxidase activity,
while the M146V mutant impaired only peroxidase activity. All PSN1 mutants compro-
mised mitochondrial membrane potential, and cellular adenosine triphosphate (ATP)
levels were reduced in cells expressing the A431E, M146V, and ∆exon9 mutations.

Mitochondrial morphology and intracellular distribution are frequently disrupted in AD
neurons (Baloyannis 2006; Tyumentsev et al. 2018; Zhang et al. 2016), with shortened
mitochondria indicative of enhanced fission, and reduced localisation outside the soma
suggesting impaired organelle trafficking (Wang et al. 2009a, 2008). In SH-SY5Y cells,
the presenilin 2 (PSN2) D439A mutation significantly decreased expression of the GT-
Pase regulator rho guanine nucleotide exchange factor 5 (ARHGEF5), and reduced the
GTPase activity of mitochondrial Rho GTPase 2 (Miro2), a key mediator of mitochon-
drial transport (Gao et al. 2024). PSN2 was also found to bind directly to Miro2, and
the D439A mutation diminished this interaction, leading to decreased Miro2 expression.
However, experiments in PSN1 knockdown and PSN2 knockout neurons and astrocytes,
derived from Cre/flox mice models, did not recapitulate the mitochondrial phenotypes
observed in the immortalized cell lines (Contino et al. 2021). As with many aspects of
AD pathomechanistic mapping, findings remain inconsistent across species and model
systems. Further investigation is required to clarify the amyloid-independent roles of
presenilins in mitochondrial homeostasis.
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1.2.2 Presenilins in Cellular Timing

PSEN1 plays a crucial role in stem cell differentiation, particularly in the context of
neurogenesis and neural cell fate specification (Feng et al. 2001; Handler, Yang, and
Shen 2000). Neural progenitor cells (NPCs) are a type of stem cell found in the adult
brain, specifically within the subventricular zone (SVZ) and the subgranular layer (SGL)
of the dentate gyrus. These neurogenic niches support the self-renewal, proliferation,
and differentiation of NPCs into neurons and glia throughout life (Fuentealba, Obernier,
and Alvarez-Buylla 2012). Previous studies using genetic mouse models have demon-
strated that PSN1 is essential for neuronal differentiation during neural development
such that PSEN1 knockout mice showed a severe reduction in the number of NPCs and
impaired interkinetic nuclear migration, a process critical for NPC proliferation (Kim
and Shen 2008). Further research using lentiviral vectors to knock down PSEN1 expres-
sion in adult mouse brain NPCs revealed a dramatic enhancement of cell differentiation,
with PSN1-deficient cells differentiating into neurons, astrocytes, and oligodendrocytes.
This function of PSEN1 is γ-secretase-dependent, as neurosphere cultures treated with
γ-secretase inhibitors similarly exhibited enhanced cell differentiation. Although these
findings suggest an inhibitory regulatory role for PSN1 in differentiation, PSN1 actively
promotes self-renewal and maintains NPC multipotency by ensuring adequate Notch-
dependent self-renewal signalling (Hernández-Sapiéns et al. 2021; Veeraraghavalu et al.

2010; Zhou et al. 2022).

Furthermore, PSEN1 regulates NPCs by modulating the signalling pathways of pro-
liferation factors such as epidermal growth factor (EGF) and basic fibroblast growth
factor (bFGF) (Gadadhar, Marr, and Lazarov 2011; Tang, Yu, and Cheng 2017). Re-
duced expression of PSEN1 in NPCs leads to decreased levels of the EGF receptor and
β -catenin, indirectly contributing to impaired progenitor maintenance (He and Shen
2009). Through its γ-secretase-mediated carboxypeptidase activity, PSN1 is responsible
for the intramembrane cleavage of Notch receptors, releasing the Notch intracellular
domain, which translocates to the nucleus to act as a transcriptional activator. Mutations
in presenilin genes disrupt the γ-secretase cleavage of Notch, impairing the Notch
signalling pathway and altering cellular timing (Fortini 2001; Hernández-Sapiéns et al.

2021). Notch signalling is critical for cell fate decisions, particularly through lateral
inhibition, a process that ensures neighbouring cells adopt distinct identities, thereby
generating cellular diversity (Sancho, Cremona, and Behrens 2015). Proper timing of
Notch receptor activation and subsequent cleavage is essential for the accurate execution
of these decisions, as premature Notch activation can lead to inappropriate differentia-
tion, ultimately affecting the overall cellular composition and timing of neurogenesis
(Ehebauer, Hayward, and Arias 2006; Trylinski, Mazouni, and Schweisguth 2017).
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In addition to Notch signalling, recent research has implicated APP itself in the regula-
tion of neurogenic timing. In a study of human cortical development, APP knockout
selectively impaired the slower-tempo cortical neurogenesis, without affecting the faster
motor neurogenesis (Shabani et al. 2023). Quantitative analysis revealed that, after
seven days of differentiation, control NPCs produced on average eight progenitors and
3.6 neurons per cell, whereas APP-deficient NPCs produced only 1.25 progenitors but
22.9 neurons. This shift from a self-renewing to a neurogenic state suggests that APP
is critical for the absolute temporal scale of cortical neurogenesis, although it does
not alter the relative birth order of cortical neurons. To date, no equivalent temporal
mapping has been conducted for PSEN1 or PSN2 knockouts during human cortical
neurogenesis. While both in vivo and in vitro studies of mouse NPCs lacking APP have
shown inconsistent effects on neurogenesis (Cappello et al. 2016; Hu et al. 2013; Ma et

al. 2008), the findings from human systems highlight the need for further investigation
into how presenilin mutations influence neurogenic timing. As we now know from the
work of Shabani et al., premature differentiation does not inherently imply accelerated
maturation and/or ageing of post-mitotic neurons(Shabani et al. 2023), currently as-
sumed in presenilin defects.

Taken together, it is worth considering that key ‘Alzheimer’s disease-associated proteins’
are not only involved in classical pathogenic cascades but also play pivotal roles in
regulating the timing of neurogenic maturation. This convergence of AD-linked genes
on developmental temporal control mechanisms raises the possibility that alterations in
the pace and regulation of neurogenesis may constitute a uniquely human vulnerability.
The protracted, neotenous trajectory of human cortical development, characterised
by extended periods of neural progenitor self-renewal, delayed differentiation, and
protracted synaptogenesis (Libé-Philippot et al. 2024; Linker et al. 2022), may amplify
the pathological consequences of dysregulated temporal signalling. In this light, the
human-specific elongation of neurogenic programs may help explain why AD manifests
so prominently and distinctively in humans, and not in other species with faster and less
plastic neurodevelopmental timelines.
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1.3 Alternative Aetiological Hypotheses

As previously noted, while the ACH has been the dominant hypothesis describing
AD pathogenesis for many years (Behl 2024; Selkoe and Hardy 2016), an ever-growing
body of research highlights the possible involvement of numerous other factors that may
contribute to AD onset and progression. These alternative hypotheses span a diverse
range of mechanisms, including altered calcium signalling (Berridge 2010; Mattson et

al. 1992), chronic inflammation (Kinney et al. 2018; McGeer et al. 1988), infectious
agents (Itzhaki et al. 1997; Seaks and Wilcock 2020), metabolic disturbances (Hoyer
1998; Morgen and Frölich 2015), intracellular trafficking and endo-lysosomal dysfunc-
tion (Nixon 2000; Perdigão et al. 2020), and vascular impairment (de la Torre 2004;
Scheffer et al. 2021), each of which has been proposed to contribute to the multifactorial
pathobiology of AD.

The diversity of aetiological hypotheses, and their relative weight within the research
community, can be illustrated by the number of clinical trials conducted under each
framework. Liu et al.’s (2019) review provides a comprehensive summary of the AD
clinical trial landscape at the time and remains a highly cited source (see Fig. 1.4 A)
(Liu et al. 2019). Since 2016, Prof. Jeffrey Cummings , an eminent scientist and
clinician based at the University of Nevada Las Vegas, has annually published the
"Alzheimer’s Disease Drug Development Pipeline" report in collaboration with the
Alzheimer’s Association. Although the report is based solely on the ClinicalTrials.gov
registry maintained by the US National Library of Medicine under the National Institutes
of Health (NIH), it captures all trials conducted in the United States, which remains
the leading region globally for AD clinical research activity (Cummings et al. 2025a).
Moreover, many trials conducted outside the US are also registered there, despite not
being legally required to do so. Analysis of the proportion of trials associated with
each Common Alzheimer’s Disease Research Ontology (CADRO) mechanism of action
offers insights into both the expanding range of AD hypotheses and the distribution of
clinical research focus among them (see Fig. 1.4 B).
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Figure 1.4: Overview of AD hypothesis variation and clinical trial focus. A: Pie
chart illustrating the proportion of AD specific clinical trials up until 2019 focused on
each hypothesis of AD pathology. Adapted from Liu et al. (2019) (Liu et al. 2019).
B: Original stacked bar chart representing the proportion of disease-modifying agents
under clinical trial possessing a given CADRO mechanism of action classification,
reported in a given year. Data were extracted, aggregated, and reclassified by the author
from the Alzheimer’s disease drug development pipeline annual reports published by
Prof Cummings and colleagues (Cummings et al. 2017, 2022, 2019, 2020, 2018, 2021;
Cummings, Morstorf, and Lee 2016; Cummings et al. 2023a, 2024; Cummings et al.
2025b). Figure created in GraphPad Prim v10.4.
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1.3.1 The Calcium Hypothesis

The calcium hypothesis of AD (Alzheimer’s Association Calcium Hypothesis Work-
group et al. 2017) posits that altered intracellular calcium handling links amyloid
metabolism to both cognitive dysfunction and neurodegeneration in AD.

1.3.1.1 Calcium Signalling

Calcium is often considered to be the ‘king’ of intracellular signalling, with regulatory
control over an array of cellular processes, including cell proliferation, neurotransmitter
secretion, inter-organelle communication, gene transcription, metabolic regulation, and
the induction of programmed cell death pathways such as apoptosis (Berridge 1995;
Berridge, Lipp, and Bootman 2000; Gill, Ghosh, and Mullaney 1989). To facilitate
this multitude of functions, a versatile Ca2+ signalling ‘toolkit’ is required, made up of
second messengers, channels, pumps and sensors (see Fig. 1.5)(Berridge, Bootman, and
Roderick 2003). For example, neuronal excitation produces an intracellular Ca2+ signal;
this signal can be differentiated from others, and thus only activate its target pathway, due
to its possession of unique characteristics, such as its amplitude, duration, frequency, and
intracellular location (Balaji et al. 2017). Calcium spikes, defined as transient increases
in cytosolic Ca2+ concentration, can arise through the activation of influx pathways or
due to release from intracellular stores can be utilised in local nanodomains, and in the
whole cell body. Additionally, inhibited efflux or buffering mechanisms can result in
sustained elevations or delayed decay of cytosolic Ca2+ signals. Calcium’s utility is
due to these varying cytosolic concentrations, which are the result of tightly regulated
channels connecting extra- and intra-cellular molecular pools (Berridge, Lipp, and
Bootman 2000). A constant equilibrium between calcium influx and efflux across the
plasmalemma exists in healthy cells, with cytosolic buffering proteins maintaining the
20,000-fold gradient between high extracellular Ca2+ and low intracellular free Ca2+,
that accommodates the high signalling speed of the cation (Bootman et al. 2001). Given
this breadth of regulatory influence, even subtle disturbances in calcium homeostasis
can have profound consequences for neuronal viability and function.

1.3.1.2 Intracellular Calcium Release

Ca2+ release from the ER occurs primarily via activation of IP3Rs and/or ryanodine
receptors (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, lo-
calisation, 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. Neurons express all three
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Figure 1.5: Examples of the calcium toolkit within the cell. Cartoon illustrating
the movement of free Ca2+ between the intracellular, extracellular and organellar
spaces, by means of pumps (SERCA, PMCA, P2X1), ligand gated channels (inositol
trisphosphate receptor (IP3R), N-Methyl-D-aspartic acid receptor (NMDAR), transient
receptor potential cation channel (TRPC), metabotropic glutamate receptor (mGluR)),
voltage-gated calcium channels (VGCCs), calcium-induced calcium release channels
(RyR) and unidirectional-exchangers (sodium-calcium exchanger (NCX)). Second
messengers (IP3, DAG), and store operated calcium entry facilitatory proteins (STIM,
Orai1) are also highlighted. Inspired by Lichtman et al., 2017 (Lichtman et al. 2017),
created with BioRender.com.

subtypes of both RyRs and IP3Rs, although IP3R1 and RyR2 expression predominate
(Berridge, Bootman, and Lipp 1998; Franzini-Armstrong and Protasi 1997; Furuichi et

al. 1994). 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,
Bootman, and Lipp 1998; Sharp et al. 1993). Aside from this general pattern of co-
localisation, RyRs are also distinctly localised to the soma of neurons. 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 (Finch and Augustine 1998; Sharp
et al. 1993). N-Methyl-D-aspartic acid receptor (NMDAR), a glutamate receptor and
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key Ca2+ channel in neurons (Jewett and Thapa 2025), is essential for synaptic plasticity.
In addition to facilitating influx of Ca2+ and Na+, NMDAR-mediated signalling can
trigger intracellular Ca2+ through IP3R and RyR via activation of phospholipase C and
Ca2+-induced calcium release (CICR) mechanisms (Goussakov, Miller, and Stutzmann
2010).

1.3.1.3 Calcium Dysregulation

Calcium handling within cells of the brain changes with ageing and is thought to be a
prime factor in age-dependent cognitive decline (Datta et al. 2021; Moore et al. 2023;
Uryash et al. 2020). Alterations in voltage-gated calcium channel (VGCC) mediated
Ca2+ influx and rapid Ca2+ buffering compensation have been observed in ageing
rat models (Murchison and Griffith 2007). As previously mentioned (see section 1.1),
“age-typical” cognitive deterioration, including calcium handling, is intensified in AD,
possibly due to mismanagement of amyloid processing. Further, a feed-forward rela-
tionship exists between calcium dysregulation and Aβ /NFT pathology (Kuchibhotla et

al. 2008; Wang et al. 2005; Yamamoto et al. 2005), with disruption of neuronal calcium
homeostasis further exacerbating amyloidogenic Aβ metabolism via ROS production
(D’Alessandro et al. 2025; Liu et al. 2018; Quintana et al. 2020), whilst accumulation of
Aβ oligomers and tau proteins provoke further calcium dysregulation by the breakdown
of intracellular proteins and lipid transport (Mahoney et al. 2020; Malchiodi-Albedi
et al. 2011; Small et al. 2009). The basis of the ‘Calcium Hypothesis of AD’ is the
induction of pathology by the sporadic breakdown of the calcium regulatory machinery,
long before clinically detectable “hallmark” symptoms arise.

In 2002, the non-competitive N-Methyl-D-aspartic acid (NMDA) receptor antagonist
memantine, was approved for sale and clinical use in Europe for the treatment of AD
(Reisberg et al. 2003). Its proposed mechanism of action involves low-affinity, uncom-
petitive antagonism of the NMDA receptor, producing a voltage-dependent blockade of
excessive Ca2+ influx during pathological glutamatergic signally, thereby reducing the
potential for glutamate-induced excitotoxicity in the brain (Johnson and Kotermanski
2006; Kuns et al. 2025). Memantine was considered one of the rare exceptions to the
general failure of drug treatments in neurodegenerative disease, consistently demon-
strating restorative and prophylactic properties in AD animal models (Karimi Tari et al.

2024). However, its efficacy has been called into question over time. Meta-analyses
have yielded mixed results, and in 2012, the French Pharmacoeconomic Committee
downgraded its rating of medical benefit in AD from “major” to “low" (Blanco-Silvente
et al. 2018; “Drugs for Alzheimer’s Disease” 2012). An interesting cellular agent in
the context of the calcium hypothesis of AD is caffeine. Caffeine promotes Ca2+ efflux
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from the ER via activation of RyRs (Arias-Cavieres et al. 2018; Kong et al. 2008),
potentially mitigating the calcium store overload often observed in neurodegenerative
conditions (Kolahdouzan and Hamadeh 2017; Smith et al. 2005). Interestingly, cohort
studies are demonstrating coffee and/or tea consumption is associated with slower
cognitive decline (Gardener et al. 2021; Wang et al. 2024a).

1.3.2 The Endo-Lysosomal Hypothesis

Disruptions of the endocytic trafficking pathway are the earliest detectable AD
pathologies currently recognized but are often not even a footnote in the general study
of AD (Nixon 2017). The so-called Endo-Lysosomal theory of AD proposes that
AD progression may be due to disruptions of neuronal intracellular trafficking that
lead to the retention of toxic substrates, starvation of cell regions of essential compo-
nents/proteins, and/or impaired intracellular signalling (Chung, Lee, and Lee 2018;
Correia, Perry, and Moreira 2016; Tang 2009; Wang et al. 2013). This Endo-Lysosomal
theory is supported by a collection of genetic, anatomical and biochemical evidence
summarised below.

1.3.2.1 Intraneuronal Cell Trafficking

Neuronal function is intimately linked to the geometric morphology of the cell (Chklovskii
2004). The soma integrates inputs from multiple dendrites and transmits signals through
axonal processes (Ramón y Cajal 1904). To sustain this complex structure-function
relationship, neurons depend on an intricate intracellular trafficking system to maintain
cellular health and function (Wang et al. 2013). This system, which can be likened to a
city, includes highways, loading docks, transport vehicles, and regulatory mechanisms
that ensure smooth intracellular logistics.

Intracellular directionality is largely governed by polarised microtubules, which dy-
namically assemble to provide structural support and serve as tracks for cargo transport
(Desai and Mitchison 1997; Stephens and Edds 1976). Composed of tubulin, micro-
tubules have a fast-growing ‘positive’ end and a more stable ‘negative’ end (Howard
and Hyman 2003). Axonal microtubules are uniformly oriented with their positive
end distal to the soma and predominantly bind tau. In contrast, dendritic microtubules
exhibit mixed polarity and primarily associate with microtubule associated protein 2
(MAP2) (Baas et al. 1988; Conde and Cáceres 2009; Cooper 2000). Interwoven with
the microtubule network is the actin cytoskeleton, which forms shorter filaments with
polarised ends, with ATP-dependent polymerisation occurs preferentially at the positive
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end (Letourneau 2009). Actin filaments interface with the plasma membrane and act as
peripheral sites for docking and cargo capture, supporting transport and local organisa-
tion (Hasaka, Myers, and Baas 2004). Motor proteins utilise these cytoskeletal tracks to
transport organelles and macromolecules. The primary motor families include kinesins,
dyneins, and myosins (Cheney and Baker 1999; Hirokawa 1998; Karki and Holzbaur
1999). Kinesins mediate anterograde transport toward the microtubule positive end
(Pfister et al. 1989), while dyneins facilitate retrograde transport toward the negative end
(Paschal, Shpetner, and Vallee 1987). Myosins, although more commonly associated
with muscle contraction, move along actin filaments and support short-range transport
and tethering of organelles (Hammer and Wagner 2013).

Critical to this system is the cargo itself, organelles such as mitochondria and endo-
somal vesicles must be accurately positioned to perform localised functions (Yap and
Winckler 2012). Given that most organelles and proteins are synthesised in the soma,
while endocytic uptake occurs at distal neuronal processes, efficient and regulated cargo
transport is essential. Endocytic vesicles formed at the membrane follow actin filaments
to converge and generate early endosomes (Doherty and McMahon 2009; Kirchhausen,
Owen, and Harrison 2014; Mayor and Pagano 2007). These endosomes serve as sorting
hubs, directing cargo for recycling, lysosomal degradation, or incorporation into multi-
vesicular bodies destined for long-range transport (Hurley et al. 2010).

1.3.2.2 Endo-lysosomal Disruption

Meta-analysis of large cohort genome-wide association studies have brought to light
over 20 susceptibility loci for LOAD (Jansen et al. 2019; Lambert et al. 2013) including,
but not limited to, BIN1, CD2-AP, PICALM, and SORL1, all of which are associ-
ated with cell trafficking and endocytosis (Gauthier et al. 2007; Klinger et al. 2016;
Kobayashi et al. 2004; Sahlender et al. 2013; Wigge et al. 1997).

The strongest genetic risk factor for LOAD, Apolipoprotein E (ApoE)-ε4, is also in-
volved in lipid endocytosis (Faraji, Kühn, and Ahmadian 2024; Haney et al. 2024).
Although its exact role in AD progression has still to be fully elucidated, ApoE-ε4 ex-
pression is known to impair Aβ clearance (Wildsmith et al. 2013), promote intracellular
retention of AMPA and NMDA receptors (Chen et al. 2010). This hampers synaptic
plasticity, and alters lipid metabolism which, in turn, affects membrane trafficking
(Rapp, Gmeiner, and Hüttinger 2006). Therefore, the often-cited “genetic complexity”
of AD (Andrews et al. 2023; Rogaeva, Kawarai, and George-Hyslop 2006), which may
explain the failings of most hypotheses reliant on a single-mechanism or single-target, a
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so-called ‘silver bullet’, supports the Endo-Lysosomal theory.

Enlargement of Rab5-positive early endosomes, and upregulated Rab5 and related
protein gene expression are signature “endosomopathies” of AD neurons, with early
endosomal enlargement not occurring in regular brain-aging or other neurodegenerative
diseases (Cataldo et al. 2000; Urwin et al. 2009). Endocytic disruption does occur in
sporadic AD patient brain regions prior to Aβ or tau ingress (Jaye, Sandau, and Saugstad
2024), this is supported by Down syndrome model mouse foetal tissues showing signs
of pathway disruption (Cataldo et al. 2003, 2004; Hibaoui et al. 2014). The transition
from Rab5 presence to another GTPase, Rab7, on the endosomal membrane demarks
the change in endosomal function and classification (i.e. early to late) in a process called
the Rab cascade (Borchers et al. 2023; Borchers, Langemeyer, and Ungermann 2021).
Faults during factor-recruitment, or step completion can lead to disruptions of the entire
endocytic pathway. In this regard, Xu et al,. (2016) have investigated the pathogenic
mechanism of early endosomal growth within AD and Down syndrome (Xu et al. 2016).
They found that both full-length APP and its β -secretase-cleaved form, CTF-β , increase
Rab5 activation. This, in turn, causes early endosomal enlargement and a subsequent
decline in neuronal growth factor transport and signalling within cultured mouse basal
forebrain cholinergic neurons. CTF-β recruits APPL1, which stabilizes Rab5 in its
active GTP-bound state, prolonging Rab5 activity (Kim et al. 2016). Completing the
destructive positive feedback loop, isolated Rab5-overexpression increases CTF-β con-
centration, and ensuing Aβ production (Grbovic et al. 2003). Expression levels of
genes mapping Rab5 and Rab7 are selectively upregulated in CA1 neurons of patients
with LOAD and mild cognitive impairment (Ginsberg et al. 2010).

The role of specific presenilin dysfunction within the Endo-Lysosomal theory is com-
plex and requires further research. As described above, CTF-β is proposed to play
a toxic role within AD pathogenesis. As such, loss-of-function presenilin mutations
and age-related presenilin protein failure will reduce γ-secretase cleavage of CTF-β ,
possibly facilitating its stimulation of Rab5. The presenilins may also have an amyloid-
independent effect on cellular trafficking as PSEN1 can interact directly with Rab6,
Rab11 and Rab GDP dissociation inhibitors, which are all integral trafficking compo-
nents (Dumanchin et al. 1999; Scheper et al. 2000; Scheper, Zwart, and Baas 2004).

1.3.3 Mitochondrial Cascade Hypothesis

Swerdlow & Kahn’s mitochondrial cascade hypothesis posits that neuronal APP
expression and processing is altered by mitochondrial function (Swerdlow and Khan
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2004). They were particularly interested in the ’random’ occurrence of LOAD and
sought to determine the differences within each individual that could lead to AD devel-
opment. Within their model, individuals’ basal mitochondrial function is genetically
inherited. From this, their basal rate of reactive oxygen species (ROS) production, and
therefore the pace at which acquired mitochondrial damage accumulates, is determined.
This damage accumulation rate is further altered by environmental factors. The de-
cline of mitochondrial function due to this accumulation propels ageing phenotypes
(Kujoth et al. 2005; Ross et al. 2013; Trifunovic et al. 2004). The cell’s response to
this altered mitochondrial function induces AD pathology. APP has been repeatedly
observed to localise within the mitochondria of post-mortem brain tissue in both AD and
non-demented individuals (Devi et al. 2006; Vaillant-Beuchot et al. 2021; Walls et al.

2012). In animal and cell models major amyloidogenic processing components, mainly
γ-secretase subunits, have also been repeatedly found within mitochondria (Behbahani
et al. 2010; Hansson et al. 2004; Pavlov et al. 2011). Bio-energetic modulation by
direct inhibition of glycolysis and/or mitochondrial respiration has been shown to alter
APP glycosylation (Henriques et al. 2005), decrease sAPPα levels (Gasparini et al.

1999, 1997), and increase Aβ accumulation (Arias et al. 2002; Fu et al. 2015; Leuner
et al. 2012), in many cell types.

However, APP processing may not be the only mechanism through which mitochondrial
disruption could lead to AD. For example, neurons in AD display significantly elevated
ROS-mediated damage and a marked reduction in mitochondrial number (Hirai et al.

2001). Excessive ROS production or inadequate antioxidant defence leads to oxidative
stress upstream of the clinical onset of AD and the appearance of Aβ pathology (Uttara
et al. 2009). Multiple in vitro and in vivo studies indicate a direct link between oxida-
tive stress and neuronal dysfunction in AD (Kamat et al. 2016; Manczak et al. 2006).
Notably, Aβ -mediated endocytosis lowers the surface expression of NMDA receptors
in neuronal cultures and AD mouse models (Snyder et al. 2005), while excessive Aβ

may also promote excitotoxicity and stress-related pathways by increasing intracellular
Ca2+ influx (as discussed in section 1.3.1), exacerbating oxidative stress, and impairing
energy metabolism (Bezprozvanny and Mattson 2008).

1.3.4 Inflammation Hypothesis

Chronic brain inflammation, or a heightened predisposition to entering an inflamma-
tory state has become a central component in nearly all proposed mechanisms of AD
development (Bagyinszky et al. 2017; Latta, Brothers, and Wilcock 2015; Phillips et al.

2014). In AD patients, microglia (CNS-specific macrophages) display higher activity
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relative to control cells, and aggregate at higher concentrations near Aβ -plaques and
NFTs when compared to healthy individuals (McGeer, Itagaki, and McGeer 1988).
Transcriptomic analysis in a rodent model has even identified a specific microglia type
associated with AD, conserved in both mice and humans (Keren-Shaul et al. 2017).
Acute microglial activation plays a role in restoring brain homeostasis by removing dy-
ing cells, cellular debris (Sierra et al. 2010), and supporting neuronal survival (Giulian
et al. 1994; Merlini et al. 2021). In-fact microglia play an active role in both neurodevel-
opment, neuroplasticity and neurogenesis, by stimulating growth factor release (Araki,
Ikegaya, and Koyama 2021; Saw et al. 2020; Ueno et al. 2013) and synaptic pruning
(Liu et al. 2021; Paolicelli et al. 2011)). However, prolonged or chronic microglial
activation leads to the release of pro-inflammatory cytokines, such as interleukin-1β (IL-
1β ), interleukin-6 (IL-6) and tumour necrosis factor α (TNF-α) (Liddelow et al. 2017;
Norden et al. 2016; Thakur et al. 2023). This ’reactive gliosis’ can cause both general
neuronal damage (Lull and Block 2010), and amyloid specific effects (Chun et al. 2018).

Longitudinal studies have shown that acute systemic inflammatory events elevate serum
levels of proinflammatory cytokine TNF-α and a twofold acceleration in cognitive
decline over a six-month period in participants with mild to severe dementia (Holmes
et al. 2009). Furthermore, participants with consistently high baseline TNF-α levels
exhibited a four-fold increase in the rate of cognitive decline. Subjects who had low
levels of serum TNF-α throughout the study showed no measurable cognitive decline
over the same period (Holmes et al. 2009). IL-6 overexpression has also been linked to
memory deficits (Heyser et al. 1997; Wei et al. 2012; Zhao et al. 2024) and neuropathic
pain (Chanda et al. 2025), with heightened participant IL-6 plasma-levels being asso-
ciated with autism (Carpita et al. 2023), temporal lobe epilepsy (Peltola et al. 2023),
schizophrenia and major depressive disorder (Frommberger et al. 1997; Yoshimura,
Kishi, and Iwata 2019).

Outside of neurocentric evidence, some studies have shown that individuals with a
history of certain autoimmune diseases and chronic infections, have a higher likelihood
of developing AD (Diezma-Martín et al. 2024; Ramey et al. 2024). One larger nation-
wide cohort study assessing the relationship between all-cause-dementia, infection, and
autoimmune diseases found that only infections had a dose-dependent association with
increased dementia risk, suggesting that specific immune responses, rather than general
systematic inflammation, contribute to neurocognitive decline (Janbek et al. 2023).

As with anti-viral treatment supporting the viral-hypothesis of AD (discussed below in
section 1.3.5), substantial efforts have been made to assess the use of anti-inflammatories
in reducing AD occurrence (Breitner et al. 2009; O’Bryant et al. 2018; Zandi and Breit-
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ner 2001). The findings have been at best underwhelming. Phase III clinical trials of the
non-steroidal anti-inflammatory (NSAID) drugs, naproxen and celecoxib, investigating
their therapeutic efficacy in delaying AD onset were cancelled due to the drugs’ failure
to produce a benefit compared to placebo, while simultaneously increasing adverse
event incidences (ADAPT Research Group 2007). Similarly phase III trials of lornoxi-
cam were prematurely ended due to a lack of effect on cognitive decline (EudraCT No.

2009-011098-34 (Lornoxicam Alzheimer Trial)-https://www.clinicaltrialsregister.eu/

2025). One study, using negative binomial generalized linear mixed modelling of
the Alzheimer’s Disease Neuroimaging dataset (Alzheimer’s Disease Neuroimaging

Initiative 2025), was able to better assess commonly used NSAIDs and paracetamol in
cognitive decline reduction (Rivers-Auty et al. 2020). Common medications, ibuprofen
and aspirin were associated with higher baseline cognitive performance, but neither
showed an effect on cognitive decline. Paracetamol was associated with an acceleration
of cognitive decline, but the effect size was deemed negligible. Diclofenac alone was
associated with a reduction in cognitive decline rate. As no other NSAID showed an
effect, diclofenac’s efficacy was unlikely due to common mechanisms such as COX
inhibition.

1.3.5 Viral Activation Hypothesis

Since the early 1990s over 100 publications have proposed a connection between
neural herpes simplex virus 1 (HSV-1) infection (reviewed extensively in (Itzhaki et

al. 2016, 1997)), AD and/or ApoE-ε4. Transcriptome analysis of AD patient brain
samples revealed significantly increased human herpes virus (HHV)-6A, -7, and HSV-1
latency-associated transcript (LAT) levels relative to controls. Not only were these
findings replicated in three separate geographical cohorts, they specified HHV-6A &
HHV-7 elevation towards AD progression, not “normal” age-related Aβ deposition
or cognitive impairment. Readhead et al. (2018) (Readhead et al. 2018) were also
able to relate increased viral levels in AD patients to NFT and Aβ plaque densities
via a mechanism that may be dependent upon the ability of HHV-6A to downregulate
miRNA-155 (Readhead et al. 2018). MiRNA-155 was identified via differential gene
network analysis of preclinical AD samples and controls, as well as multiregional
gene expression changes in clinical AD samples. This proposal was supported by
the finding that offspring of APP/PS1 and miRNA-155 knockout mice developed an
increased number and size of plaques compared to age-matched APP/PS1 animals.
Further, this team’s work highlighted changes in transcriptional regulators involved in
AD risk and APP processing, e.g. PSEN1 and BACE1, possibly due to viral interference.
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Comprehensive medical data on 99% of the Taiwanese population has been gathered
for the National Health Insurance Research Database since its launch in 1995 (Tzeng
et al. 2018). The information so far gathered by three separate studies has revealed
that not only is there an increased incidence of dementia within herpes simplex virus
(HSV)/varicellar zoster virus (VZV)-positive individuals over a period of 10, 5 or 6.2
years; The hazard ratio (HR), or ratio of the hazard rate of a given group over a set
period of time as compared to a control group, of each study was 2.56 (Tzeng et al.

2018), 2.97 (Tsai et al. 2017), and 1.11 (Chen et al. 2018) respectively. Not only
did the findings of Tzai et al. (2017) mirror HR results found by a previous study
comparing HSV antibody presence in AD-specific risk (HR of 2.55), they also revealed
that the use of antiherpetics during varicella zoster treatment was correlated with a
decreased risk of developing dementia (Tsai et al. 2017). The duration of the anti-viral
treatment affected the degree of AD risk reduction (adjusted HR 0.092 for anti-viral
treatment, with medication courses greater than 30 days showing a greater decreased
risk of dementia compared to treatment durations less than 30 days).

The possible mechanism(s) underlying herpes-AD association is/are still unclear. Eimer
et al. (2018) have proposed that Aβ may act as an innate immune protein with antimicro-
bial activity such that herpesviridae may directly seed Aβ deposition and fibrilization
(Eimer et al. 2018). Further, herpetic glycoproteins (Hgs) can initiate Aβ fibrilization
one to two orders of magnitude faster than host brain glycosaminoglycans, with deposits
sequestering HSV-1 and HHV-6 particles. Lathe & Haas (2017) investigated the expres-
sion of cellular receptors for HSV-1-specific Hgs within the brain and found that the
adult human hippocampus has an increased expression of HgB and HgD receptor genes
(Lathe and Haas 2017). As HSV-1 entry into cells requires the presence of multiple cell
surface receptors, the increased expression of these two prime binding receptors may be
indicative of a heightened HSV trophic ability of the hippocampus, which is the brain
region often considered “ground-zero” for AD development.

HSV-1 appropriates APP into its protein retinue, but this is not without consequences
as APP becomes mislocalised within HSV-1-infected cells, is overly proteolysed, and
moves slower along transport pathways. These disruptions to physiological APP func-
tion could represent an early push towards amyloid pathology. Supporting this in the
context of the other AD hypotheses, HSV-1 infection in mouse and rat neurons and glial
cells induces Aβ accumulation, and synaptic dysfunction via increased cytosolic Ca2+

(Piacentini et al. 2011, 2015; Warwick and Hanani 2016). In human neuroblastoma
cells, this HSV-1-induced calcium signalling requires IP3R1 and the ER Ca2+ store
(Zheng et al. 2014).

24



1.4 Traditional Models of AD

The decades of AD research presented above have relied heavily on disease model
systems, most of which were animal models. These models can be broadly classi-
fied into spontaneous, interventional and genetically-engineered systems (Chen and
Zhang 2022). Spontaneous pathological occurrence models, primarily non-human pri-
mates (NHPs), are limited due to the lack of a singular species presenting with the full
histopathological and behavioural phenotype seen in humans. Additionally, their use is
further restricted by the associated administrative difficulties, high costs, and zoonotic
transmission risk (Geula, Nagykery, and Wu 2002; Jean et al. 2024; Li, Zhang, and Qin
2019). Interventional models aim to induce AD-like symptomatology in many different
species through external insult or stimulation. These include, but are not limited to, cen-
trally administered Aβ /tau (Clavaguera et al. 2009; Maurice, Lockhart, and Privat 1996;
Mugantseva and Podolskii 2010), orally administered pharmacological compounds
(Kumar, Dogra, and Prakash 2010; Nakayama and Sawada 2002), and peripherally
administered drugs/toxins/cytokines intended to trigger systemic disease states (Ionov
and Pushinskaya 2010; Maya, Prakash, and Goli 2018). Interventional models have
been applied across various species, including rodents, canines, and zebrafish, though
each presents distinct translational limitations. However, the majority of AD research
has relied on genetically modified rodent models due to their cost-effectiveness and
ease of manipulation.

1.4.1 Transgenic Rodents

As discussed previously (see section 1.1) less than 1% of all AD patients present
with early onset familial AD (EOFAD), which is caused by the autosomal dominant
inheritance of variant APP, PSEN1, or PSEN2 genes. Neither wild-type mice nor
rats endogenously develop amyloid plaques or tau tangles, even in advanced ageing.
Normal in vivo concentrations of Aβ within rodent brains is estimated to be in the
picomolar range, whereas it may reach nanomolar concentrations in the human AD
brain (Teich, Patel, and Arancio 2013). Rodent Aβ also differs from human Aβ by
three substitutions, and these are considered enough to prevent amyloid aggregation.
Due to these factors, in order to develop a useful rodent model of AD, human EOFAD
genes had to be transfected into the animals. Transgenic (TG) rodent models were
developed with three general aims in mind (Zhong et al. 2024): 1) The presentation
of the pathological hallmarks of AD (amyloid deposition, tau hyperphosphorylation,
neuronal/synaptic degeneration). 2) The predictable progression of AD pathological
features through brain areas that mimic patient progression. 3) Measurable cognitive
decline.
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Although mice were the first species to be developed as transgenic models of AD, purely
in evolutionary terms, rats are superior experimental models as they are morphologically,
physiologically and genetically closer to humans than mice (Gibbs et al. 2004; Jacob
and Kwitek 2002; Lin 1995). Furthermore, in the context of research into behaviour
and neurodegeneration, their more diverse and sophisticated behavioural repertoire
and social dynamics (Whishaw et al. 2001), paired with their larger size (i.e. which
facilitates the feasibility of intrathecal drug administration, repeated cerebrospinal fluid
(CSF) sampling, in vivo and ex vivo electrophysiology, and neuroimaging (Tesson et

al. 2005)) also makes their use preferable to that of mice. Like humans, rats also
possess six tau isoforms (Hanes et al. 2009) and exhibit substantial ApoE amino acid
sequence homology (McLean, Fukazawa, and Taylor 1983; Rajavashisth et al. 1985).
However, rats at the time were, mid- to late 1990s, less amenable to transgenesis than
mice. Rat single-cell embryos possessed less visible pronuclei and more flexible plasma
and pronuclear membranes, making transgene injection more difficult (Charreau et al.

1996). Survival rates of injected embryos were lower (Charreau et al. 1996), and fewer
tools for manipulation of the rat genome were readily available (Tesson et al. 2005).
While a sizeable number of rat models were developed and studied, TG mouse models
have dominated the field to this day.

1.4.1.1 Transgenic Mouse Models

The first TG mouse model of AD was developed in 1995 (Games et al. 1995), and
since then, hundreds more have been generated (Polis and Samson 2024; Scearce-Levie,
Sanchez, and Lewcock 2020; Zhong et al. 2024). Most of these involve overexpression
of FAD-related APP mutations, alone or in combination with presenilin variants. Al-
though MAPT mutations are not associated with AD, they have been incorporated into
several models to induce tau pathology. More recent models attempt to minimise arte-
facts associated with overexpression by using gene-editing strategies such as knock-in
(KI) and knock-out (KO) approaches (Saito et al. 2014; Xia et al. 2015).

Initial mouse AD models carried a single EOFAD mutation. The PDAPP mouse
overexpress the ‘Indiana’ APPV717F under the platelet-derived growth factor B-chain
promoter, resulting in early cortical and hippocampal Aβ plaques, gliosis, synaptic
deficits, and memory impairment (Games et al. 1995). Tg2576 mice express the
‘Swedish’ APPK670N/M671L under the PrP promoter and show widespread plaques and
similar phenotypes (Hsiao et al. 1996). APP23 mice also carry the Swedish mutation
but expressed the APP751 isoform under a Thy1 promoter, leading to more compact
plaques, increased vascular amyloid, and regional neurodegeneration despite compara-
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ble expression levels (Sturchler-Pierrat et al. 1997; Sturchler-Pierrat and Staufenbiel
2000).

Models combining multiple EOFAD mutations produced earlier and more severe phe-
notypes. For example, J20 mice express both Swedish and Indiana APP mutations
(Mucke et al. 2000), while APP/PS1 mice expressing pairs of mutant APP and PSEN1
variants are widely used. Phenotypes vary by promoter and mutation. For example,
APPK670N/M671L/PS1L166P mice develop plaques by six weeks (Radde et al. 2006),
whereas APPK670N/M671L/PS1M146L mice take six months to do so (Holcomb et al.

1998). The 5xFAD model, combining five mutations (APPK670N/M671L, APPI716V,
APPV7171, PSEN1M146L, and PSEN1L286V), shows intraneuronal Aβ accumulation by
six weeks and extracellular plaques by two months (Oakley et al. 2006). In general,
these models exhibit robust plaque pathology, gliosis, synaptic dysfunction, and cogni-
tive deficits particularly in spatial memory tasks. However, cognitive decline typically
occurs alongside early plaque formation, in contrast to the delayed clinical onset in
human AD. A further limitation is their lack of widespread neurodegeneration and atro-
phy. When present, it is usually restricted to older animals and specific brain regions.
While several models exhibit soluble oligomeric hyperphosphorylated tau, none develop
authentic NFTs (Oakley et al. 2006; Radde et al. 2006; Sturchler-Pierrat et al. 1997;
Tomiyama et al. 2010). This likely reflects the differences in tau biology in that mouse
tau shares only 88% homology with human tau and lacks 3R isoforms. Even when all
six human tau isoforms are expressed, NFTs do not form unless endogenous mouse tau
is removed (Andorfer et al. 2003). In contrast, tangles readily form in mice expressing
mutant human tau (e.g., P301L, P301S), which also exhibit neurodegeneration and
motor deficits (Götz and Ittner 2008; Lewis et al. 2001, 2000; Santacruz et al. 2005).
However, these mutations are not present in AD, and the resulting phenotypes are
therefore distinct from the human condition.

A limited number of models co-express both plaques and tangles, although consistent
dual pathology is difficult to achieve. Of these, the triple-transgenic (3xTG) mouse
(containing the APPK595N/M596L, PSEN1M146V, and MAPTP301L mutations) remains
the most widely used. These mice develop intraneuronal Aβ by 3–4 months, plaques
by 6 months, and NFTs by 12 months (Oddo et al. 2003). Additional features include
localised neurodegeneration, synaptic impairment, and cognitive decline. Neurons from
3xTg mice exhibit disrupted calcium signalling, reversible via calcineurin inhibition or
mitochondrial calcium uniporter KO (Lopez et al. 2008; Smith et al. 2005; Wang et al.

2024b; Zeng et al. 2024). Nevertheless, the model still relies upon overexpression of
mutant human proteins, with mature pathology appearing relatively late and remaining
less extensive than in human AD.
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KI models aim to overcome these limitations by introducing EOFAD mutations di-
rectly into the endogenous mouse APP locus, preserving normal gene expression and
spatiotemporal regulation. For instance, KI of Swedish (APPK595N/M596L), London
(APPV717I), and Dutch (APPE693Q) mutations only leads to plaques when crossed with
PS1M146V mice (Li et al. 2014). Swedish/Iberian (APPK595N/M596L/APPI716F) KI mice
develop plaques by 6 months and cognitive deficits by 18 months, while adding the
Arctic (APPE693G) mutation accelerates onset to 2 months (Saito et al. 2014). Although
more physiological, these models still rely on multiple EOFAD mutations and do not
recapitulate the polygenic and sporadic nature of LOAD.

1.4.2 Non-human Primates (NHPs)

Several NHP species develop spontaneous AD-like features with age, including
Aβ accumulation, tau hyperphosphorylation, and mild cognitive decline. However, no
single species fully recapitulates the human disease pathology (Isidro 2024; Kumar
et al. 2018). Despite their biological proximity to humans and 100% Aβ sequence
homology, the use of NHPs in AD research is constrained by ethical considerations,
high costs, low reproductive rates, and zoonotic risks (Braidy et al. 2015; Camus et al.

2015; Inestrosa et al. 2005).

Among great apes (chimpanzees, gorillas, orangutans), aged individuals exhibit diffuse
amyloid plaque formation and vascular Aβ deposition, but tauopathy is rare. Only
focal tau phosphorylation has been observed, with NFTs reported in a minority of
chimpanzees, often alongside other risk factors such as stroke or metabolic dysfunction
(Edler et al. 2017; Perez et al. 2013, 2016).

Old world monkeys, particularly rhesus macaques, show consistent age-related Aβ

accumulation and plaque deposition, primarily within the cortex as a mix of diffuse
and compact plaques (Härtig et al. 1997; Rosen, Walker, and Levine 2011). Tau pathol-
ogy is absent in rhesus monkeys but has been observed in the hippocampi of aged
baboons (Schultz et al. 2000). Vervets show parenchymal and vascular Aβ , gliosis,
and dystrophic neurites with occasional tau reactivity but no NFTs (Frost et al. 2013;
Kalinin et al. 2013). New world monkeys, such as squirrel monkeys, also accumulate
Aβ , especially in vasculature, and express a broad range of human-like Aβ isoforms.
However, no mature tau pathology is seen even in aged individuals (Rosen et al. 2016;
Walker et al. 1990). The gray mouse lemur presents with early cortical plaque formation,
intraneuronal tau, and age-related cortical atrophy that correlates with cognitive decline,
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making it an interesting small-bodied model for preclinical studies (Bons et al. 1994;
Kraska et al. 2011).

1.4.3 Other Mammals

Some other mammals, notably dogs and the South American rodent Octodon degus,
develop age-related AD-like pathology. Dogs share an identical Aβ sequence with
humans and develop diffuse cortical plaques and vascular deposits from around 8–9
years of age (Schmidt et al. 2015; Schütt et al. 2016). Though compact plaques and
tau pathology are rare, some demented dogs exhibit soluble oligomeric tau, increased
phosphorylated tau, and synaptic dysfunction (Smolek et al. 2016). Dogs also show
measurable cognitive decline, particularly in memory and executive function, which
has been correlated with Aβ burden in some studies (DeBoer et al. 2014). Their long
preclinical phase and spontaneous pathology have made them valuable for therapeutic
testing, though their long lifespan and inter-individual variability limit scalability.

Octodon degus shows high Aβ sequence homology to humans (with a single substi-
tution), and some studies report age-related Aβ accumulation, tau pathology, gliosis,
and cognitive impairment (Braidy et al. 2015; Salazar et al. 2016). However, findings
are inconsistent across studies, raising concerns about this particular proposed model’s
reliability (Steffen et al. 2016).

Components of AD-like pathology have also been reported in wild mammals such as
bears (Lucot et al. 2022), sea lions (Takaichi et al. 2021), and dolphins (Vacher et al.

2023), though these species are not used experimentally. Feline cognitive dysfunction,
an age-related neurodegenerative condition in domestic cats, is emerging as a potential
AD model (Zadik-Weiss et al. 2020). While feline Aβ aggregates differ structurally
from human counterparts (Gunn-Moore 2011), tau aggregation appears to follow a
similar anatomical progression to that seen in human AD (Fiock et al. 2020; Poncelet et

al. 2019).

1.4.4 Invertebrates

Invertebrate models such as Drosophila melanogaster and Caenorhabditis elegans,
as well as lower vertebrates like zebrafish, have been widely used in genetically engi-
neered models of AD. These organisms are not suitable as physiological models due to
low genetic homology, simplified nervous systems, and lack of endogenous Aβ expres-
sion (Alexander, Marfil, and Li 2014; Fernandez-Funez, de Mena, and Rincon-Limas
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2015). Nonetheless, they express orthologues of AD-relevant genes (e.g., APP, PSEN1,
BACE1, MAPT), and are easily manipulated to express human transgenes (Alexander,
Marfil, and Li 2014; Fernandez-Funez, de Mena, and Rincon-Limas 2015; Paquet et al.

2009).

Their main advantages include low cost, short lifespan, ease of handling, and suitability
for high-throughput genetic or drug screening. For example, transgenic Drosophila

models have been instrumental in identifying drugs that modify tau toxicity (Hannan et

al. 2016). However, these models lack conserved cellular pathways and human-specific
interactors and thus require validation in more biologically relevant systems.
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1.5 Human Stem Cell Technology

In 2006, Takahashi and Yamanaka reported that terminally differentiated mouse
fibroblasts could be reprogrammed into a pluripotent state using retroviral delivery of
four transcription factors: Oct4, Sox2, Klf4, and c-Myc (Takahashi and Yamanaka
2006). The reprogramming factors have since become widely known as the OSKM or
“Yamanaka factors”. These induced pluripotent stem cells (iPSC) exhibited transcrip-
tional and epigenetic profiles, as well as developmental potential, closely resembling
that of embryonic stem cells (ESCs). A year later, this methodology was extended to
human fibroblasts by two independent groups. Yamanaka and colleagues applied the
same OSKM factors (Takahashi et al. 2007), while Thomson and team used a distinct
set comprising OCT4, SOX2, NANOG, and LIN28 (Yu et al. 2007), building on their
prior work on the isolating of human ESCs (Thomson et al. 1998).

Since their introduction, human iPSC technologies have been developed and applied
extensively across multiple domains including regenerative medicine, stem cell biology,
drug screening, and in vitro disease modeling. Patient-derived iPSC lines have been
used to generate disease-relevant cell types, enabling phenotypic studies of neurode-
generative, cardiovascular, and metabolic disorders, as well as toxicity profiling of
candidate compounds (Mack et al. 2014; Tiscornia, Vivas, and Belmonte 2011). iPSCs
offer several advantages over traditional screening platforms as they are of human origin,
clonally expandable, capable of directed differentiation into ectodermal, mesodermal,
and endodermal derivatives, and they do not raise the ethical concerns associated with
human ESC usage (Cerneckis, Cai, and Shi 2024). The utility of iPSCs has been signifi-
cantly enhanced by the advent of genome editing tools, particularly the CRISPR/Cas9
system, which permits the generation of isogenic control and mutant lines for com-
parative analysis (Bassett 2017). Furthermore, integration with advanced cell culture
platforms, including organoids and scaffold-based systems, has led to the development
of 3D models incorporating multiple, interacting cell types (Centeno, Cimarosti, and
Bithell 2018; Edmondson et al. 2014; Shah et al. 2023). These approaches are increas-
ingly applied to disease modelling efforts in contexts where tissue-level complexity and
spatial organization are relevant to phenotype; that is to say all physiology.

1.5.1 Disease Modelling

Human iPSC models have begun to address the key challenges in AD research,
including disease heterogeneity, limited therapeutic targets beyond Aβ and tau, and a
lack of patient-specific model systems. Differentiation of iPSCs into neuronal lineages
is typically achieved by directing cells through neuroectodermal progenitor states using
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defined developmental cues, most commonly via dual-SMAD inhibition and region spe-
cific patterning signals that recapitulate the in vitro developmental process. By enabling
the generation of human neurons and glial cells from genetically diverse individuals,
including those with sporadic LOAD, human iPSCs facilitate the study of clinically
relevant phenotypic variation (Haidar et al. 2024). Human iPSC-based platforms have
accelerated drug screening through the identification of disease-relevant molecular
pathways, and the provision of a source of human neurons for biomarker discovery.
iPSC-derived neurons have validated the correlations previously observed in animal
models between oxidative stress, impaired autophagy, and lysosomal dysfunction, and
the cerebrospinal fluid (CSF) biomarkers phosphorylated tau and altered Aβ42/40 ratios
(Birnbaum et al. 2018; Mustaly-Kalimi et al. 2022; Nieweg et al. 2015). In addition
to classical protein markers, candidate biomarkers such as astrocyte-secreted miRNAs
and lipid metabolites have also emerged from iPSC-based studies (Feringa et al. 2023;
Garcia et al. 2021).

Despite these advantages, iPSC models have notable limitations. Reprogramming to
pluripotency erases epigenetic signatures acquired during aging (Papp and Plath 2011;
Sardo et al. 2017), limiting their capacity to recapitulate age-dependent features of
LOAD. Direct reprogramming, or transdifferentiation, has been proposed as an alterna-
tive method that preserves age-related epigenetic information by converting somatic
cells directly into functional neurons or glia, bypassing the pluripotent state (Mertens et

al. 2015). Conventional 2D cultures also lack the structural and cellular complexity of
the human brain. In particular, they fail to capture multicellular interactions, such as
neuron-glia–microglia cross-talk, as well as features of the vascular niche and immune
infiltration, which are increasingly implicated in AD pathology (Kelley and Pas, ca 2022).
This limits their applicability in modelling neurovascular dysfunction or inflammation-
driven degeneration.

To address these limitations, 3D organoid systems have been developed (Adlakha 2023).
These self-organising neural tissues can model aspects of FAD pathology, including
Aβ accumulation, tau hyperphosphorylation, and regional atrophy, with greater fi-
delity than 2D cultures (Choe et al. 2024). Vascularised organoids co-cultured with
microglia and endothelial cells enable the study of blood-brain barrier breakdown and
immune cell infiltration (Kistemaker et al. 2025). When combined with CRISPR-based
perturbation screens, these platforms allow systematic interrogation of genetic risk
factors and pathway-specific drug candidates. Nonetheless, modelling the polygenic
and multifactorial nature of LOAD remains a challenge. Future studies may require
integrated organoid-vascular co-cultures, longitudinal phenotyping, and multi-omics
characterisation to capture the full complexity of disease onset and progression (Gulati
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et al. 2020).

A recent bibliometric analysis suggests a thematic shift in iPSC-based AD research,
with an increasing focus on inflammation, microglial biology, astrocyte responses,
ApoE, and tau (Sun et al. 2025). Tau-directed targetted antibody therapies, including
semorinemab and davunetide, have been tested in iPSC-derived neuronal models for
efficacy and mechanistic specificity (Parra Bravo et al. 2024; Teng et al. 2022). Studies
of TREM2-variant microglia derived from patient iPSCs have revealed altered phago-
cytic capacity, inflammatory signalling, and metabolic dysregulation, supporting their
use in anti-inflammatory drug development (Long et al. 2024; Penney et al. 2024).
Gene-editing approaches targeting ApoE4, and pharmacological interventions affecting
astrocytic lipid handling, have also been explored in iPSC-derived glia (van der Kant
2022).

33



1.6 Thesis Hypothesis & Aims

The doctoral work presented within this thesis sought to achieve the following:

• Generate induced pluripotent stem cells (iPSC) derived human cell & tissue
models of nervous tissue.

• Validate the use of iPSC-derived human cell and tissue models of nervous tissue
to conduct AD focussed research.

• Use these human cellular and tissue models to investigate the pathophysiological
state of an AD-patient derived cell line.

• Conduct a systematic review of the existing evidence for alternative aetiological
hypothesis of AD.

This thesis is structured to best communicate the pursuit of these aims. As a large
body of the work conducted during this doctoral project was method refinement and
development, Chapter 2 is written in part as a manual, for all methods described within
the thesis. Chapter 3 presents evidence on the successful and unsuccessful generation of
culture systems, and reflects on the ability of these iPSC-derived methods to completely
replace the need for animals in AD research. Chapter 4 presents the results of all
comparative physiological investigations carried out on iPSC-derived culture products
between a healthy control, and an AD patient-derived cell line, expressing the PSEN1
mutation, M139V. Chapter 5 consists of a systematic review, investigating the existing
primary data of alterations to the human neural intracellular trafficking system following
exposure to herpes viruses. Chapter 6 summarises the findings and the potential impact
of this work as a whole.
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MATERIALS & METHODS

2.1 Cell & Tissue Culture

All cell and tissue culture was performed in a UV-sterilised level 2 laminar flow
hood, using equipment sterilised with 70% ethanol. All media and reagents were either
sterile or sterile-filtered, and unless otherwise stated, all procedures were carried out
without antibiotic supplementation. Strict aseptic technique was maintained throughout
to avoid contamination. All cells and tissues were maintained in a humidified incubator
at 37°C and 5% CO2. Solutions were pre-warmed to 15 - 21°C prior to use.

2.1.1 Cell Lines

As the focus of this doctoral project was on pre-clinical AD pathophysiology, and used
techniques primarily based on developmental neurology, a cell line with a confirmed
early pathological phenotype within our pathway of interest (intracellular calcium
handling) was essential. The control RBi001-A, and mutant presenilin STBCi012-C
iPSC lines were obtained from the European Bank for Induced pluripotent Stem Cells
(ebisc.org). The control CaCntrl iPSC line was kindly shared with us by Professor
Selina Wray of University College London (Table 2.1). All lines were chosen for their
predefined ability to undergo self-directed organoidogenisis (Arber et al. 2019; Lan-
caster and Knoblich 2014). The STBCi012-C PSEN1M139V cell line (heretofore referred
to as PSN1) was chosen as our AD model line because its PSEN1 mutation at residue
139 lies just seven amino acids upstream of, and withing the same transmembrane
domain as, the PSEN1M146V mutation that is expressed in the triple-transgenic (3xTG)
AD mouse model, which we, and others have shown disrupts calcium homeostasis in
neurons (Kaar 2019; Nelson et al. 2010).

Table 2.1: Characterisation of Cell Lines

Cell Line Pathology Sex Age of
Onset

Age of
Biopsy

APOE
Genotype Origin

CaCntrl
Cognitively

normal
M - 78 3/3

Prof
Selina
Wray

RBi001-a
Cognitively

normal
M - 45 - 49 3/3 EBiSC

STBCi012-
C

PSEN1
M139V

F 34 45 2/3 EBiSC
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2.1.2 Culture System Design

All of the culture systems utilised within the studies described in this thesis derive se-
quentially from the maintenance and differentiation of iPSCs. Each subsequent culture
utilises the product of the one before. The relatedness of each system is depicted in
Figure 2.1. A full list of culture system products and the target cellular sub-type being
modelled is shown in Table 2.2.

Established culture protocols (STEMCELL Technologies, Vancouver, Canada) were
found to be generally effective. When needed or beneficial, modifications based on
other published methodologies (individually cited where relevant) were implemented.

Table 2.2: Culture System products and corresponding cell developmental stages

Product
Name

Days in
Culture

Modelled Cell
Stage

iPSC NA
Embryonic stem

cells
NPC

"Stock"
NA

Embryonic CNS
progenitor cells

NPC
"Coverslip
Culture"

1 - 14
Adult neural stem

cell reserve /
immature neurons

DGN 31- 46
Mature hippocampal
dentate gyrus cells

Embryoid
body

1 - 4 Gastrula

Cerebroid 45 -75
1st trimester foetal

brain

ALI-CO 74 +
Maturing adult
neural circuitry

Abbreviations: Induced pluripotent stem cells (iPSC), neural progenitor cell (NPC), dentate
gyrus-like neurons (DGN), air-liquid interface cerebral organoid (ALI-CO).
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ESC

iPSC

NPC
"Stock"

Gastrula Neurulation

Embryoid 
Body

Cerebroid

NPC
"Coverslip Culture"

ALI-CO

DGN

Neural 
Tube

1st Trimester
Development 

Maturing Regionalised 
Neurons

Cerebroid Maturation

Culture Products

Modeled Cell Stages

Figure 2.1: Diagram of culture system relatedness and modelled developmental stages. All cell culture products used in this thesis derive from a core
iPSC culture. The 2D systems proceed through NPC cultures to yield DGNs, modelling post-mitotic hippocampal cell development. The 3D systems mature
organoid cultures through embryoid body formation, leading to cerebroid maturation and following slicing and re-culturing to air-liquid interface cerebral organoid
(ALI-CO) cultures, which model maturing neural circuit outgrowth. Modelled developmental stages are shown above the corresponding culture products. Created
with BioRender.com.
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2.2 Core Laboratory Materials

The core laboratory equipment, materials and reagents used throughout this doctoral
project for the production, maintenance and fixation of biological samples are listed
here. Material components used during interventional experiments (e.g. Ca2+ imaging,
metabolic analysis), and specialist culture components are listed separately in their
relevant sections.

2.2.1 Core Equipment

• Sterile laminar flow hood, HEPA-filtered air.

• Sterile dissection hood, HEPA-filtered air.

• Incubator, controlled 5% CO2, humidified (New Brunswick Scientific, Edison,
NJ, USA).

• Benchtop Shaker (INFORS HT, Bottmingen, Switzerland).

• Inverted microscope, phase contrast, with a long working distance objective
(Olympus, Tokyo, Japan).

• Swinging bucket centrifuge.

• Water bath.

• Osmometer.

• Haemocytometer.

• Vibratome (Camden Instruments, Leicestershire, UK).

• Nalgene® Mr. Frosty Freezing container (Sigma-Aldrich).

• Liquid nitrogen (LN2) vapour tank.

• -80°C freezer.

• -20°C freezer.

• Refrigerator (2 - 8°C).

• Fine and course dissection tools.

• Assorted pipettes (and appropriate pipette tips).

• Pipette controller (Accumax Lab Devices, Gandhinagar, India).
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2.2.2 Core Materials

• 6-well cell culture plate (Corning, Flintshire, UK).

• 6-well ultra-low adherence cell culture plate (Corning).

• 24-well ultra-low adherence cell culture plate (Corning).

• 96-well ultra-low adherence u-bottom cell culture plate (Corning).

• 35 mm cell culture dish (Merk Sigma Aldrich, Wicklow, Ireland).

• 145 mm cell culture dish (Merk Sigma Aldrich).

• 13 mm glass coverslips (TAAB Laboratories Equipment, Berkshire, UK).

• 15- and 50-mL sterile polypropylene (PP) centrifuge tubes (Fisher Scientific).

• 150 mm Pasteur pipette (Avantor, Radnor, PA, USA ).

• 3.5 mL Plastic transfer pipette (Sarstedt, Nümbrecht, Germany).

• Cell Scraper (Merk Sigma Aldrich).

• Nalgene® Cryo Vials (Merk Sigma Aldrich).

2.2.3 Core Reagents

• Isopropanol (Merk Sigma Aldrich).

• Ethanol (Merk Sigma Aldrich).

• Corning® Matrigel® hESC-Qualified Matrix (Fisher Scientific).

• StableCell™ DMEM/F12 (Merk Sigma Aldrich).

• DMEM/F-12 with 15 mM HEPES (Merk Sigma Aldrich).

• D-phosphate-buffered saline (PBS) (Without Ca2+ and Mg2+)(Merk Sigma Aldrich).

• PBS Tablets (Merk Sigma Aldrich).

• Trypan Blue (ThermoFisher Scientific).

• Y-27632 ROCK Inhibitor (STEMCELL Technologies).

• Poly-L-Ornithine (Merk Sigma Aldrich).

• Fluoroshield Mounting Medium with DAPI (Abcam, Cambridge, UK).
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2.3 Induced Pluripotent Stem Cell (iPSC) Culture

iPSCs are derived from donated somatic cells transduced with stem cell-associated
genes commonly referred to as Yamanaka factors (see section 1.5) (Takahashi and
Yamanaka 2016). Upon successful reprogramming, iPSCs form colonies that mimic
ESC morphology, pluripotency and mitotic activity (Chatterjee et al. 2016). These
colonies expand continuously across adherent surfaces to fill their given culture vessel.
Before a stem cell monolayer can become confluent, they are detached from their
cultureware, broken into smaller colonies, and re-seeded into a new vessel. This process,
known as passaging or splitting, is also used to track the age of the cell line. While
iPSCs have the capacity for indefinite propagation, the risk of genetic drift or mutation
increases with higher passage numbers (Popp et al. 2018; Volpato and Webber 2020),
but the magnitude of this risk is still under investigation (Kosanke et al. 2021). Culture
health is typically determined by the percentage of differentiated cells present relative
to total biomass within the culture vessel (Rivera et al. 2020). Cell differentiation
needs to be minimised in order to ensure the continued self-renewal of stem cells and
to avoid later experimental contamination with unwanted cell lineages (see Fig. 2.2).
iPSC colonies are cryopreserved to maintain a stock of healthy cells between experi-
ments. How each of these methods were performed during this thesis is explained below.

2.3.1 iPSC Source Manual & Materials

The following iPSC protocols were derived from the STEMCELL Technologies “Main-
tenance of Human Pluripotent Stem Cells in mTeSR™1” Technical Manual. Protocol
specific materials and reagents are listed in table 2.3.

Table 2.3: iPSC Materials

Category Material Vendor Catalogue

Culture Media
mTeSR™ Plus
Basal Medium

STEMCELL
Technologies

#100-0274

mTeSR™ Plus
5X Supplement

#100-0275

Passaging Reagents ReLeSR™ #100-0484
Gentle Cell
Dissociation

Reagent
#100-0485

Cryopreservation
Media

mFreSR™ #05855
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2.3.2 iPSC Maintenance

All iPSCs were cultured in "feeder-free" conditions. In the absence of a feeder-cell
layer (most commonly mitotically inactivated mouse-derived fibroblasts (Thomson et

al. 1998)), Matrigel extracellular matrix provided iPSCs with required extracellular
protein components and a viable attachment surface. 6-well plates (9.6 cm2 culture
area) were coated with Matrigel diluted 1:100 in StableCell™ DMEM/F12 and kept
(for a minimum) overnight to polymerise at 37°C prior to use. Cells were maintained in
mTeSR™ Plus Basal Medium supplemented with mTeSR™ Plus 5X Supplement with
complete media changes every other day to avoid nutrient deprivation and build-up of
toxic metabolites. iPSC colony quality and confluence were assessed morphologically
using an inverted bright field microscope (Fig. 2.3). Cultures were split every 5 - 8 days
when total well confluence was >80%.

Cell passaging;

- If cell differentiation within a culture was below 5% (i.e. a high quality
culture), the mTeSR™ Plus media was aspirated, and cells then incubated in 1 mL/well
Gentle Cell Dissociation Reagent (GCDR) at room temperature for 8 minutes. GCDR,
a non-enzymatic solution designed to dissociate iPSCs with minimal stress to colonies.
Upon removal of GCDR, 1 mL/well of complete mTeSR™ Plus was added. Colonies
were gently detached by the force of media addition. Disaggregated colonies were imme-
diately replated at a split ratio between 1:4 to 1:12, meaning colonies from one well were
transferred to four to twelve new wells. GCDR was used to ensure the maximal yield
of high-quality iPSCs while minimising mechanical stress and disruption to the colonies.

- If cell differentiation was above 5%, determined by visual inspection
(see Fig 2.2 for examples of iPSC differentiation), media was aspirated, cultures were
washed once with D-PBS (without Ca2+ and Mg2+) and then incubated at 37°C for 5
minutes in a thin film of ReLeSR™, an enzyme-free reagent used to selectively detach
undifferentiated ESC and iPSC while leaving differentiated cells attached to the plate.
The use of ReLeSR™ mitigated the need for manual scraping of differentiated regions
under a microscope, risking culture contamination. iPSC colonies were detached by
firmly tapping each side of the plate for a total of 60 seconds. 1 mL/well of complete
mTeSR™ Plus media was added to suspend disaggregated colonies, which were imme-
diately replated at a split ratio of 1:1 to 1:3 wells. Lower split ratios were used to rescue
cultures with excessive differentiation.
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Figure 2.2: Morphological changes of iPSCs during differentiation. Above: Cartoon
representation of typical morphological changes in iPSCs when differentiation begins
to occur. Created with BioRender.com. Below: Brightfield images of typical morpho-
logical changes in iPSCs undergoing differentiation. Images taken from (Wakui et al.
2017) were captured using a 10x objective lens.
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Figure 2.3: Confluency of iPSC cultures. Representative images of A: small- and
medium-sized iPSC colonies. B, C: medium- and large-sized iPSC colonies, D: an
iPSC culture at 40% confluence, E: an iPSC culture at 60%-75% confluence, and F: an
overgrown iPSC culture. 10× magnification. Images taken from (Rivera et al. 2020).
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2.3.3 iPSC Cryopreservation

Cells were cryopreserved in mFreSR™ media and stored in liquid nitrogen. Following
GCDR dissociation (as only high quality cultures were stored) described above, cells
were spun down for 5 minutes at 250 relative centrifugal force (rcf). The cell pellet
was resuspended in 2 mL/well cold (2 - 8°C) mFreSR™ and transferred into labelled
cryovials. An isopropanol filled “Mr. Frosty” freezing container was used to achieve
vial cooling at -1°C/minute within a -80°C freezer. After 24 hours vials were immersed
in liquid nitrogen for long term storage.

2.3.4 iPSC Vial Thaw

Cryopreserved iPSC vials were rapidly thawed in a 37°C water bath. Cell aggregates
were moved to a 15 mL centrifuge tube and 11 mL of complete mTESR™ Plus medium
was added drop wise (to avoid excessive osmotic stress) before cells were spun down
for 5 minutes at 250 rcf. The pellet was then resuspended in 1 mL fresh mTESR™ Plus
supplemented with 10 µM Y-27632 Rho-associated, coiled-coil containing protein ki-
nase (ROCK) inhibitor to reduce dissociation-induced apoptosis (anoikis). 0.5 mL/well
of cell suspension was then plated on Matrigel-coated wells pre-filled with 2.5 mL of
complete mTESR™ Plus.
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2.4 Neural Progenitor Cell (NPC) Culture

To reduce the time required to culture functional neurons directly from iPSCs, a
‘checkpoint’ differentiation to neural progenitor cells (NPCs) was conducted. These
multipotent cells can still be expanded, frozen and stored like iPSCs, but can only be
further differentiated into neural lineage cell types.

2.4.1 NPC Source Manual & Materials

The following NPC protocol was derived from the STEMCELL Technologies “Gener-
ation and Culture of Neural Progenitor Cells Using the STEMdiff™ Neural System”
Technical Manual. Protocol-specific materials and reagents are listed in table 2.4 below.

Table 2.4: NPC Materials

Category Material Vendor Catalogue

Culture Media
STEMdiff™

Neural Induction
Medium

STEMCELL
Technologies

#05835

STEMdiff™
SMADi Neural

Induction
Supplement

#08580

STEMdiff™
Neural Progenitor

Medium
#05833

Passaging Reagents ACCUTASE™ #07920
Gentle Cell
Dissociation

Reagent
#100-0485

Cryopreservation
Media

STEMdiff™
Neural Progenitor
Freezing Medium

# 05838
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2.4.2 NPC Induction

NPCs were derived from iPSCs using the STEMCELL Technologies STEMdiff™
SMADi Neural Induction Kit and utilising a monolayer culture system. High quality
iPSC cultures, as defined by passaging guidelines in section 2.3.2, were prepared for
passaging using GCDR disassociation as described in section 2.3. The collected aggre-
gates were triturated using a 1 mL serological pipette until a cellular suspension was
achieved. A count of viable cells was made using Trypan Blue and a haemocytometer.
The cell suspension was then spun down at 250 rcf, resuspended in STEMdiff™ Neural
Induction Medium supplemented with SMADi and 10 µM Y-27632, and plated on
preprepared Matrigel-coated plates at a cell density of 2 x 105 cells/cm2.

NPC induction cultures were maintained with daily full-media changes with SMADi
supplemented STEMdiff™ Neural Induction Medium at 37°C. Passage two was car-
ried out between days 6 - 9 post-plating, with passage three carried out 7 days later.
Multiple passages are conducted to ensure a pure NPC population within the cultue.
iPSC induction to NPC state, and overall passage preparedness, were judged using
an inverted brightfield microscope (10x objective, phase contrast filter). Examples of
desired morphology iPSCs and NPCs are shorn in Figure 2.4.
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Figure 2.4: Brightfield images of iPSCs and NPCs. Representative images of A
Healthy iPSCs - defined edges, solid colonies, and B: Healthy NPCs - single cells,
elongated bodies. Images captured at 4x and 10 magnification, scale bars denote
1000 µm and 400 µm.
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2.4.3 NPC Maintenance

Following induction, NPC cultures were maintained on Matrigel-coated plates (as
described in section 2.3) in 2 mL/well STEMdiff™ Neural Progenitor Medium supple-
mented with STEMdiff™ Supplement A and STEMdiff™Supplement B (henceforth
referred to as complete STEMdiff™ Neural Progenitor Medium). A full media change
was made every other day.

For passaging, cells were incubated with 1 mL/well of ACCUTASE™, a gentle,
enzyme-based cell detachment solution, for 7 minutes at 37°C. ACCUTASE™ pre-
serves surface proteins and is commonly used for dissociating adherent cells without
compromising viability. A minimum cell density of 1.25 x 105 cells/cm2 was main-
tained to ensure NPC survival and to reduce spontaneous differentiation at low densities.

2.4.4 NPC Cryopreservation

Cells were cryopreserved, for use in later experiments, in STEMdiff™ Neural Pro-
genitor Freezing Medium and stored in liquid nitrogen. Following ACCUTASE™
disassociation, cells were spun down for 5 minutes at 250 rcf. The resulting pellet
was resuspended at 2 x 106 cells/mL (2 - 8°C) in cold STEMdiff™ Neural Progenitor
Freezing Medium and 1 mL of cell suspension was transferred into each cryovial. An
isopropanol-filled “Mr. Frosty” was used to achieve vial cooling at -1°C/minute within
a -80°C freezer. After 24 hours, vials were moved to liquid nitrogen for long term
storage.

2.4.5 NPC Vial Thaw

Like iPSCs, cryopreserved NPC vials were rapidly thawed in a 37°C water bath. Cells
were moved to a 15 mL centrifuge tube and 11 mL of warm DMEM/F-12 containing 15
mM HEPES was added drop wise. Cells were then centrifuged for 5 minutes at 250 rcf.
The cell pellet was then resuspended in 1 mL complete STEMdiff™ Neural Progenitor
Medium containing 10 µM Y-27632 ROCK inhibitor and the cellular suspension plated
in one well of a Matrigel-coated 6-well plate pre-filled with 2 mL of complete STEMd-
iff™ Neural Progenitor Medium.
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2.4.6 NPC Coverslip Culture

To facilitate calcium imaging and immunocytochemistry experiments NPCs were cul-
tured on 13 mm glass coverslips using a modified protocol (Kaar 2019), detailed below.

2.4.6.1 Coverslip Preparation

13 mm glass coverslips were sterilised in a 35 mm cell culture dish containing 2 mL of
70% ethanol. Coverslips were then placed upright in 35 mm cell culture dishes, two
slips per dish, to air dry. Dry slips were then placed horizontally within the dish and
eight individual 35 mm dishes were placed in a larger 145 mm cell culture dish for ease
of handling.

Sterile (washed with 70% ethanol) glass coverslips were coated with Poly-L-ornithine
(PLO) solution (100 mL, 15 mg/mL in sterile PBS), to facilitate cell-to-glass adhesion,
for two hours at room temperature within the laminar flow hood. A 145 mm holding
dish lid was used to cover the dishes to reduce evaporation. After incubation, the PLO
was aspirated and all slips were washed twice with PBS, and maintained in PBS until
ready for NPC plating.

2.4.6.2 Coverslip Plating

NPCs were disassociated with ACCUTASE™, as described in section 2.4, and resus-
pended at a cell density of 1 x 106 cells/mL in complete STEMdiff™ Neural Progenitor
Medium containing 10 µM Y-27632 ROCK inhibitor. PBS was aspirated from prepared
PLO coverslips, and NPCs were seeded drop-wise to the centre of each coverslip using
a flame-polished Pasteur pipette. The culture dishes were then covered and left to allow
cell attachment for one hour at 37°C in 5% CO2. 2 mL of complete STEMdiff™ Neural
Progenitor Medium was added to each 35 mm cell culture dish, and all coverslips were
inverted (cells facing towards the base of the dish, not towards the media) using flame
sterilised forceps to limit oxygen diffusion and thereby establish a hypoxic microenvi-
ronment for the cells.

48



2.5 Mature Human-derived Neuronal Culture

To generate physiologically relevant mature neurons resembling neural cells of the
human dentate gyrus, terminal differentiation was induced from NPCs. These mature
neurons are post-mitotic, no longer capable of expansion and cannot be cryopreserved,
distinguishing them from their iPSC and NPC progenitors. Unlike traditional three-
dimensional neurosphere-based methods, the approach used here maintained all culture
steps in two-dimensions and avoided the need for neurosphere formation. This enabled
a more consistent and scalable protocol for downstream functional assays.

2.5.1 MatNeuro Source Manual & Materials

The composition of DGNeuron Media (Table 2.5 and details of individual components
listed in Table 2.6) was based on induction protocols described by Yu et al. (2014) (Yu
et al. 2014) and Vőfély et al. (2018) (Vőfély et al. 2018).

Table 2.5: DGNeuron Media Composition

Component Concentration
BrainPhys Neuro -
NeuroCult SM1 2%

N2-A 1%
IBMX 110 µg/mL

Ascorbic acid 200 nM
BDNF 20 ng/mL

Laminin 1 µg/mL
Wnt3a 20 ng/mL
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Table 2.6: DGNeuron Media Materials

Category Material Vendor Catalogue

Culture Media
BrainPhys™

Neuronal Media
STEMCELL
Technologies

#05790

Readymade
Supplements

NeuroCult™
SM1 Neuronal

Supplement
#05711

N2
Supplement-A

#07152

cAMP enhancer IBMX #72764
Antioxidant Ascorbic Acid Merk A4403

Recombinant
Proteins

BDNF R&D Systems 248-BDB

Laminin 1 3400-010
Wnt3a 5036-WN

2.5.2 Dentate Gyrus Mature Neuron Induction

Coverslips were prepared prior to culturing as in section 2.4.6. On culture Day 0
healthy NPCs were disassociated with ACCUTASE™, as described in section 2.4.3,
and resuspended at a cell density of 1 x 106 cells/mL in complete STEMdiff™ Neural
Progenitor Medium containing 10 µM Y-27632 ROCK inhibitor. NPCs were seeded
onto prepared PLO coverslips at a cell density of 2 x 104 cells/cm2. Culture dishes were
covered, and incubated for one hour at 37°C in 5% CO2. 1 mL of complete STEMdiff™
Neural Progenitor Medium was added to each 35 mm cell culture dish (each containing
two coverslips), and returned to the incubator over night.

Visual assessment of seeded NPC health on culture Day 2 was conducted to ensure
cell survival prior to further DGN induction. 0.5 mL of STEMdiff™ Neural Progenitor
Medium was aspirated from viable DGN culture dishes, and replaced with 0.5 mL of
“DGNeuron Media” (for full DGNeuron Media Composition, see Table 2.5). DGNs
were maintained for three weeks with half media changes of DGNeuron Media every
3 - 4 days. After 21 days Wnt3a was removed from the DGNeuron Media, and DGNs
were cultured for a further 7 - 14 days as before, prior to experimentation.
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2.6 iPSC-derived Cerebroid Culture

Cerebral organoids (cerebroids) were derived from iPSCs using the STEMCELL
Technologies STEMdiff™ Cerebral Organoid Kit, based on the formulation published
by Dr Madeline Lancaster and colleagues (Lancaster and Knoblich 2014; Lancaster
et al. 2013). Generation of cerebroids followed a day based timeline, as shown in figure
2.5.

Figure 2.5: Cerebroid Generation Timeline. Schematic overview of the cerebroid
differentiation protocol from human induced pluripotent stem cells (iPSCs). Single iPSC
colonies were dissociated and seeded as single cells (Day 0) in mTeSR medium in 96-well
round-bottom plates to promote embryoid body (EB) formation. On Day 5, EBs were transferred
to induction medium in 24-well flat-bottom plates. Between Days 8–10, neural epithelium
enriched EBs were embedded in Matrigel and transferred to expansion medium in 6-well flat-
bottom plates. From Days 11–13 onward, cultures were maintained in maturation medium and
placed on an orbital shaker to enhance nutrient diffusion and tissue growth. Organoids were
considered experimentally viable from approximately Day 35. Cultures were maintained under
continuous shaking within a humidified incubator following transfer to the orbital shaker.

2.6.1 Cerebroid Source Manual & Materials

Protocol-specific materials and reagents are listed in Table 2.7 below. Reagent prepa-
ration for all cerebroid media is described in Table 2.8. Additions and alterations to
the STEMdiff protocol were made based on in-lab validation and optimisation and
discussion with Dr Christopher Lovejoy , University College London.
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Table 2.7: Cerebroid Materials

Category Material Vendor Catalogue

Culture Media
STEMdiff™

Cerebral Organoid
Basal Medium 1

STEMCELL
Technologies

#08572

STEMdiff™
Cerebral Organoid
Basal Medium 2

#08573

STEMdiff™
Cerebral Organoid

Supplement A
#08574

STEMdiff™
Cerebral Organoid

Supplement B
#08575

STEMdiff™
Cerebral Organoid

Supplement C
#08576

STEMdiff™
Cerebral Organoid

Supplement D
#08577

STEMdiff™
Cerebral Organoid

Supplement E
#08578

Culture
Plasticware

Corning® 96-well
round-bottom

ultra-low attachment
microplate

Corning #7007

Costar® 24-well
ultra-low attachment

plate
#3473

Costar® 6-well
ultra-low attachment

plate
#3471
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Table 2.8: STEMdiff™ Cerebral Organoid Media Preparation

Medium Component mL
EB Formation

Medium
STEMdiff™ Cerebral

Organoid Basal Medium 1
40

STEMdiff™ Cerebral
Organoid Supplement A

10

Induction
Medium

STEMdiff™ Cerebral
Organoid Basal Medium 1

49.5

STEMdiff™ Cerebral
Organoid Supplement B

0.5

Expansion
Medium

STEMdiff™ Cerebral
Organoid Basal Medium 2

24.25

STEMdiff™ Cerebral
Organoid Supplement C

0.25

STEMdiff™ Cerebral
Organoid Supplement D

0.5

Maturation
Medium

STEMdiff™ Cerebral
Organoid Basal Medium 2

49

STEMdiff™ Cerebral
Organoid Supplement E

1
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2.6.2 Cerebroid Generation

On generation day 0, high quality iPSC cultures were prepared for passaging using
GCDR dissociation as described in section 2.3. The collected aggregates were triturated
using a 1 mL serological pipette until a single cell suspension was achieved. A count of
viable cells was made using Trypan Blue and a haemocytometer. The cell suspension
was then spun down at 250 rcf, resuspended in embryoid body (EB) Formation Medium
supplemented with 10 µM Y-27632, at a viable cell density of 9 x 104 cells/mL. 150 µL
of cell suspension was seeded into each well of a 96-well round-bottom ultra-low
attachment plate. On day 3, an additional 200 µL of EB Formation Medium was added
to each well.

On day 5, two EBs were moved to one well of a 24-well ultra-low attachment plate
containing 0.5 mL of Induction Medium to facilitate epitheliochorial induction. On day
7 an additional 0.5 mL of Induction Medium was added.

On days 8 - 10 (depending on cerebroid morphology), cerebroids were embedded in
matrigel for expansion. Cerebroids were placed onto an embedding surface (dimpled
parafilm), and excess Induction Medium was removed. Using cold pipette tips chilled
at -20°C to avoid gel polymerisation, 10 µL of liquid matrigel was placed onto each
cerebroid and, using a fresh tip, the cerebroid was positioned into the centre of the drop.
The embedding surface containing at most 16 cerebroids was placed in the incubator at
37°C for at least 30 minutes to allow the matrigel to polymerise. All cerebroids were
then washed into 1 well of a 6-Well Ultra-Low Adherent plate and suspended in 3 mL
of Expansion Medium. An upper limit of 16 cerebroids per embedding sheet was used
because this number balanced practical handling and experimental integrity. Specifi-
cally, 16 organoids could be embedded, polymerized, and transferred without risking
desiccation when media was removed from one while processing others. Additionally,
the physical size of the embedding surface with 16 organoids remained manageable for
washing into a single well of a 6-well Ultra-Low Attachment plate. Lastly, exceeding
16 cerebroids per well increased the risk of organoid fusion or competition for nutrients,
potentially compromising culture health and experimental consistency.

On day 11 - 13, following formation of neuroepithelial buds, generation was con-
sidered complete and cerebroids were maintained in 3 mL Maturation Medium with
continual shaking within the incubator. Media changes were carried out every Monday,
Wednesday and Friday, with an extra millilitre of media added per well on Fridays. As
cerebroids matured, they were separated into more wells, to ensure over consumption
of media did not occur.
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2.7 Air-Liquid Interface Cerebral Organoid (ALI-CO)
Culture

Cerebroids recapitulate in vivo cortical structural developmental for approximately
90 days. However, without co-developing vasculature, later-stage cell types do develop,
but without appropriate spacial organisation, and with limited external cues to drive
maturation. To stimulate further neuronal maturation, including axonal outgrowth,
an alternative protocol was used where cerebroids were sliced and re-cultured at the
air-liquid interface (Giandomenico et al. 2019).

ALI-COs were produced by embedding day 60 or older cerebroids in agarose (10%
in DMEM) using a Peel-A-Way embedding mold (Merk Sigma Aldrich). Gels were
secured to the mounting block using cyanoacrylate super glue, submerged in chilled
(0°C) "cutting solution" (see table 2.9 for solution composition) and sliced to a thickness
of 200 µm using a 5100mz Campden vibratome.

Slices were placed on Millicell-CM cell culture inserts (Merk Sigma Aldrich, #PICM0RG50)
in a six-well plate and equilibrated for 1 h at 37°C in serum-supplemented slice cul-
ture medium (DMEM, 10% FBS, 0.5% (w/v) glucose, supplemented with 1% peni-
cillin–streptomycin). Following the equilibration period, the media was replaced with
serum-free slice culture medium (NeuroCult NS-A Basal Medium (Stem Cell Tech-
nologies, #05750), 2% (v/v) B-27 supplement (Themo Fisher Scientific, #17504044),
0.5% (w/v) glucose, 1% (v/v) Glutamax (Termo Fisher Scientific, #35050061) supple-
mented with antibiotic–antimycotic (Thermo Fisher Scientific, #15240062). ALI-CO
cultures were maintained at 37°C and 5% CO2 with daily media changes. Media was
provided only below the filter insert so that sections stayed at the interface and were not
submerged.
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Figure 2.6: Schematic of ALI-CO culture Generation. Representative images of
A: vibratome slicing of live cerebroid embedded in agarose gel, B: placement of the
cerebroid slice on the culture insert, and C: neuronal outgrowth during ALI-CO culture.
Images were taken with a phone camera.

Table 2.9: Cutting Solution Preparations

Component mM MW g/Litre
C7H17NO5 92.00 195.22 17.96

KCl 2.50 74.55 0.19
NaH2PO4 1.20 120.00 0.16
NaHCO3 35.00 84.01 2.94

C8H18N2O4S 20.00 238.31 4.77
C6H12O6 20.00 180.20 3.60
C6H706Na 5.00 198.00 0.88
SC(NH2)2 2.00 76.12 0.15
C3H3NaO3 3.00 110.04 0.33

MgSO4 ·7H20 10.00 246.48 2.46
CaCl2 ·2H20 0.50 147.01 0.74

- Osmolarity corrected to 300 - 310 mOsm with sucrose
- pH balanced 7.3 - 7.4
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2.8 Calcium Imaging

2.8.1 Core Imaging Design

Intracellular calcium measurements from target culture products were conducted
using a conventional fluorescence imaging system consisting of an upright fluorescent
microscope (Olympus BX51WI) paired with a bright light source (Olympus TH4-200),
monochromator (Cairn Optoscan), integrating camera (Hamamatsu ORCA-ER), DAQ
device (USB6229) and frame grabber. All experiments were conducted in a perfusion
bath maintaining 2 mL/minute superfusion of either HEPES buffered saline solution
(HBSS) or artificial cerebrospinal fluid (aCSF) on the given product (for full solution
composition, see tables 2.10 and 2.11). The open source imaging software, Winfluor
(John Dempster, University of Strathclyde, Scotland) was used for image acquisition.

Prior to calcium imaging experiments cells/tissues were washed of culture media using
the appropriate saline solution and loaded for one hour in the dark at room temperature
with the intensiometric cell-permeable calcium indicator, Calbryte™ 520 AM (AAT
Bioquest, Pleasanton, CA, USA; excitation/emission maxima ≈ 495/520 nm)(DGNs:
2 µM in HBSS | NPCs: 4 µM in HBSS | tissues: 8 µM in aCSF). Dye loaded samples
were mounted into the superfusion bath and imaged using 20x and/or 40x objective
magnification where appropriate.

57



Table 2.10: HBSS Solution Preparations

Component mM MW g/Litre
NaCl 130.00 58.44 7.59
KCl 5.40 74.55 0.40

C8H18N2O4S 10.00 238.31 2.38
C6H12O6 10.00 180.20 1.80

MgSO4 ·7H20 1.00 246.48 0.25
CaCl2 ·2H20 2.00 147.01 0.29

- Osmolarity corrected to 330 - 340 mOsm with sucrose
- pH balanced 7.3 - 7.4

Table 2.11: aCSF Solution Preparations

Component mM MW g/Litre
NaCl 124.00 58.44 7.25
KCl 2.50 74.55 0.19

NaH2PO4 1.20 120.00 0.16
NaHCO3 24.00 84.01 2.02

C8H18N2O4S 5.00 238.31 1.19
C6H12O6 12.50 180.20 2.25

MgSO4 ·7H20 2.00 246.48 0.49
CaCl2 ·2H20 2.00 147.01 0.29

- Osmolarity corrected to 330 - 340 mOsm with sucrose
- pH balanced 7.3 - 7.4
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2.8.2 Calcium Imaging Experimental Design

A priori power analysis was conducted to determine minimum sample number required
for comparative analysis between cell lines, using G*Power (Faul et al. 2009). Mini-
mum effect size (d) for differences in calcium handling between control and presenilin
mutant cells was determined from results presented in previous work (Kaar 2019; Nel-
son et al. 2010). The smallest d taken from these studies was 3.19, considered to be
extremely large using Cohen’s (1988) criteria (Cohen 2013).

d = 0.5 was chosen, so as to accurately recognise medium size effects. With an α =
0.05 and power = 0.80, the projected minimum sample size needed with this effect size
for comparison of two independent means was n = 64 per group.

To this end, all calcium imaging studies were carried out with a minimum of 64
cells/regions of interest from at least three different experiments/coverslips from at
least three separate cultures, per group. The actual post-hoc power of each analysis
is included with their results. Collated n numbers for each study are presented as “x
cells/ROI’s – from y experiments/coverslips – from z cultures”.

2.8.3 Calcium Data Analysis

Images acquired using Winfluor software were analysed using a classic "Manual" tech-
nique, target cells were identified by the experimenter and region of interest (ROI)s
were drawn by hand on the image sequences within Winlfuor. Background fluorescence
intensity was subtracted from all ROI pixels. Text files containing the average pixel flu-
orescence values per ROI (arbitrary fluorescence units (A.F.U.)) vs time (seconds) were
exported from Winfluor, imported into GraphPad Prism (v10.0), and analysed as XY
line graphs. Fluorescence traces were expressed as ∆F/F0, where F0 was defined as the
mean baseline fluorescence calculated from the 50 frames preceding the inflection event.
Area under the curve values were calculated from baseline-corrected ∆F/F0 traces over
the defined response period using the default integration settings in GraphPad Prism.
Statistical analyses were selected based on experimental design and data distribution
and are reported alongside the corresponding results.
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2.9 Metabolic Analysis

2.9.1 Seahorse Analysis

The Seahorse XF system is a real-time metabolic flux analysis platform designed to
quantify cellular bioenergetic function by measuring oxygen consumption and proton
production rates in live cells (Yoo et al. 2024). By interrogating mitochondrial respira-
tion and glycolytic activity under defined perturbations, it enables functional assessment
of cellular metabolic states.

Mitochondrial function within self-directed differentiating NPCs was assessed using
the Seahorse XF96 Analyzer (Agilent, Santa Clara, CA, USA). Solid-state sensors
simultaneously measure both oxygen consumption rate (OCR) and extracellular acidifi-
cation rate (ECAR) in response to sequential addition of respiration modulators (Plitzko
and Loesgen 2018). OCR is the rate of the decrease of oxygen concentration in the
assay medium and, therefore, it is an indicator of mitochondrial respiration (Plitzko and
Loesgen 2018). ECAR corresponds to the rate of increase in proton concentration (or
decrease in pH) in the assay medium and, therefore, is a measure of the rate of glycolysis
(Plitzko and Loesgen 2018). Unless otherwise stated, or if techniques are referenced
from another methods section, all equipment and reagents used in the Seahorse analysis
experiments came from Agilent Technologies.

The Cell Mito Stress Test Kit (Agilent) was used to measure basal respiration, ATP-
linked respiration, proton leak, maximal respiration, spare respiratory capacity, and
non-mitochondrial respiration of NPC lines. Baseline OCR and ECAR are recorded
prior to drug additions to establish basal respiration. Injection of oligomycin, a specific
inhibitor of the F1Fo-ATP synthase blocks proton flow through ATP synthase, causing
OCR to drop, and ECAR to rise. The magnitude of this decrease corresponded to
ATP-linked respiration, while the remaining OCR is considered proton leak. The rise
in ECAR is considered maximal glycolysis. carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP), a protonophore uncoupler, collapses the mitochondrial proton
gradient, driving maximal electron transport and OCR, this peak rate defines maximal
respiratory capacity. The difference between maximal and basal OCR yields the spare
respiratory capacity. Finally, addition of rotenone (complex I inhibitor) together with
antimycin A (complex III inhibitor) fully shut down mitochondrial electron transport,
revealing non-mitochondrial OCR as the residual signal. (see Fig. 2.7).
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Figure 2.7: Seahorse XF96 Mito Stress Test Experimental Profile. Representative
traces illustrating sequential measurements (A1 - D3) of Above: OCR and Below:
ECAR. Bioenergetic measures are calculated based on the changes in readings between
injections of intervals oligomycin, FCCP, and rotenone & antimycin. Trace schematic
adapted from materials provided by Agilent Technologies.
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2.9.1.1 Seahorse Experimental Preparation

7 days prior to Seahorse experiments, a Seahorse XFe96/XF Pro PDL Cell Culture
Microplate (96-well) was coated in PLO solution (see section 2.4.6.1). As in section
2.4.6.2, NPCs were split with ACCUTASE™ and suspended in complete STEMdiff™
Neural Progenitor Medium containing 10 µM Y-27632 ROCK inhibitor. NPCs were
seeded at an optimal density of 5 x 104 cells/well (determined experimentally as being
sufficient to resolve differences in metabolic measures) and returned to incubator. 1 day
prior to experiments, all wells received a half media change of complete STEMdiff™
Neural Progenitor Medium to avoid cell dislodging cells. When assessing inhibition
of RyR-mediated calcium release (see section 4.2.6), target intervention wells media
change contained 10 µM of dantrolene. The evening prior to the experimental work, the
experimental sensor cartridge was hydrated in Seahorse XF Calibrant at 37°C in the
non-CO2 incubator, and the Seahorse XF96 Analyzer was turned on to reach operational
temperature overnight.

On the day of the assay, NPCs were washed and incubated in XF Seahorse Base Medium
DMEM supplemented with 1 mM sodium pyruvate, 10 mM glucose, and 2 mM L-
glutamine. OCR and ECAR were measured over time under basal conditions, following
experimental intervention (2 µM NMDA), and after the addition of the mitochondrial
inhibitors (2.5 µM oligomycin, 2 µM FCCP and 0.5 µM rotenone/antimycin). At the
end of experiments all media was aspirated, 20 µL of radioimmunoprecipitation assay
buffer (RIPA) was added to each well to lyse cells, the plate was sealed in parafilm,
and frozen at -20°C for later protein concentration determination (see section 2.9.2).
Total experimental run time was 1 hour 33 minutes and data were exported using the
Seahorse Wave 2.4 XF-96 software. For full protocol description see Table 2.12 below.
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Table 2.12: Mito Stress Test Experimental Run Protocol

Command Duration
(min) Port Drug

Calibrate
Equilibrate 12

Mix - Measure (x 3) 6

Inject A
NMDA or Base
Medium DMEM

Mix - Measure (x 3) 6
Inject B Oligomycin

Mix - Measure (x 3) 6
Inject C FCCP

Mix - Measure (x 3) 6
Inject D Rotenone/Antimycin

Mix - Measure (x 3) 6
End Protocol

63



2.9.2 BCA Protein Assay Data Normalisation

The bicinchoninic acid (BCA) assay was used to determine sample total protein concen-
tration for normalisation of Seahorse data. Pierce™ BCA Protein Assay Kits were used
(ThermoFisher Scientific). Bovine serum albumin (BSA) protein standards of 1500,
1000, 750, 500, 250, 125, 25, and 5 µg/mL were made in RIPA. 50 parts reagent A was
mixed with 1 part reagent B to make BCA working reagent. 10 µL of each standard
and sample were loaded in duplicate into a 96-well plate. 200 µL of working reagent
was added to each experimental well. The plate was incubated in the dark at 37°C with
gentle rocking. A plate reader (SpectraMax M3, Molecular Devices) measured well
absorbance at 562 nm. Sample protein concentrations were calculated from the standard
curve generated using the absorbance readings from the standards. All subsequent
seahorse data analysis was conducted on normalised data.
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2.9.3 OCR Statistical Analysis

Analysis of OCR data collected using the Agilent Seahorse mitochondrial stress test
assess absolute differences in the natural scale of six pre-defined bioenergetic measures
(see Table 2.13). Within this thesis, Seahorse data were analysed using the OCR-
Stats methodology described by Yépez et al., 2018 (Yépez et al. 2018). Bioenergetic
measurements based on differences in the logarithmic scale (see Table 2.13) were
assessed using linear regression models to determine statistical significance between
sample groups. Analysis, including automated outlier detection, was conducted in
RStudio (v R-4.2.1) using code sourced from the Gagneur Lab Git repository.

Table 2.13: OCR-Stats Definitions

Traditional
Bioenergetic

Measures

Ratiometric
Measure Metric Definition

Basal respiration:
OCR1 - OCR4

E/I-proportion OCR1 −OCR4

OCR1
= 1−exp(θEi−θI)

Proportion of OCR in the
ETC with respect to the initial

OCR
ATP-linked

respiration: OCR1 -
OCR2

A/I-proportion OCR1 −OCR2

OCR1
= 1−exp(θAi −θI)

Proportion of OCR driven by
ATPase proton pumping with

respect to the initial OCR

Proton leak: OCR2 -
OCR4

E/Ai-proportion
OCR2 −OCR4

OCR2
=

1− exp(θEi −θAi)

Proportion of OCR in the
ETC, not driven by ATPase

proton pumping, with respect
to all non ATPase driven OCR

Spare respiratory
capacity: OCR3 -

OCR1

M/I-fold change OCR3

OCR1
= exp(θM −θI)

Ratio between maximal OCR
and initial OCR

Maximal respiration:
OCR3 - OCR4

M/Ei-fold change OCR3

OCR4
= exp(θM −θEi)

Ratio between maximal OCR
and non-ETC driven OCR

Non-mitochondrial
respiration: OCR4

NA NA Not defined as a ratio

- OCRi and θi correspond to the expected OCR value on the time interval i in the natural and logarithmic scale,
respectively.
- Table modified from Table 1, Yépez et al., 2018.
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2.9.4 Resipher Live Tracking of Neural Progenitor Cell
Respiration

The Lucid Scientific Resipher system (Lucid Scientific, Atlanta, GA, USA) was used
to assesses differences in cell line metabolic behaviours during the transition from
NPC to DGN. Similar to the Seahorse experiments, Resipher uses micro LED probes
to detect O2 concentrations within a cell culture well. Unlike the Seahorse system,
Resipher probes move up and down within the well (see Figure 2.8). This allows for
active-scanning of the oxygen gradient above the sample and reduces the effect of
external variables (humidity, atmospheric pressure) on measurement accuracy. The
in-incubator nature of the Resipher experiment also allows for monitoring of cellular
respiration over a longer time period (days - weeks).

Sterile lid

96-well plate

Continuous
vertical 
scanning

High O2 at air-liquid interface

Low O2 at cells

O2 gradient 

Figure 2.8: Schematic of Resipher probe operation for oxygen gradient detection.
The Resipher system employs a vertically mobile micro-LED probe that continuously
scans the oxygen gradient within a culture well, from the air–liquid interface to the cell
layer.

As in section 2.9.1.1, NPCs were dissociated with ACCUTASE™ and seeded on PLO
coated plasticware. On experimental day 0, NPCs were seeded in 100 µL complete
STEMdiff™ Neural Progenitor Medium containing 10 µM Y-27632 ROCK inhibitor,
at 5.7 x 103 cells/cm2 on a 96-well Nunclon™ culture plate. On day 1, well me-
dia and non-attached cells were aspirated and replaced with 100 µL Y-27632 free
complete STEMdiff™ Neural Progenitor Medium. Following media replacement the
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Resipher probe lid (Fig. 2.9 A) was placed on-top of the cell plate, returned to the
incubator, and connected to the Resipher plate sensor. Baseline OCR readings were
taken from days 1 - 4. On experimental day 4, sample well media was replaced with
0.3 mL of DGNeuron media containing Wnt or complete STEMdiff™ Neural Progen-
itor Medium, with recordings lasting for a further 4 days. Readings from Resipher
experiments were automatically uploaded to the Lucid Lab web application (Lucid Lab

https://lab.lucidsci.com/ 2025). Experimental traces (Figure 2.9 C) were taken from
Lucid Lab and analysed using GraphPad Prism.

A B

C

Figure 2.9: Resipher components and experimental outputs. Images of A: the
inverted sensor lid and sensor unit. B: Example live (O2 displayed in software. C:
Example of full in-incubator OCR tracking data in Lucid Lab softwar.
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2.10 Immunofluorescent labelling

2.10.1 Immunocytochemistry

To facilitate characterisation of cells post calcium imaging experiments, NPCs and
DGNs cultured on glass coverslips were immunocytochemically labelled. Using a
slightly modified version of the protocol described by Marchenko & Flanagan (2007)
(Marchenko and Flanagan 2007), NPCs were washed three times with PBS prior to
15-minute fixation in 4% (w/v) paraformaldehyde (PFA) solution made in PBS (see
Table 2.14 for full 4% PFA fixative preparation). Following washing with PBS (5
minutes x 3), coverslips were moved to PFA-free 35 mm cell culture dishes, and simul-
taneously permeabilised and blocked for non-specific epitope binding for one hour at
room temperature with a PBS based buffer solution containing 10% (v/v) fetal bovine
serum, 1% (w/v) bovine serum albumin, and 0.1% (v/v) Triton-X 100.

Primary and secondary antibody solutions were prepared in the same blocking buffer
described above, with or without permeabilisation agent, depending on target epitope
accessibility (see Table 2.15 for final working concentrations). In order to immunolabel
cells correctly, 15 ul of primary antibody solution and 25 ul of secondary antibody
solution were required per 13 mm coverslip.

Coverslips were incubated in primary antibody solution overnight at 4°C by inverting
the coverslip (fixed cells facing down) onto a drop (15 µl) of primary antibody solution
on a metal plate covered with parafilm. A second sheet of parafilm was placed over the
entire construct to prevent evaporation of solutions. Coverslips were then returned to
35 mm cell culture dishes for three, five minute, PBS washes. For secondary antibody
incubation, coverslips were again inverted and placed onto a drop of secondary antibody
solution (25 µl) on fresh parafilm, sealed, and incubated in the dark, for one hour at
room temperature. Following repeated PBS washes (as described previously), coverslips
were mounted on 25 x 75 mm microscope slides, with Fluoroshield DAPI-containing
antifade mounting solution. To avoid crystal formation, and later image disruption,
the back (fixed-cell free) side of coverslips were briefly washed with deionised water,
directly before microscope slide mounting. Mounted slides were left to cure overnight
in the dark at room temperature and stored at 4°C.

For a full list of all antibodies used, their concentrations and their targets see Table 2.15.
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Table 2.14: 4% Paraformaldehyde Fixative preparation
(Marchenko & Flanagan, 2007)

Reagents and steps For 100 mL of fixative
Deionised Water 75 mL

Paraformaldehyde 4 g
5N NaOH, added dropwise

until solution clears
As needed

10X PBS 10 mL
1M MgCL2 0.5 mL

Sucrose 4 g
1N HCl, titrate to pH 7.4 As needed

Deionised Water Bring to 100 mL

- Filter prior to use.
- Store at 4°C for up to 1 week.
- Warm to 37°C before use

Table 2.15: Immunocytochemical reagents and their targets

Antigen Host Clonality Supplier Working Concentration
MAP2 Rabbit Polyclonal Abcam 4 µg/mL
β III-Tubulin Rabbit Polyclonal Abcam 4 µg/mL
Nestin Rabbit Monoclonal Abcam 4 µg/mL
SOX2 Goat Polyclonal R&D Systems 8 µg/mL
PROX1 Rabbit Monoclonal Abcam 4 µg/mL
FOXG1 Rabbit Monoclonal Abcam 3 µg/mL
TBR1 Rabbit Monoclonal Abcam 1 µg/mL
DAPI NA Nuclear Stain R&D Systems 1 µg/mL
Hoechst 33342 NA Nuclear Stain Cell Signalling Technology 1 µg/mL
Sytox DeepRed NA Nuclear Stain Thermofisher 0.5 µM
Goat IgG Donkey FITC-conjugated Thermofisher 10 µg/mL
Rabbit IgG Donkey TRITC-conjugated Jackson Research 7.5 µg/mL
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2.10.2 Confocal Microscopy

Fluorescence imaging of fixed, immunolabelled coverslips was performed using a
laser-scanning confocal microscope (Olympus Fluoview FV10i, Department of Pharma-
cology & Therapeutics, University College Cork, Cork, Ireland). Fluorophore-specific
laser lines and detector gain/saturation settings were optimised per antibody and kept
constant across all samples within a given experimental group. Imaging was carried
out under matched acquisition parameters to ensure comparability between biological
replicates. Confocal fluorescence lifetime imaging microscopy (FLIM) of live and fixed
samples was performed using a Leica Stellaris 8 Falcon FLIM microscope (Ghent Light
Microscopy CORE, Ghent University, Ghent, Belgium). Fiji ImageJ software was used
to visualize and anaylse images.

2.10.3 3D Sample Fixation & Labelling

Three dimensional tissue samples present unique issues when it comes to imaging. To
reliably image fixed 3D tissues, without destroying the sample in the process, they
underwent additional “SHIELD” stabilization to harsh conditions via intramolecular
epoxide linkages to prevent degradation (SHIELD) fixation, delipidisation, and actively
controlled “eFlash” antibody staining. The “Single-cell and Cytoarchitecture analysis
of Organoids using Unbiased Techniques (SCOUT) Analysis Pipeline” designed for
multiscale 3D phenotyping of human cerebroids by the Chung Lab (Albanese et al.

2020) was adapted for use in this thesis with the help of Dr Keith Siew and Dr Ben
Walsh of University College London. Time working in the Walsh Lab was funded by
a Company of Biologists Travel Fellowship.

SHIELD fixation and eFlash staining both work on the principle of uniform diffusion of
an inactive agent throughout the tissue and subsequent activation of the fixation/staining.
Both techniques are described in full in Park et al., 2019 (Park et al. 2019) and Yun et al.,
2019 (Yun et al. 2019). SHIELD polyepoxide reactivity is suppressed at 4°C, pH 7.4,
and increased tenfold at 37°C, pH 10. As opposed to PFA fixation, SHIELD fixation
enhances the stability of protein tertiary structure, and preserves tissue architecture and
endogenous fluorescence under harsher chemical/thermal conditions, without impeding
antigen accessibility. Many immunolabelling probes have weak binding affinity in the
presence of high concentrations of bile salts and a basic pH. The eFlash technique uses
stochastic electrotransport to simultaneously disperse target inactive probes rapidly and
to gradually acidify sample solution by electrocatalytic oxidation. Pairing this with
the selective removal of bile salts from the eFlasg antibody cocktail via nanoporous
membrane, the “SmartLabel” device uses the eFlash technique to control the high-
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quality uniform immunolabelling of the whole 3D tissues. The following protocols
were derived from the LifeCanvas Technologies “Full Active Pipeline Protocol V2.7”.
Protocol specific reagents are listed in table 2.19 below.

2.10.3.1 Cerebroid SHIELD Fixation

Cerebroids were washed three times with PBS, prior to a 30-minute fixation with freshly
prepared 4% PFA in PBS at room temperature on a shaker. After fixation cerebroids
were again washed three times in PBS, transferred into ice cold modified “SHIELD
OFF” solution, which contains inactive epoxy diffusing throughout the sample (Table
2.16), and incubated for 48 hours at 4°C with light shaking. Subsequently, samples were
transferred directly to “SHIELD ON” solution, which alkalised the sample, activating
epoxy cross-linking, and were incubated for a further 24 hours at 37°C with light
shaking.

Table 2.16: Modified SHIELD OFF Solution Preparation

Reagent Percentage Volume for 20 mL
Solution

De-Ionised Water 59.375 % 11.875 mL
SHIELD Buffer 25 % 5 mL
SHIELD Epoxy 15.625 % 3.123 mL

2.10.3.2 Cerebroid Delipidation

Cerebroids are small and delicate, mounting in 1-3% agarose mould prior to delipidaton
ensures samples can be reliably handled throughout the rest of the analysis pipeline.

SHIELD fixed cerebroids were washed extensively with PBS for 8 hours, cleared in 0.2
M SDS (Delipidation Buffer) for 48 hour at 55°C while shaking in EasyClear system
(LifeCanvas Technologies), and washed in PBST (PBS, 0.1% Triton X-100, 0.02%
sodium azide) for 24 hours. Lipid cleared cerebroids could be stored in PBST at 4°C.
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2.10.3.3 Cerebroid Immunohistochemistry with SmartLabel Device

Prior to labelling, cleared cerebroids were equilibrated overnight in “Primary Sample
Buffer” at room temperature with light shaking. Sample Buffer was refreshed and
incubated for a further 3 hours. All antibody cocktails were prepared in 1 mL Sample
Buffer. For full list of antibodies used in cerebroid staining see Table 2.17.

The SmartLabel system, designed for the eFlash technique, was rinsed thoroughly a
minimum of 3 times with de-ionised water. The Sample Cup was washed sequentially
in de-ionised water and fresh Sample Buffer. Agarose mounted cerebroids were placed
in the Sample Cup and fully submerged in 3 mL Sample Buffer and 1 mL antibody
cocktail. The Sample Cup was placed into the Labelling Chamber, the system filled
with Labelling buffer, and operated at the conditions described in table 2.18. Completed
samples were washed in PBS and stored in the dark prior to use.

Table 2.17: eFlash Compatible Antibodies/Stains

Antigen Host Clonality Supplier Working Concentration
SOX2 Goat Polyclonal R&D Systems 1 µg/mL
TBR1 Rabbit Monoclonal Cell Signalling Technologies 2 µg/mL
SYTOX Red NA Stain ThermoFisher Scientific 5 µM

Table 2.18: SmartLabel Settings

Setting Value
Voltage 90 V

Current Limit 1000 mA
Temperature 25°C

Rotation Speed 00.1 RPM
Timer 21 hours
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Table 2.19: Fixation & Labelling Materials

Category Material Vendor

SHIELD Fixation
SHIELD-Epoxy

Solution
LifeCanvas

Technologies
SHIELD-Buffer

Solution
SHIELD-On Buffer

Solution

Delipidation
EasyClear

Delipidation Buffer

eFlash Staining
Primary Sample

Buffer
Labelling Buffer

Refractive Index
Matching

EasyIndex

2.10.3.4 Index Matching & Mounting

All samples were refractive index matched in EasyIndex (LifeCanvas Tachnologies) for
a minimum of 16 hours at 37°C with light shaking. For mesoSPIM imaging, labelled
cerebroids were mounted in custom cuvette moulds in 0.9% low melting point agarose
made in PBS prior to refractive index matching.

2.10.4 Multiscale 3D Cerebroid Phenotyping

Current analysis of organoid tissues relies heavily on single-cell transcriptomics and 2D
histology. While large amounts of new data can be extracted with these methods they
do not take advantage of the primary benefit of organoid culture, the self-assembly of
cells in 3D is not being mined fully. By pairing mesoSPIM light sheet microscopy with
the Single-cell and Cytoarchitecture analysis of Organoids using Unbiased Techniques
(SCOUT) computational pipeline (Albanese et al. 2020) we attempted to perform quan-
titative analysis of intact whole cerebroids.

2.10.4.1 mesoSPIM Imaging

All mesoSPIM imaging was conducted at the Sainsbury Wellcome Centre Advanced
Microscopy Unit (London, UK), with assistance from Dr Rob Campbell and Dr
Peter Gordon. Stained and refractive index-matched cerebroids, prepared as described
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in section 2.10.3.4, were imaged using a custom-built mesoscale selective plane il-
lumination microscope mesoSPIM v5.1 (Voigt et al., 2019, www.mesospim.org)(see
Fig. 2.10), which offers advantages over standard confocal microscopy, such as more
rapid volumetric imaging of larger samples with reduced photobleaching. Tissues were
imaged using 647 nm, 561 nm, and 488 nm excitation, while the emission signal was ac-
quired at 2x zoom (2,048 x 2,048 pixels, 3.26 µm pixel size) with 10 µm optical sections.
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A B

Figure 2.10: mesoSPIM v5.1. Images of custom built light sheet microscope. A: Laser illumination of mounted sample. B: Software rendering
volumetric image in real-time during imaging. Images taken with a phone camera.
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DEVELOPMENT OF HUMAN NEURAL TISSUE FOR

EXPLORATION OF CELLULAR CHANGES ASSOCIATED

WITH ALZHEIMER’S DISEASE

3.1 Introduction

Human brain development begins with neurulation of the embryonic ectoderm
and unfolds over roughly 20 to 25 years (Jiang and Nardelli 2016). This extended
maturation requires the temporally and spatially controlled production of diverse neural
and non-neural cell types (Li et al. 2023b), as well as the establishment of accurate
synaptic connections and efficient intercellular communication to coordinate behaviour,
perception and higher cognitive functions (Huttenlocher and Dabholkar 1997; Petanjek
et al. 2011). Our ability to study this organogenesis has tracked technological advances.
Early histological innovations, such as tissue fixation and microtomy let His, Cajal,
and colleagues capture early human cellular morphology and identify unique cell types
(de Castro and Merchán 2016). Microscopy of developing neural tissue revealed primate
neocortical progenitors (Rakic 1971) and mapped human synapse formation (Hutten-
locher 1979). Ex vivo culture of foetal cells enabled live analysis and the directed
differentiation of neurons and glia in vitro (Hansen et al. 2013; Krencik and Zhang
2011; Zhang et al. 2001). iPSC reprogramming opened the door to patient-specific
neural models (Takahashi and Yamanaka 2006)(see section 1.5), and finally, organoid
technology has made human organogenesis accessible and visible in the lab (Kelley
and Pas, ca 2022; Lancaster et al. 2013). So, this evolution of technology has facilitated
advances in the field of neuroscience and clinical medicine as a whole.

3.1.1 iPSC-derived human neuronal tissue (2D and 3D)

iPSC technology has been instrumental in studying human neurodevelopment and in

vivo cell function, but its utility is also informed by the dimensional structure of the
culture systems that can be derived from stem cells. Early cortical models used 2D
cultures: NPCs derived from pseudo-monolayer iPSCs formed flattened neural rosettes
on planar surfaces, exhibiting lumen-like structures and characteristic neural migration
patterns (Shi et al. 2012; Wilson and Stice 2006). However, the 2D systems lack
the three-dimensional microenvironment that is critical to the complex signalling that
underpins human brain function. This is of particular relevance to the hippocampal
formation, the brain region where declarative memories are laid down and consolidated.
Pathologically, the hippocampus is one of the regions first affected in AD, a factor
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which accounts for one of the most prominent features of AD, declarative memory loss
(Heneka et al. 2024). With the goal of creating a human-derived experimental model,
that is more faithful to human brain tissue and structure, advances that have been made
in the development of 3D cerebroids are promising. During this development, 3D cere-
broids generate neuroepithelium and then recapitulate in vivo neurogenesis by allowing
neural tube-like structures (neural rosette equivalents) to form and expand either in
suspension, or embedded within an extracellular matrix (Jain et al. 2025; Lancaster et al.

2013). The ability to study the development of cerebroids both temporally and in three
dimensions benefits our understanding of both physiological and pathophysiological
neurodevelopment, as it is now possible to observe the cells as they develop their own
orientation and spatial relations.

3.1.2 Stem cell-derived models investigating AD-related neuronal
pathophysiology

Excitingly, distinctive in vitro iPSC-derived experimental models are emerging (Kelley
and Pas, ca 2022), which promise to complement extant animal models in AD research.
At its core, iPSC-derived human culture systems represent a technology, a dynamic col-
lection of tools, techniques, and materials that offer immense value to medical research.
Initially developed by stem cell biologists, the utilization of this technology has expe-
rienced exponential growth, particularly under the purview of geneticists (Klompstra,
Yoon, and Koo 2025; Sato et al. 2009). The obvious advantage to using human-derived
neurophysiological experimental models is the opportunity to develop models of spe-
cific neuropathologies. For example, it is possible to recapitulate both genetic and
sporadic AD-linked neuronal and glial phenotypes in cerebroids derived from iPSCs
from early- and late-onset AD patients, respectively. Recapitulated phenotypes have
included altered Aβ42/40 ratios, tau phosphorylation, oxidative stress, and lysosomal
dysfunction. Others have applied this system to enable high-throughput screening of
drug candidates and biomarkers (Birnbaum et al. 2018; Haidar et al. 2024; Nieweg et

al. 2015).

With the goal of more accurately recapitulating human physiology and pathophysi-
ology, we sought to establish, validate and advance the use of human iPSC-derived
cultures for the study of healthy neurophysiology and pathological changes associated
with neurodegenerative diseases, specifically AD.
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3.1.3 Chapter Hypothesis and Aims

We hypothesised that the use of both 2D and 3D human iPSC-derived neuronal
cultures could more accurately recapitulate human physiology and pathophysiology,
and provide a better framework for replicating studies conducted on animal models of
AD. To facilitate this, the aims of this chapter were as follows:

1. To generate NPCs, novel 2D DGNs, and 3D cerebroids from iPSC lines, including
from a patient with the familial Alzheimer’s disease presenilin1 mutation M139V.

2. To characterise the function and morphology of 2D and 3D human iPSC-derived
culture products in order to asses their viability for the replication of previous
experiments in AD animal models.

Techniques used:

1. Induced pluripotent stem cell culture (2.3)

2. Neural progenitor cell culture (2.4).

3. Neural progenitor cell coverslip culture (2.4.6).

4. Dentate gyrus mature neuron induction (2.5.2).

5. Cerebral organoid culture (2.6)

6. Air-liquid interface cerebral organoid culture (ALICO) (2.7)

7. Perfusion bath calcium imaging (2.8).

8. Real time oxygen consumption rate recording (2.9.4).

9. Immunohistochemistry and immunocytochemistry (2.10).
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3.2 Results

To facilitate the 2D culture of human neural lineage cells, NPCs were generated
from two healthy control iPSC lines and one FAD line (PSEN1 M139V) using a version
of the protocol described in Section 2.4 of this thesis (Chambers et al. 2009) (For full
cell line information see Table 2.1). The primary practical benefit of expanding NPC
cultures is the ability to introduce a differentiation ‘checkpoint’ after approximately
21 days (illustrated in Fig. 3.1). At this point, cells are a stable progenitor population
committed to the neural lineage differentiation that can be cryopreserved. This approach
allows a large biomass to be established before the selection and initiation of more
specialised, shorter neuronal maturation protocols.

3.2.1 Generation of human NPC cultures

NPCs were generated in 2D culture from the control iPSC lines RBi001a (ninductions=2)
and CaCntrl (ninductions=2), and one FAD line (PSEN1M139V) (ninductions=2). Estab-
lishing human NPC cultures in 2D enabled the rapid expansion of a large, uniform
cell population prior to neuronal maturation using a standardised and validated NPC
induction protocol (Fig. 3.1).

mTeSR STEMdiff Neural Induction 
Medium + SMADI

STEMdiff Neural Induction 
Medium + SMADI

STEMdiff Neural Progenitor 
Medium

Day 0 6 - 9 12 - 15 18 - 21

iPSC 
Colonies

Single Cell 
iPSCs 
Plated

Single Cell 
NPCs 

Passage 2 Passage 3
Downstream 
NPC Culture

Passage 1

Figure 3.1: Simplified schematic of neural progenitor cell (NPC) induction protocol.
The figure above illustrates the key steps involved in generating NPCs from iPSCs. The
protocol was used for iPSCs from healthy donors (RBi001a and CaCntrl) and a patient
with FAD (PSEN1M139V).

To validate the success of this protocol, the impact of biophysical cues on iPSCs as they
progressed through NPC induction was monitored using phase-contrast microscopy
(Fig. 3.2). From day 1 to day 6, single-cell monolayers of iPSCs were exposed to
inhibitors of the SMAD signalling pathway (Noggin and SB431542) to drive cells
towards differentiation into NPCs. On visual inspection, initial iPSCs seeded as single
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cells displayed non-uniform cell shapes, and unclear boundaries between cells (Fig.
3.2A, indicated by arrow). These single cells try to reform colonies, the preferred state
of iPSCs (Fig. 3.2B, indicated by circle), which could be observed when the larger
denser cell clumps bent light into a bright shine (Fig. 3.2B, indicated by arrow). After
the first NPC passage, elongated cells, with more defined boundaries become more
common (Fig. 3.2C, indicated by arrows), and the density of colony-like shapes reduce
(Fig. 3.2D, indicated by arrows) as cells no longer need the colony structure. Following
the second NPC passage, elongated (rectangular) cells with clearly defined cell borders
are visible (Fig. 3.2E, indicated by arrows). Cells become densely packed in a true 2D
monolayer (Fig. 3.2F), consistent with the development of a stable NPC culture.
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x 
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0 
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Single Cell iPSCs
Seeding

Single Cell NPCs
Passage 1

Single Cell NPCs
Passage 2

A

B

C
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Figure 3.2: Morphological changes observed during NPC induction. Phase contrast
images of the morphological changes in iPSCs seeded as single cells on A B: day one
of initial seeding, C, D: day one following single cell NPC passage 1, and E, F: day
one following NPC passage 2. Images captured at 4x and 10 magnification, scale bars
denote 100 µm and 500 µm.

After three weeks, and three passages, cultures containing densely packed, morpholog-
ically homogenous cells were considered viable NPCs, and the induction media was
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replaced with STEMdiff Neural Progenitor Medium (Fig. 3.1). From this point, cells
were sub-selected for subsequent, shorter-term neuronal differentiation protocols. Stock
NPCs were maintained as dense cultures on Matrigel. If stock cultures showed increased
cellular maturation, such as axonal or dendritic elongation and/or the formation of round
granular cell bodies, they were discarded.

3.2.2 NPCs express maturing neuronal cytoskeletal proteins

In addition to morphological cues of maturation into NPCs, as evident under brightfield
illumination, immunofluorescently-labelled protein expression also provided evidence
of differentiation of iPSCs into a neuronal lineage. To confirm these changes, cul-
tured NPCs (see Section 2.4.6) at d4 and d12 (CaCntrl d4 ncoversil ps=8, ncultures=4,
d12 ncoverslips=4, ncultures=1; PSN1 d4 ncoverslips=3, ncultures=1, d12 ncoverslips=4,
ncultures=1) were fixed and immunofluorescently stained using monoclonal antibodies
targetting markers of neural identity (as described in methods section 2.10). The ex-
pected time period for iPSCs to transition to NPCs is from 6 to 14 days (Chambers et al.

2009). Hence, we compared d4 cells, which are likely to have iPSC traits, to d12 cells,
which are likely to have been driven towards NPCs.

Expression of the transcription factor SRY-box transcription factor 2 (SOX2) was used
to confirm the presence of pluri/multipotent stem cells. In this context, SOX2 was
expected in both undifferentiated stem cells (d4) and neural progenitor cells (d12).
SOX2 can be both nuclear and cytosolic (Schaefer et al. 2024). Indeed, diffuse SOX2
labelling was observed throughout the cell bodies of cells at d4, both in the cytosol and
the nucleus (Fig. 3.3A, green labelling, indicated by white arrow). Interestingly, by
d12, along with morphological changes in the developing NPCs, expression of SOX2
also appeared different. Labelling was predominantly outside of the nucleus in the
cellular cytosol (Fig. 3.3D and D1 magnified image, nucleus indicated by white arrow)
suggesting a change of protein function over time.

Co-expression of SOX2 with other markers of neural lineage was explored in an at-
tempt to confirm cell differentiation. The cytoskeletal proteins nestin, β III-tubulin (also
referred to as Tuj1) and MAP2 are commonly used to define the degree of neuronal
differentiation (Garavaglia et al. 2010; Liu et al. 2013). β III-tubulin is a major micro-
tubule protein expressed in post-mitotic neurons. Surprisingly, β III-tubulin was present
in both d4 and d12 cells (Fig. 3.3B, E). Consistent with its function as a cytoskeletal
protein, labelling was strong in the developing processes of these cells (Fig. 3.3B, E,
red labelling, indicated by arrows). Moreover, when the post-mitotic neuronal marker
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was dual-labelled with SOX2, the label for pluripotent stem cells, there was no evidence
of co-expression, with both markers localized to regions specific to their proteins (cell
body for SOX2 and the processes for β III-tubulin) (See merged image, Fig. 3.3C1, F1,
indicated by white arrows). Nonetheless, expression of both markers in the same cells
confirms that at 4 and 12 days in culture, the cells were of mixed neuronal lineage (Fig.
3.3C, F).
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Figure 3.3: NPC cultures express both SOX2 and β III-tubulin. Representative
confocal florescent images of NPCs at A-C:4 and D-IF 12 days post-coverslip culture,
generated from control CaCntrl and fAD PSN1 iPSC lines. Cells were stained for A,
D: SOX2 and B,E β III-tubulin. Both channels were merged C, F: and some images
have an accompanying digital zoom to visualise sites of interest. White arrows indicate,
A nuclear and cytoplasmic labelling, B, E cell process labelling, D1: stain free nuclei,
and C1, F1: the compartment specific separation of labels. Scale bar denotes 20 µm.
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Independent of SOX2, co-labelling of Nestin and MAP2 on d12 cells (PSN1 d12
ncoverslips=6, nculture=1) is shown in Fig. 3.4. Nestin is an intermediate filament pro-
tein highly expressed during early stages of proliferative neuronal development. It was
detected in a filamentous pattern throughout the d12 cells (Fig. 3.4A green labelling).
Nestin is reported to be strongly expressed in axons (Bott et al. 2019), consistent with
the labelling pattern observed here (Fig. 3.4A, indicated by arrow). Microtubule associ-
ated protein 2 (MAP2) is a protein that binds to and stabilises microtubules in mature
neurons and is specifically expressed in dendritic structures. It serves as a reliable
marker of neuronal differentiation. As stem cells differentiate, they begin to express
MAP2, reflecting the acquisition of mature neuronal features. In agreement with this
developmental transition, MAP2 labelling was evident at d12 (Fig. 3.4B red labelling).
As expected, labelling was particularly strong in cellular processes (Fig. 3.4B, indicated
by arrows) which were in contact with, and emerging from, Nestin-positive structures
(Fig. 3.4C, digital zoom, indicated by arrows). This cytoskeletal reorganisation supports
the assertion that iPSCs were transitioning of these cells from pluripotent iPSCs to
NPCs.
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Figure 3.4: NPC cultures express both Nestin and MAP2 cytoskeletal proteins.
Representative confocal florescent images of NPCs at 12 days post-coverslip culture,
generated from the fAD mutant PSN1 iPSC lines. Cells were stained for A: Nestin and
B: MAP2. C: The overlay of both channels is further enhanced by digital zoom. White
arrows denote cell filaments of interest. Scale bar denotes 20 µm.
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3.2.3 Neural progenitor culture products exhibit physiological
functionality

Having confirmed morphological characteristics that were consistent with the develop-
ment of iPSCs into NPCs, we then examined the physiological function of d4 - d13
NPCs. Consistent with these NPCs having intact neurophysiological responses, HBSS
containing elevated K+ (50 mM, 30 seconds), which depolarizes cell membranes and
thereby opens VGCCs on the neural plasma membrane induced robust increases in
intracellular calcium (Fig. 3.5A, B) from baseline (Wilcoxon matched-pairs signed-rank
test; CaCntrl ncells =79, nexperiments =10, ncultures =4; W = 3160; p < 0.001), with a
median difference of 13.15 arbitrary fluorescence units (A.F.U.)(95.78% CI 9.49 to
14.21).

As expected for cells lacking functional group 1 mGluRs, only 8.8% ± 3.2% of
K+-responsive NPCs (ncells responding=3, ncells total =46, nexperiments=4, ncultures=2;
mean ± SEM) responded to the specific I-mGluR agonist, S-dihydroxyphenylglycine
(DHPG) (50 µM, 120 seconds), with an increase in intracellular calcium (Fig. 3.5C, D).
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Figure 3.5: NPCs exhibit physiological stimulus-evoked Ca2+ responses. A: Paired
scatter plot of baseline vs. K+-evoked intracellular Ca2+ fluorescence. Lines connect
measurements from the same cell. C: Bar plot (bar = mean +/- SEM) of percentage of
confirmed K+-responsive NPCs responding to S-DHPG (50 µM). Individual experiment
values denoted as open circles. Representative single-cell ∆F traces of typical NPC Ca2+

transients in response to B: 30 second application of 50 mM K+, and D: 120 second
application of S-DHPG (50 µM). Scale bars denote 100 seconds and 5 A.F.U.: arbitrary
fluorescence units.
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3.2.4 Generation of human-derived mature dentate gyrus-like
neuronal cultures

With the goal of using human dentate gyrus (DG)-like mature neurons to facilitate cell
type- and species-specific investigations of AD hypotheses, NPCs from two healthy
control donors (RBi001a and CaCntrl) and a donor with FAD (PSEN1M139V), were
used to generate human-derived DGNs cells. Using a protocol designed in-house, based
on previous work (described fully in Section 2.5 of this thesis (Vőfély et al. 2018; Yu et

al. 2014)), NPCs were prepared as neural progenitor coverslip cultures (NPCC)s and
then exposed to our DG induction media to induce differentiation.
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Figure 3.6: Simplified schematic of dentate gyrus like neuronal (DGN) culture
protocol. The figure above illustrates the key steps involved in generating DGNs from
NPCs. The protocol was used for NPCs from healthy donors (RBi001a and CaCntrl)
and a patient with FAD (PSEN1M139V).
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3.2.4.1 DGNs display desired mature morphology over extended differentiation

NPCs seeded at low densities (2 x 104 cells/cm2) on glass coverslips were exposed
to DG induction media containing Wnt3A (Fig. 3.6) a protein important in neuronal
differentiation, axon guidance, and neuroprotection (Munji et al. 2011). NPCs began
to differentiate into maturing neurons 6 days into the DGN protocol, as confirmed by
monitoring the morphological changes using phase contrast microscopy.

Within 6 days of culture, NPCs had developed long projections (indicated by arrows,
Fig. 3.7A). Differentiating cells were maintained for over 40 days in culture. During
this time, they continued to develop mature neuronal networks, distinct granular cell
bodies (indicated by arrows, Fig. 3.7B) and long large processes that were morphologi-
cally similar to dendrites and axons (indicated by arrows, Fig. 3.7C). As is commonly
noted in neural culture methods (Banker and Cowan 1977; Brewer and Cotman 1989),
increased evidence of cell death was observed over time. However, we noted that
neuronal cell survival was greatest in cells that had formed denser cell clusters networks
(cluster indicated by circle, Fig. 3.7C). No visual differences in growth between cell
lines were observed.
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Figure 3.7: Morphological changes of mature dentate gyrus-like neuron differentiation. Phase contrast images of RBi001a NPCs and DGNs
from experimental days A: 6, B: 29 and 39. A: White arrow highlights cells with processes, but not round granular cell bodies. B: White arrows
indicate round granular cell bodies. C: White arrow indicates large mature neuronal process. White circle highlights surviving neurons clustered
together along processes. Images taken using inverted phase contrast microscope. All images taken at 20x magnification, and equally digitally
zoomed. Scale bar denotes 50 µm.
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3.2.4.2 DGNs display markers of mature neurons over extended differentiation

To confirm successful differentiation of NPCs into DGN, cultures from the healthy
control CaCntrl and PSN1 cell lines were fixed at d14, and d35-38 and stained for
PROX1 (Fig. 3.8A), which labels post-mitotic DG granular cells (Stergiopoulos, Elk-
ouris, and Politis 2015) (CaCntrl d14 nimages=13, ncoverslips=3, ncultures=1; CaCntrl
d35 nimages = 10, ncoverslips = 3, ncultures = 1; PSN1 d14 nimages = 17, ncoverslips = 4,
ncultures =1; PSN1 d38 nimages =6, ncoverslips =3, ncultures =1). Punctate PROX1 la-
belling was evident in the cell bodies of d14 DGNs, with a weaker signal extending into
the processes of the cells. By d35 (CaCntrl) and d38 (PSN1), the cytosolic compartment
still possessed the strongest signal of the whole cell, with a steady increase in signal
intensity, reflecting protein expression, in both cell lines over time (Fig. 3.8B)(CaCntrl
d14 (ncells=84) vs d35 (ncells=39), Mann-Whitney 1458.02, [1172.21, 1884.65] vs.
2157.95, [1431.10, 2802.72] A.U., U =905, p < 0.0001; PSN1 d14 (ncells =114) vs.
d38 (ncells=17), Mann-Whitney 1230.67, [1026.20, 1402.60] vs. 1636.42, [1315.06,
2280.99] A.U., U =358, p < 0.0001).

While PROX1 label intensity was significantly lower in PSN1 DGNs at d14 (CaCn-
trl d14 (ncells =84) vs. PSN1 d14 (ncells =114), Mann-Whitney 1458.02, [1172.21,
1884.65] vs. 1230.67, [1026.20, 1402.60] A.U., U =2871, p < 0.0001), the cell line
difference was no longer statistically significant between the older DGNs (CaCntrl d35
(ncells=39) vs. PSN1 d38 (ncells=17), Mann-Whitney 2157.95, [1431.10, 2802.72] vs.
1636.42, [1315.06, 2280.99] A.U., U = 250m, p = 0.1502).
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Figure 3.8: PROX1 expression increases in DGNs over time. A: Confocal images of PROX1 immunolabelling (red) DGNs. Images are
representative of the cell lines CaCntrl at days A1: 14 & A2: 35, and PSN1 at days A3: 14, & A4: 38 in DGN culture. Images captured at 60x
magnification. Scale bar denotes 50 µm. B: Bar plots (bar = mean +/- SEM) of PROX1 signal intensity A.U. (arbitrary units) of individuals DGN
cells, confirmed by DAPI nuclear staining. Individual cell values (CaCntrl d14 ncells=84, d35 ncells=39, PSN1 d14 ncells=114, d38 ncells=17)
denoted as open circles, **** indicate p < 0.0001.
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3.2.4.3 DGNs exhibit mature physiological functionality

Consistent with DGNs possessing intact neurophysiological responses, K+ containing
HBSS (50 mM, 30 seconds) induced robust increases in intracellular calcium fluores-
cence (Fig. 3.9 B) in d31 - d38 DGN cultures (RBi001a ncells =13, nexperiments =1,
ncultures=1; PSN1 ncells=26, nexperiments=3, ncultures=1).

As expected for mature neuronal cells containing functional group 1 mGluRs, 84.9%
± 0.8% of PSEN1 (ncells responding = 22, ncells total =26, nexperiments = 3, ncultures =1;
33 to 38 days in culture; mean ± SEM) and 84.6% of RBi001a (ncells responding=11,
ncells total =13, nexperiments=1, ncultures=1; 31 days in culture) K+-responsive DGNs
responded to the specific I-mGluR agonist S-DHPG (50 µM, 120 seconds), with an
increase in intracellular calcium levels (Fig. 3.5 C, D). RBi001a cells had a median
difference of 4.16 A.F.U. (Wilcoxon matched-pairs signed-rank tests; 96.14% CI 2.98
to 5.32; ncells=12, nexperiments=1, ncultures=1; W = 78; p = 0.0005), and PSN1 cells
had a median difference of 4.52 A.F.U. (Wilcoxon matched-pairs signed-rank tests;
98.3% CI 3.32 to 6.52; ncells=22, nexperiments=3, ncultures=1; W = 253; p < 0.0001)
from baseline to peak calcium fluorescence.

Single experimental assessments of DHPG sensitivity in K+-responsive RBi001a and
PSN1 NPCs demonstrated 8.3% (ncells responding=1, ncells total =12, nexperiments=1; 14
days in culture) and 13.04% (ncells responding=3, ncells total =23, nexperiments=1; 6 days
in culture) of cells responding respectively. These values fall close to the range of
responding CaCntrl NPCs determined in section 3.2.3.
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Figure 3.9: DGNs exhibit physiological stimulus-evoked Ca2+ responses. A:
Grouped bar plots (bar = mean +/- SEM) of the percentage of confirmed K+-responsive
cells within an experiment responding to S-DHPG (50 µM). NPCs and DGNs were
derived from a healthy control iPSC line (RBi001a), and an iPSC line containing the
PSEN1M139V mutation (PSN1). Individual experiment values denoted as open circles.
C: Paired scatter plot of baseline vs. DHPG-evoked intracellular Ca2+ fluorescence in
RBi001a and PSN1 DGNs. Lines connect measurements from the same cell. Represen-
tative single-cell ∆F traces of typical DGN Ca2+ transients in response to B: 30 second
application of 50 mM K+, and D: 120 second application of S-DHPG (50 µM). Scale
bars denote 100 seconds and 5 A.F.U.: arbitrary fluorescence units.
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3.2.4.4 Altered oxygen consumption rate indicates a shift from proliferating
NPCs to non-proliferating DGNs

Further physiological assessments of the development of DGNs was conducted using
real-time in-incubator recording of the cellular oxygen consumption rate (OCR), which
was used as a read-out of cellular mitochondiral respiration during the shift from NPCs
to DGN. Healthy control (CaCntrl) and FAD patient (PSEN1M139V) NPCs were mon-
itored for 210 hours (8.7 days). As described in section 2.9.4, 1.7 x 104 NPCs were
seeded per well of a 96-well plate in complete STEMdiff™ Neural Progenitor Medium.
Each well was monitored individually.

Following a 90 hour long assessment of basal metabolic activity (presented in section
4.2.5), well media was changed and NPCs were monitored for a further 96 hours (4
days, time before another media change would be required). Wells that were refreshed
with 0.3 mL complete STEMdiff™ Neural Progenitor Medium, to prevent further dif-
ferentiation, exhibited increased oxygen consumption over the recording period (Fig.
3.10, Basal Media: CaCntrl nwells = 6, PSEN1M139V nwells = 6). This is consistent
with the increased oxygen requirements of a growing number of proliferating cells,
and a continuation of the behaviour seen in all cells prior to any media changes (see
Fig. 4.8). Wells refreshed with 0.3 mL DG induction media exhibited a stabilising
oxygen consumption profile over the time period of recording (Fig. 3.10, DGN Media:
CaCntrl nwells=6, PSEN1M139V nwells=5 ), which is consistent with non-proliferating
post-mitotic cells (Dranka et al. 2011).

By 96 hours post-stimulation the developing DGNs had reduced oxygen consumption
(0.61±0.04 units; nwells = 11) compared to the NPCs (0.97±0.09 units; nwells = 12;
Unpaired two-tailed Student’s t test; p = 0.0221; units =

(
fmol O2 ·mL·mm−2 ·s−1 ·

µg−1 Protein
)
).
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Figure 3.10: Real-time recording of change in OCR in response to DGN media. A: Traces illustrating continual measures of oxygen consumption
rate (OCR) over a period of 96 hours in basal (blue) and DGN (orange) media. B: Bar plot illustrating OCR between media conditions at 96 hours
post media change. Cells maintained in a standard cell culture incubator. Data represent normalized and grouped measurements across parallel well
replicates (Basal Media CaCntrl nwells=6, PSEN1M139V nwells=6, vs DGN Media CaCntrl nwells=6, PSEN1M139V nwells=5), normalised to well
protein, OCR units =

(
fmol O2·mL·mm−2·s−1·µg−1 Protein

)
. Data are presented as mean±SEM, * indicates p < 0.05.
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3.2.5 Generation and maturation of cerebroid cultures

Whilst 2D cell models have many benefits, such as the simplicity of use, relative cost,
and homogeneity of culture (Centeno, Cimarosti, and Bithell 2018), they lack the 3D
cytoarchitecture that is critical to the functionality of many brain regions. Therefore, the
next step in establishing human-derived cellular models for exploration of the pathophys-
iological changes associated with AD was the development of 3D cerebral organoids, or
cerebroids. In our study, cerebroids were generated in batches, from control iPSC lines
RBi001a (nbatch=10, nsuccess=4) and CaCntrl (nbatch=8, nsuccess=7), and one FAD
line (PSEN1M139V) (nbatch =7, nsuccess =7) using a modified version of the protocol
described in section 2.6. A batch was considered successful if any viable neural-like
tissue (determined by brightfield morphology, or immunofluorescent labelling of neural
marker proteins, or the presence of neural like behaviour was observed via calcium
imaging, after 30 days in culture).
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Figure 3.11: Simplified schematic of cerebral organoid culture protocol. The figure
above illustrates the key steps involved in generating cerebroids from iPSCs. The
protocol was used for iPSCs from healthy donors (RBi001a and CaCntrl) and a patient
with FAD (PSEN1M139V).

96



3.2.5.1 Cerebroid cultures displayed stepwise morphological development into
immature brain tissue

Development of cerebroids from human-derived iPSCs (two healthy donors and one
AD donor) progressed in a stepwise fashion. iPSCs seeded in round-bottomed ultra-
low-attachment plates aggregated to form compact embryoid bodies by day 1. Each
embryoid body was spherical, with a defined edge, floated as a cohesive unit and
remained intact when the plate was gently agitated (Fig. 3.12A). Cell debris, and
non-incorporated cell masses were sometimes visible prior to total media changes.

From day 5 onwards, embryoid bodies further enlarged (Fig. 3.12A-B), and differentia-
tion to neuroepithelium could be observed via a change in the optical properties (clear
bright) of the tissue edges (Fig. 3.12C, indicated by arrows). As cells differentiate, their
optical properties change due to changes in tissue ultrastructure and biochemical content
(Martins et al. 2023). Embryoid bodies that failed to show neuroepithelium or showed
regions of single cells undergoing more rapid differentiation (outgrowths, or migration
from the tissue) were discarded at this stage, as they would have an insufficient pool of
neuroprogenitor cells to facilitate the expansion of a reproducible cerebroid.

By day 13, embryoid bodies exhibited neural-tube like structures (Fig. 3.12D, indicated
by arrows and drawn dashed line) that act as the neural progenitor source for subse-
quent development. This is the development point at which they are considered to be
cerebroids (Lancaster and Knoblich 2014; Pas, ca et al. 2025). Both the total cerebroids
and the neural-tube like structures contained within them continued to increase in size
in culture however. The density of the cerebroids (determined visually by the opacity
of the tissue) continued to increase as the 3D nature of the tissue model increased in
complexity. Development was consistent in each of the cell lines, with no obvious
differences observed.
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Figure 3.12: Cerebral organoid morphology develops over time. Phase contrast
images of cerebroids developing from healthy control iPSCs (RBi001a) from experi-
mental days 1 - 13, demonstrating embryoid body formation(A: d1, B: d4), formation
of neuroepithelium (C: d5) the transparent cell border indicated by an arrow, and devel-
opment of neural tube-like structures, indicated by arrows (D: d13). Images taken using
a phase microscope utilising a camera down the lens. Images taken at 5x objective
magnification. Scale bar denotes 200 µm.
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3.2.5.2 Cerebroids expressed proteins for multiple developmental stages and
structures

To confirm the successful differentiation of iPSCs into the neuronal lineage within the
embryoid bodies, thereby forming cerebroids, we performed multiple immunolabelling
and microscopy techniques on cerebroids >30 days in culture. This timepoint was
selected based on prior reports indicating, that by this stage, the tissues should exhibit
sufficient structural (e.g., cortical layering) and cellular (e.g., early neurogenesis) ma-
turity to model aspects of human neurodevelopment (Lancaster 2024; Pas, ca et al. 2025).

Initial immunolabelling and confocal imaging for β III-tubulin, a cytoskeletal protein
specific to immature neurons, revealed widespread expression throughout the tissue
(Fig. 3.13 red labelling, healthy RBi001a, ncerebroids=4, nbatch=2, 152 and 159 days
in culture). Counterstaining with the nuclear marker DAPI (cyan) supported the cyto-
plasmic localisation of β III-tubulin along extended neuronal processes (Fig. 3.13B).
β III-tubulin expression appeared stronger towards the periphery of the cerebroid (Fig.
3.13A), suggesting increased neuronal maturation in outer regions. Additionally, tissue
architecture and cellular arrangement could also be observed by the alignment of DAPI-
stained nuclei (Fig. 3.13C, arranged in parallel together, perpendicular to the dashed
white line drawn).
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Figure 3.13: β III-tubulin expression confirms cerebroid neural identity. Confocal
images of DAPI (cyan) and β III-tubulin (red) in cerebroid slices. Representative images
from RBi001a (healthy control) cerebroids, fixed after 152 days in culture. A: 5x
magnification map image of whole tissue section, scale bar denotes 500 µm. B: 60x
magnification image of tissue periphery highlighting β III-tubulin in long neuronal pro-
cesses. C: 60x magnification image highlighting the self-directed cellular arrangement
within the tissue. White dashed line drawn to emphasise nuclear alignment. Scale bar
for 60x images denotes 50 µm.
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Widefield fluorescence imaging for PAX6, a neural progenitor cell protein, demonstrated
clear labelling across the tissues, indicating that cells within the cerebroids were of a
neuronal lineage (Fig. 3.14 red labelling, CaCntrl, ncerebroids=2, nbatch=1, 44 days in
culture). Co-labelling for MAP2 (Fig. 3.14A green labelling), a cytoskeletal protein
expressed in post-mitotic maturing neurons, and Hoechst 33342 (HXT, Fig. 3.14 blue
staining), a nuclear dye, revealed spatial organisation reminiscent of in vivo neurodevel-
opment (Zhang et al. 2001). Notably, HXT- and PAX6-positive cells were arranged in a
circular columnar structure around a central lumen (Fig. 3.14B, example outlined with
white dashed line), forming a ’neural rosette’, so named for its rose-like morphology
and regarded as the in vitro equivalent of the neural tube. Stronger MAP2 labelling
was observed radially beyond the rosette (Fig. 3.14A, white dashed lines indicate
the inner and outer edges of the ventricle), consistent with the migration of progenitor
cells beyond the subventricular zone before neuronal maturation (Yamashita et al. 2006).

Immunolabelling for Nestin (red), a cytoskeletal protein specific to neural progenitor
cells, and FOXG1 (green), a forebrain-specific transcription factor (Hettige et al. 2022),
confirmed the expression of both markers in cerebroids (de-convoluted widefield fluores-
cence imaging, Fig. 3.15A ncerebroids=2, nbatch=1, 44 days in culture). Although strong
co-localisation was observed (yellow signal), FOXG1 showed a more intense signal
within cell bodies near the rosette lumen (outlined by a white dashed circle), consistent
with its nuclear localisation. In contrast, Nestin labelling appeared as thin cytoskeletal
filaments between cells. Fluorescence Lifetime Imaging Microscopy (FLIM) on the
same samples further enhanced the specificity of the FOXG1 signal (Confocal FLIM
imaging, Fig. 3.15 B). By capturing differences in fluorescence lifetime (visualised as a
colour gradient), FLIM enabled clear separation of the FOXG1 signal from background
autofluorescence within the same emission channel, thereby improving detection of this
transcription factor.

Lastly, live labelling of whole cerebroids with cholera toxin subunit B conjugated to
Rhodamine Red™-X (CTX), a non-toxic tracer commonly used for neuronal tracing
(Luppi et al. 1987), confirmed the presence of mature neuronal cells on the periphery
of the cerebroids (Fig. 3.15, RBi001a ncerebroids =3, nbatch =1, 152 days in culture).
Both signal intensity (Fig. 3.15A) and fluorescence lifetime (Fig. 3.15B) demonstrated
strong CTX labelling in the perinuclear region of numerous cells. As expected however,
CTX was unable to penetrate deeper into the cerebroid’s developmental core.
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Figure 3.14: PAX6 and MAP2 expression outline developmental structure within
cerebroids. Widefield fluorescence images of Hoechst 33342 (HXT, blue), PAX6 (red)
and MAP2 (green, image A only) in cerebroid slices. Representative images from
CaCntrl healthy control cerebroids, fixed on day 44 in culture. A: White dashed lines
emphasise the expanding sub-ventricular zone. B: White dashed line drawn shows total
’neural rosette’ structure which forms the proliferative region within cerebroids upon
expansion. Images taken at 10x magnification. Scale bar denotes 100 µm.
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Figure 3.15: FOXG1 and Nestin expression confirm forebrain neural identity.
Representative images from RBi001a (healthy control) cerebroid, fixed on day 152 in
culture. A: De-convoluted widefield fluorescence image of Nestin (red) and FOXG1
(green) in cerebroid slice. Neural rosette ventricle outlined with white dashed circle.
Image taken at 20x magnification. Scale bar denotes 100 µm. B: Confocal FLIM image
of FOXG1 labelling in a cerebroid slice. FOXG1-positive cell bodies, and shorter
lifetime highlighted with white dashed circle. Images taken at 40x magnification. Scale
bar denotes 50 µm. Colour bar denotes fluorescence lifetime from 1.05-9 to 6.90-9

seconds.
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Figure 3.16: Live FLIM imaging of cerebroids. Live FLIM confocal images of cholera
toxin Rhodamine Red™-X labelling in whole cerebroids. Representative images of
an RBi001a(healthy control) cerebroid, stained live overnight at day 152 in culture.
Images show A: fluorescence intensity and B: fluorescence lifetime. White dashed line
drawn to visualise inner progenitor cell region not accessed by CTX. Scale bar denotes
100 µm. Colour bar denotes fluorescence lifetime from 9.56-10 to 3.25-9 seconds.

103



3.2.5.3 Calcium Imaging in Cerebroids

When loaded with the calcium indicator Calbryte™ 520 AM (8 µM in aCSF for one
hour), unstimulated cerebroid slices (see section 2.7 for preparation) displayed spon-
taneous cell activity (PSN1 nexperiments = 8, norganoids = 3, 38 to 42 days in culture;
RBi001a nexperiments=6, norganoids=4, 68 to 145 days in culture). However, individual
active cells were often difficult to resolve and record. Therefore in an attempt to en-
hance the ability to identify and record from mature neurons at the tissue periphery, we
next cultured cerebroid (PSN1 norganoids=3, 69 days in culture) slices at the air–liquid
(ALI-CO) interface for 72 to 78 days prior to calcium imaging (full methods in section
2.7).

ALI-CO slice cells responded to a 120 second superfusion of S-DHPG (50-µM) (PSN1
ncells=5, nexperiments=4, norganoids=3; 141 to 147 total days in culture), an agonist of
mGluR1 and mGluR5 receptors, with a robust calcium response (mean difference from
baseline 8.57±1.65 A.F.U; Paired two-tailed Student’s t test; p = 0.0065; Fig. 3.17).
These data suggest that the cerebroids were viable and had developed physiological
responses consistent with a maturing neuronal network.
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Figure 3.17: ALI-CO cells exhibit physiological stimulus-evoked Ca2+ responses. A:
Paired scatter plot of baseline vs. DHPG-evoked intracellular Ca2+ fluorescence in ALI-
COs slices. Lines connect measurements from the same cell. B: Representative single
cell ∆F trace of typical DGN Ca2+ transients in response to 120 second application of
S-DHPG (50 µM). Scale bars denote 100 seconds and 10 A.F.U.: arbitrary fluorescence
units. C: Calcium fluorescence image of cells within ALI-CO responding to S-DHPG
(50 µM). Active cells are highlighted by white rings. Scale bar denotes 10 µm.
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3.2.5.4 Cerebroid optical clearing and volumetric imaging

To maximise our understanding of 3D organoid development, significant efforts were
applied to image the entire cerebroid in full 3D. The "SHIELD" fixation and delipidisa-
tion technique developed by Harvard’s Chung Lab (Albanese et al. 2020) was used to
improve fixation and optical clearing of the 3D structure (see full description in section
2.10.3). To conduct 3D tissue compatible immuno labeling and volumetric imaging,
work was conducted at University College London, in collaboration with Dr Keith Siew.

Cerebroids required structural support to survive both the optical clearing, and the
eFlash smart staining processes. A protocol for the reproducible handling and embed-
ding of SHIELD fixed organoids was devised using cut 1 ml syringes and warm 1-3%
agarose gel layered carefully to prevent tissue contact with the plastic surface (described
in section 2.10.3.2, Fig. 3.18A, embedded organoid highlighted with black arrow).
These gels allowed for handling of the tissues with forceps, without damaging the
cerebroid surface (Fig. 3.18B, gel cylinder visible around uncleared cerebroids). The
process did not impair lipid clearing of the tissues, and could also be refractive index
matched for volumetric imaging. Their primary use was to protect the cerebroids when
loaded into ’mesh bags’ (Fig. 3.18C, cleared cerebroid in gel highlighted with white
arrow, next to eFlash staining sample mesh bag). Volumetric labelling and imaging
was initially designed for slightly larger, more rigid tissues, that are not as sensitive to
physical damage as neural organoids.

Syringe Embedding
A B C

Pre-Clearing Pre-Staining

Figure 3.18: Example images of cerebroid embedding and handling for volumetric
imaging. A: Cerebroids collected and embedded using cut syringe method. Cerebroid
highlighted with black arrow. B: Collection of embedded fixed cerebroids prior to lipid
clearing. Bench-top microscope lamp was used to visualise the gel, and to assess the
integrity of the embedding. C: Lipid cleared, embedded cerebroid ready to be loaded
into a mesh sample bag, for eFlash smart staining. Organoid highlighted with white
arrow.
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Although gel embedding provided sufficient protection for lipid clearing and organoid
storage, the eFlash staining protocol remained too harsh to preserve tissue integrity.
Nonetheless, imaging was attempted using a custom-built mesoscale selective plane
illumination microscope (mesoSPIM v5.1; see section 2.10.4.1). Cerebroids were
stained with the stem cell marker SOX2 (green), the postmitotic cortical neuron marker
TBR1 (red), and the nuclear dye Sytox DeepRed (blue), and subsequently imaged in
3D (Fig. 3.19). These markers were selected in order to enable the identification of
individual cell types by comparing the relative signal intensities of SOX2 and TBR1
in proximity to Sytox DeepRed-positive nuclei. However, tissue collapse following
the eFlash procedure precluded the acquisition of structurally intact whole-tissue 3D
images.

SOX2
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TBR1 Sytox DeepRed
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Figure 3.19: Example volumetric image of optically cleared and stained cerebroids.
MesoSpim Lightsheet volumetric image of a SHIELD fixed, lipid cleared, eFlash stained
cerebroid. Cerebroids were immunostained for SOX2 (green), TBR1 (red), and Sytox
DeepRed (blue) for nuclei. No cerebroids maintained shape to allow successful imaging.
The tissue collapsed within its gel mould (original cerebroid shape maintained in mould
highlighted with white arrow), but still shows positive SOX2 (indicated with black
arrow) and TBR1 signals. Movement artefacts precluded cell level resolution during
imaging.
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3.3 Discussion

There remains a widespread reliance on transgenic mouse models in traditional
physiological research, despite species-specific differences that limit their translational
relevance to human neurobiology. We sought to leverage recent advancements in stem
cell research to address the need for easily applicable and effective neural culture proto-
cols derived from human tissue.

Using iPSC culture as a starting point, we demonstrated the feasibility of generating and
maintaining viable, expandable stocks of human NPCs that exhibited robust expression
of canonical NPC markers such as nestin and SOX2 (Bott et al. 2019; Graham et al.

2003). Notably, when seeded at low densities, these cells retained their intrinsic capacity
for spontaneous differentiation into mature neural lineages, as seen by the expression of
β III-tubulin and MAP2 (Garavaglia et al. 2010; Liu et al. 2013). This property enabled
their use in multiple experimental systems, including perfusion bath calcium imaging,
immunocytochemistry and Seahorse MitoStress Test analyses, without the need for
expensive targeted media components or specialised cultureware.

Since its initial demonstration in 2009, the dual SMAD inhibition approach to neu-
roectoderm induction we employed has become a staple of iPSC-based neuroresearch
(Chambers et al. 2009; Telias 2023; Wei et al. 2019). In the last five years, however,
newer publications have explored the nuances of NPC subtype specification and the
importance of additional morphogen gradients, such as Wnt-inhibition, required for
reproducible differentiations (Kim et al. 2021; Rosebrock et al. 2022). While our
data confirm the neural identity of culture products, we did not investigate subtype
specification. Nevertheless, subsequent work building upon the methodological and
experimental design frameworks developed during the course of this work, has inves-
tigated and underscored the importance of homogenous NPC subtype generation in
omics-based research (Hamerlinck et al. 2025).

We have described a streamlined protocol for the production of 2D human-derived
dentate-gyrus-like neurons from neural progenitor cells that remain viable for up to
40 days post-plating (section 3.2.4). In contrast to earlier hippocampal differentiation
strategies that required neurosphere formation and continuous, uninterrupted differen-
tiation phases, our approach eliminated the neurosphere stage and introduced defined
cryopreservation checkpoints at the neural progenitor stage. This modification permits
the pausing and banking of differentiation-ready populations, thereby decoupling pro-
genitor expansion from downstream neuronal maturation. By removing the requirement
for prolonged continuous culture and reducing reliance on extended patterning phases,
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the protocol increases experimental flexibility, improves batch consistency, and lowers
logistical burden. Cells from such cultures display normal morphology, physiology,
and metabolic behaviours consistent with granule cells from dentate gyrus tissue (Kaar,
Weir, and Rae 2024). Within our lab, this protocol has already been used in two un-
dergraduate Honours bachelor research projects, where it enabled the investigation of
differences in IP3R, stromal interaction molecule (STIM), and Orai expression between
healthy control and presenilin-mutant iPSC-derived lines. Collectively, these refine-
ments convert what was previously a continuous and labour-intensive differentiation
process into a modular, scalable workflow suitable for longitudinal and comparative
studies.

Although the initial objectives of this project included the identification and comparison
of overt AD-like phenotypes between PSEN1-mutant and control lines within these
culture systems, systematic comparative analyses were not pursued to completion within
the time-frame of this thesis. A combination of experimental attrition, variability in
differentiation efficiency, and technical limitations in early-stage optimisation experi-
ments reduced the number of high-quality replicates available for rigorous statistical
comparison. While preliminary data suggested more potential genotype-associated
differences, the resulting sample sizes were insufficient to support robust conclusions.
Importantly, we elected not to compensate for low cerebroid numbers through excessive
data manipulation, over-correction, or selective reporting. Instead, emphasis was placed
on refining and stabilising the culture systems to ensure that future comparative analyses
could be conducted with appropriate statistical power and reproducibility.

Future refinement and optimisation of the protocol would benefit from transcriptomic
profiling of the cultures and comparison with publicly available RNA sequencing data
from human dentate gyrus tissue (Ramnauth et al. 2025). This would enable a more ac-
curate assessment and confirmation of regional identity and maturity. In the wider field,
3D brain organoids and patterned spheroids have shown promise in generating spatially
distinct hippocampal tissue, including the dentate gyrus and cornu ammonis (CA) sub-
regions. These models, however, are still often limited by low reproducibility, extended
culture durations, and high cellular heterogeneity (Jacob et al. 2020; Pomeshchik et

al. 2020; Sakaguchi et al. 2015). More recently, research efforts have begun to shift to
‘assembloid’ culture systems, which aim to recapitulate classical unidirectional connec-
tivity, such as projections from the olfactory cortex projecting to the DG, and from the
DG to the CA3 region (Wu et al. 2024). These systems require the parallel generation
and maturation of organoids from specific subregions, followed by their fusion and
prolonged co-culture (Kanton and Paşca 2022). Within this context, improved versions
of simplified 2D systems like ours may offer a short-term pilot platform for probing
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early-stage projection dynamics and neuronal responsiveness, without the prolonged
culture durations and cellular variability of the 3D systems.

The presence of nestin, MAP2, β III-tubulin, and TBR1 antibody markers is consistent
with successful differentiation of iPSC cell lines into cerebroids (Albanese et al. 2020;
Lancaster and Knoblich 2014). These data confirm the successful differentiation of
a mixed central nervous system-like cytoarchitecture, with the capacity for continual
differentiation (progenitor cell populations) and regional maturation (outer post-mitotic
populations). Moreover, the spatially distinct locations of each marker highlighted
the self-organised and structured nature of these 3D cultures. Expression of FOXG1
within the rosettes further confirmed the forebrain-specific cortical identity of generated
organoids (Hettige et al. 2022). Live labelling with CTX further validated the presence
of mature, functionally-active neurons in the outer regions of the organoids, consistent
with CTX-B uptake by mature neuronal membranes (Alisky, van de Wetering, and
Davidson 2002; Giandomenico et al. 2019).

These findings align with an ever-growing body of literature demonstrating the capacity
of 3D organoid culture systems to self-pattern along major neurodevelopmental trajecto-
ries (Lee and Sun 2022; Pas, ca et al. 2025). Traditional organoid models, including ours,
have shown the potential to generate the full gamut of brain regions. However, most
protocols are still hampered by high variability and low reproducibility between culture
batches (Andrews and Kriegstein 2022; Urrestizala-Arenaza et al. 2024). Encouragingly,
recent efforts to standardise system nomenclature (Pas, ca et al. 2022), characterisation
procedures (Sandoval et al. 2024), and cross-site cell line selection (Glass et al. 2024)
have begun to move the field in a more reproducible and rigorous direction.

As with the DGN cultures, the implementation of multi-omic analyses would substan-
tially strengthen future cerebroid-based research. In this regard, the recently published
Human Neural Organoid Cell Atlas (HNOCA) offers a valuable resource, enabling
researchers to benchmark organoid-derived cell populations against reference datasets
from other organoid systems, rather than relying exclusively on primary foetal tis-
sue comparisons (He et al. 2024). Additionally, the generalisability of findings from
cerebroid-based research can be improved by ‘village-in-a-dish’ and ‘chimeroid’ ap-
proaches.

The ‘village-in-a-dish’ method involves co-culturing multiple genetically distinct iPSC
lines within a single differentiation experiment, allowing for simultaneous, internally
controlled comparisons across genotypes under identical conditions (Neavin et al. 2023).
This strategy mitigates batch effects and enhances the detection of disease- or genotype-
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specific phenotypes. Similarly, ‘chimeroid’ cultures, generated by mixing cells from
separate iPSC lines prior to differentiation, enable the investigation of lineage- and
cell-type-specific phenotypes at single-cell resolution (Antón-Bolaños et al. 2024).
Our iPSC-derived culture systems were originally based on traditional cohort-control
designs, which compare groups based on clinical diagnoses. However, it is now widely
recognised, that this approach has contributed to a widespread statistical ‘power failure’
in neuroscience (Button et al. 2013; Nord et al. 2017). To address this, the use of
multiple isogenic iPSC pairs is recommended (Brunner et al. 2023). While generating
cerebroid cultures at such a scale is often financially and practically unfeasible, ‘village-
in-a-dish’ and ‘chimeroids’ approaches offer viable and scalable alternatives.

We explored the use of cerebroid slices for bulk calcium imaging, with the aim of
developing a human neuron-specific alternative to traditional rodent brain slice prepa-
rations. While technically feasible, this approach presented several limitations. For
example, slices required extended ALI-CO culturing prior to imaging, and even af-
ter this maturation period, cells exhibiting discernable calcium activity were largely
restricted to the periphery of the tissue and lacked clear structural organisation (Fig.
3.17B). Moreover, identification of stimulus-responsive-cells was not possible prior
to pharmacological stimulation (with S-DHPG), preventing targeted selection of the
imaging field to maximise responsive cell inclusion. Despite these limitations however,
with further refinement, this platform could offer a human-derived model to match
rodent-derived brain slices for neurophysiological studies.

More recently, several advances have addressed these challenges associated with cal-
cium imaging in human cerebroid systems. These include the use of iPSCs lines
engineered to express genetically encoded calcium indicators, which enable continuous,
cell-type-specific monitoring of intracellular calcium dynamics without the need for
dye loading (Oliva et al. 2024). Another strategy involves the application of dye-based
calcium imaging to more mature ALI-CO cultures, where extended differentiation and
attachment promote improved neuronal organisation and enhanced signal fidelity (Tang
et al. 2023). Finally, some studies within the organoid field have circumvented the
limitations of calcium imaging by employing direct electrophysiological recordings via

multi-electrode arrays, which allow for real-time, high resolution detection of network
level neuronal activity without relying on calcium as a proxy signal (Sharf et al. 2022).
From a traditional physiological perspective, however, we propose that combining
calcium imaging with electrophysiological measurements offers a more holistic view of
neuronal activity than electrophysiology alone.

While efforts to fully optimize the optical clearing and volumetric imaging cerebroid
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protocol continue, we were able to render tissues optically clear and detect positive
immunofluorescent labelling within them. However, we were unable to maintain the
cerebroid structural integrity during the labelling-pipeline that was required to facilitate
complete volumetric imaging (section 3.2.5.4). Limitations of this protocol include the
difficulty in preserving cerebroid structure throughout the labelling process and the high
concentration of antibodies required for whole-tissue labelling.

Despite these challenges, embedding cerebroids using a cut syringe has become a main-
stay method for organoid freezing and cryosectioning in our labs. Gelatine or optimal
cutting temperature compound, is used instead of agarose, to embed cryoprepped cere-
broids, and the embedded samples can be snap-frozen within the syringe. The position
of the cerebroid can be easily marked, and the resulting frozen cylindrical block is a
convenient size for manipulation, long-term storage, and cryosectioning.

Lastly, an observation made during the course of this research project revealed that
the majority of current "organoid research" primarily focuses on the application of the
technology rather than its further advancement (Qu et al. 2024). To truly enhance the
potential of organoids and to continue the creation of better models of human physiol-
ogy, an interdisciplinary approach becomes imperative, possibly with a new name, to
focus and clarify the way forward. We propose the term "Promethology" as a fitting
designation for this work that seeks to transcend mere technology usage and with which
to instead emphasise the comprehensive development and utilization of crafted living
complex human tissues. The name intentionally invokes the Greek Titan Prometheus
(Gr. πρόμηθευς prōmētheús, ‘forethought’), who in Hesiod’s Theogony is said to have
shaped mankind out of clay and endowed them with fire, underscoring the creative
mastery required and ethical responsibility inherited, when designing living human
tissues (Hesiod, Evelyn-White, and Homer Carmina minora 1914).

3.4 Conclusion

In summary, we present here a streamlined and economical method for the consistent
production of primary hippocampal cultures from human-derived iPSCs. Furthermore,
the neural cells within these culture systems, in addition to displaying characteristics of
normal, healthy neurons, also exhibit consistent and reproducible responses to phys-
iological stimuli which were investigated further in Chapter 4. Lastly, we propose
that cerebroids, and subsequent cerebroid-based systems, are viable methods to study
neurodegenerative diseases such as AD in human-derived tissues.
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COUPLED DYSREGULATION OF CALCIUM HANDLING AND

BIOENERGETICS IN A HUMAN NEURAL PRESENILIN

MODEL

4.1 Introduction

AD pathophysiology involves intricate disruptions in calcium signalling and cellular
bioenergetics (as discussed in sections 1.3.1 and 1.3.3). However, translating findings
from animal models to human cellular contexts remains challenging. Previous research
in our lab and others has reported altered calcium signalling and impaired metabolic
health in AD models (Cavendish et al. 2019; Kaar, Weir, and Rae 2024). In particular,
the 3xTG mouse model of AD exhibits larger intracellular Ca2+ transients in primary
cortical neurons and enhanced CICR in hippocampal slices upon caffeine challenge
(Chakroborty et al. 2009; Smith et al. 2005). Spatial learning deficits in 3xTG animals
are rescued by crossing with synaptopodin KO mice, consistent with synaptopodin’s role
in ER Ca2+ store release (Aloni et al. 2019). Synaptopodin is an actin-associated protein
that assembles a specialized ER subdomain in dendritic spines, the spine apparatus,
thereby facilitating Ca2+ release through IP3R during synaptic activity (Korkotian and
Segal 2011). Aged 3xTG cortical neurons also display spontaneous Ca2+ oscillations
that are absent in wild-type cells, suggesting a constitutive ER Ca2+ leak and chronic
dyshomeostasis (Li et al. 2023a) that is exacerbated with time. In 3xTGhippocampal
neurons, mitochondrial respiration is significantly decreased and glycolysis increased,
indicating a bioenergetic shift (Yao et al. 2009). Furthermore, in the hypothalamus,
mitochondrial dysfunction appears as early as two months of age in 3xTG females,
but requires six months to manifest in males; sex-based differences also emerge in the
expression of mitochondrial complex II and III subunits (Adlimoghaddam, Fontaine,
and Albensi 2024). Collectively, these studies strongly implicate ER Ca2+ dysregulation
as central to AD neuropathology.

Although both APP and PSN1 mutations have been shown to disrupt Ca2+ handling
and metabolism in cell culture experiments (Gazda, Kuznicki, and Wegierski 2017;
Lopez Sanchez et al. 2017), early ER related Ca2+ disruption in hippocampal neurons of
3xTG mice appears specifically attributable to PSN1 dysfunction. KI of the PSN1M146V

mutation impairs hippocampus-dependent contextual learning and correlates with re-
duced adult neurogenesis in the dentate gyrus (Wang et al. 2004). Moreover, reverse
transcription PCR experiments have shown that APPSwe and tauP301L transgenes are not
expressed in hippocampal cultures from 3xTG mice before day 18 in culture, indicating
that the early Ca2+ dysregulation observed at day 13 in culture is primarily attributable

113



to the PSN1M146V mutation (Zhang et al. 2010).

More broadly, if such Ca2+ dysregulation and bioenergetic reprogramming represent
core features of AD pathophysiology, similar phenotypes would be expected to emerge
not only in familial models but also, at least in part, in more common sporadic forms of
the disease. In this context, however, it remains unclear whether the constitutive ER
Ca2+ leak, spontaneous oscillations, and bioenergetic shift seen in 3xTG neurons also
occur in human cells carrying analogous PSN1 mutations. The PSN1M146V mutation
substitutes methionine for valine in exon 5, within the protein’s second transmembrane
domain (Alzheimer’s Disease Collaborative Group 1995). Likewise, the PSN1M139V

mutation substitutes methionine for valine in the same domain but at position 139 rather
than 146 (Alzheimer’s Disease Collaborative Group 1995). The availability of patient-
derived iPSCs harbouring PSN1M139V enables investigation of presenilin-mediated
Ca2+ disruptions during early human neuronal differentiation.
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4.1.1 Chapter Aims

We hypothesised that human neural cultures derived from iPSCs originating from an
individual expressing a mutation in the presenilin-1 (PSEN1), a known EOFAD-causing
variant, would display altered intracellular calcium signalling and modified cellular
metabolism to iPSCs derived from a healthy comparator.

To investigate this hypothesis, the specific aims of this chapter were as follows:

1. To use calcium imaging to determine if cellular homeostasis was modified in
NPCs, novel 2D DGNs, and 3D cerebroids derived from iPSCs containing the
PSEN1 mutation.

2. To Seahorse XF96 Analyzer to assess cellular metabolism in healthy- and familial
AD-derived NPCs.

Techniques used:

1. Neural progenitor cell culture (2.4).

2. Neural progenitor cell coverslip culture (2.4.6).

3. Perfusion bath calcium imaging (2.8).

4. Seahorse MitoStress Testing (2.9.1).

Flow chart of experimental designs (present in corresponding Methods).
Data analysis (2.8.3, 2.9.3).
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4.2 Results

4.2.1 PSEN1 mutant NPCs show increased basal cytosolic calcium

The Calcium Hypothesis of AD posits a bidirectional relationship between intracellular
Ca2+ dysregulation and Aβ pathology, in which disturbances in calcium homeostasis
can both arise from, and contribute to, amyloidogenic processes (see section 1.3.1).
In the context of sporadic AD, this may occur following external insult or oxidative
stress accumulated over the lifetime of an individual. For the Calcium hypothesis to
encompass and explain all current evidence for AD induction, FAD mutations would
need to cause either an innate disturbance in homeostatic calcium balance within neural
cells, or a susceptibility to damage and/or disruption of calcium regulating components.
As such, any mutation-linked disturbances may already be observable in NPCs without
the need to fully differentiate into mature neurons.

Similar to previous research in neurons from rodent models of AD (Kaar 2019), the
PSN1 mutant NPC line M139V demonstrated higher levels of cytosolic Ca2+ fluo-
rescence (13.64±0.9523 A.F.U., n = 65 cells from 6 coverslips, from 3 independent
differentiations) than controls (7.10±0.3501, n = 79, 10, 4.)(Welch’s t test comparison,
mean±SEM, p < 0.0001, Fig. 4.1).
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Figure 4.1: Basal cytosolic calcium fluorescence is increased in NPCs containing
a PSEN1 mutation. Box & whisker plot (box = median +/- quartile range, whiskers
= min to max values) illustrate relative fluorescence in neural progenitor cells (NPCs)
derived from healthy (CaCntrl) donor and an individual with Alzheimer’s disease (AD)
with a PSEN1M139V mutation (PSN1). Each data point represents a single cell. ****
indicates p < 0.0001. A.F.U.: arbitrary fluorescence units.
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4.2.2 Voltage-gated calcium entry is increased in PSEN1 mutant
NPCs

Given the elevated resting levels of Ca2+ in PSN1 NPCs, we examined whether al-
terations in Ca2+ influx was a contributory factor to the observed phenotype. NPCs
depolarise in response to elevated extracellular KCl. Due to the high permeability
of the resting neural membrane to K+, increasing extracellular potassium depolarises
cells and triggers Ca2+ entry through L-type voltage-gated calcium channels (VGCCs)
(Rienecker, Poston, and Saha 2020). Multiple AD animal models containing different
PSEN1 mutations exhibit increased VGCC expression and activity, potentially in re-
sponse to inaccurate sensing of intracellular calcium stores (Cook et al. 2005).

To activate VGCCs, NPCs were exposed for 30 s to 50 mM extracellular K+ (Fig 4.2),
and the resulting fluorescence increase was compared between control and PSN1 mutant
NPCs (Mann-Whitney test; data given as Median, IQR[Q1,Q3], with U statistic and
P value; control n = 73, 10, 4. PSN1 n = 71, 6, 3. Fig 4.3). PSN1 NPCs showed
significantly greater total peak area (627.6, [361.1, 1021] vs. 2777, [1503, 3953] AUC,
U = 325.5, p < 0.0001), maximal peak amplitude (31.19, [18.61, 49.10] vs. 78.80,
[63.95, 102.4] A.F.U., U = 516.5, p < 0.0001) and relative fluorescence change from
baseline (93.37, [55.87, 149.8] vs. 512.1, [146.0, 755.7], U = 1010, p < 0.0001),
whereas the duration of Ca2+ transients did not differ (140.5, [103.2, 147.6] vs. 141.5,
[127.6, 145.8] s, U = 2152, p = 0.2710).

These results are indicative of the PSN1 mutation enhancing VGCC Ca2+ entry in
NPCs.
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Figure 4.2: Neural progenitor cells containing a PSN1 mutation show enhanced
calcium response to 50 mM extracellular K+. Time course traces of calcium fluores-
cence signal of NPCs in response to 30 s exposure to 50 mM K+. CaCntrl in blue, PSN1
in purple. Data are presented as mean±SEM. A.F.U.: arbitrary fluorescence units.
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Figure 4.3: Calcium signalling in response to 50 mM K+ is increased in PSEN1 mutant NPCs. Box & whisker plots (box = median +/- quartile
range, whiskers = min to max values) illustrate relative fluorescence in cells from neural progenitor cells (NPCs) derived from healthy (CaCntrl) and
an individual with Alzheimer’s disease (AD) with a PSEN1M139V mutation (PSN1) in response to a thirty second exposure to an additional 50mM
extracellular K+. A: duration of the fluorescence peak. B: total area under the curve of the fluorescence peak. C: relative change in fluorescence peak
amplitude from baseline. D: the absolute change in fluorescence amplitude. Each data point represents a single cell. **** indicates P <0.0001.
A.F.U.: arbitrary fluorescence units.
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4.2.3 Calcium store release is increased in PSEN1 mutant NPCs

Given that NPCs do not possess fully functional group 1 metabotropic glutamate re-
ceptors (mGluRs), Ca2+ release from the ER cannot be consistently evoked by DHPG
(Suzuki et al. 2006). Instead, total intracellular Ca2+ store release was induced by
the calcium ionophore, ionomycin. Although ionomycin is a relatively ‘blunt’ tool, it
forms pores in both intracellular and plasma membranes, it was chosen for its consistent
efficacy in our NPC experiments.

To quantify calcium release, NPCs were exposed to 10 µM ionomycin for 2 min. PSN1
NPCs exhibited a significantly larger relative fluorescence change (median, [IQR]:
343.1, [52.4, 554.8]; n = 64, 6, 3.) than controls (160.2, [101.4, 228.5]; n = 65, 10,
4.=; Mann–Whitney U = 1874, p = 0.0006; Fig. 4.4B). In contrast, there were no
differences in peak area under the curve (1695, [1169, 2888] vs. 1554, [440.3, 2972]
AUC; U = 2018, p = 0.1660) or maximal peak amplitude (25.43, [15.03, 47.41] vs.
22.56, [8.130, 43.03]; U = 1811, p = 0.1622).

These data indicate that although the PSEN1M139V mutation did not alter the overall
magnitude of the ionomycin-evoked Ca2+ response, it was associated with altered
calcium release kinetics. To confirm the magnitude, and direction of this change in
release dynamics further analyses were conducted.

The times for fluorescence signals to reach half their maximum amplitude were sig-
nificantly shorter in PSN1 NPCs (94.31±2.3567, n = 64, 6, 3.) than CaCntrl NPCs
(108.87±1.9007, n = 65, 10, 4.)(Welch’s t-test, mean±SEM, p < 0.0001, Fig. 4.5).
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Figure 4.4: Cellular calcium increases in response to 10 µM ionomycin is altered in PSN1 mutant NPCs. Box & whisker plots (box = median +/-
quartile range, whiskers = min to max values) show responses of NPCs derived from healthy (CaCntrl) and PSEN1M139V (PSN1) AD donors to
10 µM ionomycin (2 min), and measured for a defined time period following exposure A: total area under the curve of the fluorescence peak. B:
relative fluorescence change from baseline. C: the absolute change in fluorescence amplitude. Each data point represents a single cell. *** indicates
p < 0.001. A.F.U.: arbitrary fluorescence units.122
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4.2.4 Bioenergetics are suppressed in PSEN1 mutant NPCs

The disruption of intracellular calcium homeostasis observed in PSN1-mutant NPCs
raises the question of whether broader homeostatic processes, particularly cellular
metabolism, may also be compromised. Mitochondria play a central role in both energy
production and calcium buffering, and there exists a well-established interplay between
calcium signalling and metabolic regulation in neurons (Liiv et al. 2024). The processes
of synaptic activity and plasticity are highly energy-dependent, relying on the tight
coupling of ATP generation to calcium fluxes across mitochondrial and endoplasmic
reticulum membranes (Baloyannis 2020). A disturbance in this coupling, particularly if
it occurs early in development, may indicate a fundamental vulnerability in the bioener-
getic machinery of neurons predisposed to AD. Importantly, if these impairments are
genetically encoded or developmentally programmed, they may be detectable in NPCs,
the immediate precursors to mature neural cells.

To test this possibility, Seahorse XF96 Cell Mito Stress Tests were performed on NPCs
derived from control and PSEN1 mutant iPSC lines (full methods in section 2.9.1). Oxy-
gen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
following sequential injections of oligomycin, carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP), and rotenone/antimycin A. To account for independent exper-
imental plate variance, intra-plate well correlation, and unbalanced well replications per
experiment post outlier removal, a linear mixed-effects model (Measure~Cell_line +

Drug_treatment + (1|Experiment)), weighted by the number of aggregated wells within
a plate, was applied to the calculated bioenergetic measures (for full explanation of
bioenergetic measures see 2.13).

In contrast to the elevated basal intracellular calcium concentration ([Ca2+]i) and po-
tentiated responses to certain stimuli, PSN1 NPCs showed suppression of bioenergetic
measures (Fig. 4.6A) and (Fig. 4.7A). Custom post-hoc analyses comparing PSEN1
(nbio =5 independent experiments and nwell =57 aggregated wells across all experi-
ments) and CaCntrl (nbio=5, nwell =59) NPCs showed significantly reduced basal respi-
ration (−0.044∆OCR, p < 0.0001, Fig. 4.6B), ATP-linked respiration (−0.0386∆OCR,
p < 0.0005, Fig. 4.6C) maximal respiration (−0.155∆OCR, p < 0.0001, Fig. 4.6D),
non-mitochondrial respiration (−0.017∆OCR, p < 0.0001, Fig. 4.6E), spare respiratory
capacity (−0.111∆OCR, p < 0.0001, data not shown), and proton leak (−0.006∆OCR,
p < 0.0001, Fig. 4.6F)(OCR units = (pmol O2·min−1·µg−1·mL−1 Protein)) in the PSN1
NPCs relative to control. However, no significant changes between lines was observed
in coupling efficiency (−0.453∆OCR, p = 0.7848, Fig. 4.6G), a measure assessing the
relationship between basal respiration and ATP synthesis.
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Similarly, for ECAR-derived measures (ECAR units = (mpH·min−1·µg−1·mL−1 Protein)),
basal ECAR (−0.010∆ECAR, p < 0.0010, Fig. 4.7B), maximal ECAR (−0.020∆ECAR,
p < 0.0001, Fig. 4.7C), and glycolytic reserve capacity (−0.010∆ECAR, p < 0.0001,
Fig. 4.7D) were all significantly decreased in PSN1 NPCs compared to controls.

Together, these findings demonstrate that PSN1-mutant NPCs exhibit a broad suppres-
sion of both mitochondrial respiration and glycolytic flux, while the preserved coupling
efficiency rules out an inherent ATP-synthesis defect. Such a global down-regulation
of bioenergetic capacity may render developing neurons particularly vulnerable to
metabolic stress.
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4.2.5 Real-time OCR measurements corroborate suppressed
metabolic state in PSN1 NPCs

While Seahorse Analyser assessment of OCR is considered a gold-standard in research,
it is still an end-point experiment conducted outside of the cells standard culture en-
vironment. To see if the suppressed metabolic state of PSN1 NPCs observed in the
previous Seahorse experiments (section 4.2.4) would be present in standard culture
conditions, we used the Resipher system by Lucid Scientific to continually measure
OCR over 90 hours (see 2.9.4). While OCR measurement commenced as soon as cells
were returned to the incubator, the first 24 hours were excluded from analysis fue to the
fact that we designated this as a stabilization period for the cells.

A linear mixed-effects model applied to the data (Measurement~Cell_line ∗ poly(Time,2)
+ (1 + poly(Time,2)|ID)) reaffirmed a significant effect of the cell line (estimate differ-
ence =−0.16, p = 0.0234) on NPCs metabolic state, with the PSN1 (n=11 wells) line
exhibiting lower OCR than CaCntrl (n=12 wells) NPCs (Fig. 4.8). This model was cho-
sen as it allowed for repeated measurements, and could account for inter-well variability
within groups. Additionally, the temporal dynamics of cell line differences in OCR were
also observable. OCR in both cell lines changed non-linearly over time (p < 0.0000
for both linear and quadratic time terms). Indicating that mitochondrial activity does
not follow a simple unidirectional trend, but involves both an initial increase and a
later plateau or decline. While OCR increased in both cell lines over time, reflecting
early adaptation or cell proliferation-associated metabolic demand, PSN1-mutant cells
showed a steeper initial increase (p = 0.0018 for the interaction between cell line and
linear time). However, this was followed by an earlier and more pronounced decline
in OCR in the PSN1-mutant cells (p <0.0000 for the interaction between cell line and
quadratic time).

As in the seahorse experiments, PSN1 NPCs showed a suppressed OCR in comparison
to CaCntrl healthy control cells, now accompanied by an altered metabolic-temporal
profile. The sharper rise and subsequent fall in OCR in PSN1 NPCs may indicate a
compensatory metabolic response that is ultimately unsustainable.
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4.2.6 Dantrolene pretreatment differentially alters NPC
respiration and glycolysis

Given the elevated levels of cytosolic calcium in PSN1 NPCs (section 4.2.1) which
contrasted with the suppression of most components of mitochondrial glycolysis and
the electron transport chain (section 4.2.4) in the same cells, we sought to examine
a direct link between the [Ca2+]i and bioenergetic phenotypes. To do this PSN1 and
CaCntrl NPCs were exposed to 10 µM dantrolene for 24 hours prior to the Mito Stress
Test. Dantrolene is an inhibitor of RyR-mediated Ca2+ release from the ER, which
should lead to a decrease in cytosolic calcium (Noda et al. 2022).

As with the examination of cell line as a factor affecting metabolic behaviour (see
section 4.2.4), OCR and ECAR were measured following sequential injections of
oligomycin, FCCP, and rotenone/antimycin A (Fig. 4.9A). To again account for in-
dependent experimental plate variance, intra-plate well correlation, and unbalanced
well replications per experiment and experimental condition post outlier removal, a
linear mixed-effects model (Measure~Cell_line + Drug_treatment + (1|Experiment)),
weighted by the number of aggregated wells within a plate, was applied to the data.
Custom post-hoc analyses reported the following differences with Benjamini-Hochberg
adjusted p values.

The significant suppression of basal respiration in PSN1-mutant cells (nbio=10, nwell =

110) compared to CaCntrl cells (nbio=10, nwell =110) was corroborated in this anal-
ysis with more well replicates (−0.041∆OCR, p < 0.0001, Fig. 4.9B, OCR units =
(pmol O2·min−1·µg−1·mL−1 Protein)). Unexpectedly, dantrolene pretreatment signifi-
cantly increased basal respiration in both cell lines (+0.020∆OCR, p = 0.0139, CaCntrl
Control nbio =5, nwell =59, CaCntrl Dantrolene (nbio =5, nwell =51), PSN1 Control
(nbio=5, nwell =57), PSN1 Dantrolene (nbio=5, nwell =53 ), but interestingly the basal
respiration of PSN1 NPCs returned to a level statistically indistinguishable from healthy
controls (−0.020, p = 0.0662).

A similar pattern of a significant reduction in a given energetic measure in PSN1
cells, a significant increase in a given measure following dantrolene pretreatment,
and a sufficient rise in treated PSN1 cells to statistically equivalent levels as untreated
healthy controls, was also seen for ATP-linked respiration (cell line effect −0.035∆OCR,
p < 0.0001; dantrolene treatment +0.008∆OCR, p = 0.0043; PSN1 Dantrolene−CaCntrl
Control −0.017∆OCR, p = 0.1257; Fig. 4.10A) and non-mitochondrial respiration (cell
line effect −0.017∆OCR, p < 0.0001; dantrolene treatment +0.010∆OCR, p = 0.0043;
PSN1 Dantrolene−CaCntrl Control −0.007∆OCR, p = 0.1495; Fig. 4.11A). However,
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an increase in PSN1 cells to healthy control levels following drug treatment was not seen
for maximal respiration (cell line effect −0.140∆OCR, p < 0.0001; dantrolene treatment
+0.066∆OCR, p =0 .0014; PSN1 Dantrolene−CaCntrl Control −0.073, p = 0.0081;
Fig. 4.10B), spare respiratory capacity (cell line effect −0.099∆OCR, p < 0.0001;
dantrolene treatment +0.046∆OCR, p = 0.0017; PSN1 Dantrolene−CaCntrl Control
−0.053, p = 0.0070; Fig. 4.11B). Dantrolene treatment had no effect on proton leak (cell
line effect −0.006∆OCR, p < 0.0001; dantrolene treatment +0.002∆OCR, p = 0.1130;
PSN1 Dantrolene−CaCntrl Control −0.004, p = 0.0910; Fig. 4.12A) nor coupling
efficiency (cell line effect −0.004∆%, p < 0.8289; dantrolene treatment +0.007∆%,
p = 0.8289; PSN1 Dantrolene−CaCntrl Control +0.004∆%, p = 0.8289; Fig. 4.12B)
relative to control.

Within the ECARiderived measures (Fig. 4.13A, ECAR units = (mpH·min−1·µg−1·
mL−1 Protein)), dantrolene pretreatment significantly increased basal ECAR (cell line
effect −0.008∆ECAR, p < 0.0118; dantrolene treatment +0.006∆ECAR p = 0.0388;
PSN1 Dantrolene−CaCntrl Control −0.002∆ECAR, p = 0.5766; Fig. 4.13B), but
did not have a significant effect on maximal ECAR (cell line effect −0.016∆ECAR,
p < 0.0118; dantrolene treatment +0.006∆ECAR, p = 0.1083; PSN1 Dantrolene−CaCntrl
Control −0.010∆ECAR, p = 0.0778; Fig. 4.14A) nor glycolytic reserve (cell line effect
−0.008∆ECAR, p < 0.0001; dantrolene treatment −0.001∆ECAR, p = 0.978; PSN1
Dantrolene−CaCntrl Control −0.008∆ECAR, p = 0.0023; Fig. 4.14B) compared to
control.
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Figure 4.9: Dantrolene pretreatment increases basal respiration in NPCs. A: Traces illustrating oxygen consumption rate (OCR) over a period
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Figure 4.11: Dantrolene pretreatment increases non-mitochondrial respiration and spare respiratory capacity in NPCs. Bar charts (model-
estimated marginal mean±SEM) show cell line and drug treatment differences in A: non-mitochondrial respiration, and B: spare respiratory capacity
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Figure 4.12: Dantrolene pretreatment does not affect NPC proton Leak or coupling Efficiency. Bar charts (model-estimated marginal
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Figure 4.13: Dantrolene pretreatment increases basal ECAR in NPCs. A: Traces illustrating extracellular acidification rate (ECAR) over a period
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Figure 4.14: Dantrolene pretreatment does not affect maximal ECAR or glycolytic reserve in NPCs. Bar charts (model-estimated marginal
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box). ** and **** indicate p < 0.01 and p < 0.0001 respectively.
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4.2.7 Acute NMDA treatment shows weak effect on baseline NPC
metabolic readings

Contrasting with the actions of dantrolene, exposure of cells to NMDA (2 µM) induces
a rapid transient increase in cytosolic calcium via the opening of the glutamate-gated
Ca2+channels, NMDA receptors. Thus, if suppressing [Ca2+]i restored some of the
metabolic deficits present in PSN1 NPCs, we wondered if increasing intracellular
[Ca2+]i would have a contrasting effect.

Differing from the previous Mito Stress Test experimental designs, OCR and ECAR
were measured following sequential injections of NMDA, oligomycin, FCCP, and
rotenone/antimycin A (Fig. 4.15A). Prior to the full assessment of all bioenergetic
measures, the acute effects of 2 µM NMDA treatment on basal respiration, and the
effects of time on basal respiration were assessed using a linear mixed-effects model
(Measure~Cell_line + Effective_treatment + time + (1|ID))(CaCntrl Pre-treatment
nbio = 5, nwell = 59, CaCntrl Post-treatment nbio = 5, nwell = 50, PSN1 Pre-treatment
nbio=5, nwell =57, PSN1 Post-treatment (nbio=4, nwell =33; OCR units = (pmol O2·
min−1·µg−1·mL−1 Protein)). This was to account for any changes occurring in the time
between the first basal respiration/ECAR reading prior to NMDA injection, and the
reading afterwards (approximately 6 minutes). Custom post-hoc analyses following
Benjamini-Hochberg adjustment showed a significant reduction in basal respiration
following both drug treatment(NMDA−Sham −0.007∆OCR, p = 0.0325, Fig. 4.15B,
C) and a treatment-free waiting step time-matched to the drug treatment measures
(Post-treatment−Pre-treatment −0.003∆OCR, p = 0.0325, Fig. 4.15D, E).

The matched ECAR comparison (Fig. 4.16A, ECAR units = (mpH·min−1 ·µg−1 ·
mL−1 Protein)) detected no effect of acute NMDA treatment (NMDA−Sham
−0.000∆ECAR, p = 0.6430, Fig. 4.16B, C) or time (Post-treatment−Pre-treatment
+0.001 ∆ECAR, p = 0.1530, Fig. 4.16D, E) on basal ECAR.
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Figure 4.15: Acute NMDA exposure and time decreases basal NPC respiration.
A: Traces illustrating oxygen consumption rate (OCR) over a period of 90 minutes in
control (CaCntrl, in blue) and presenilin-mutant (PSN1, in purple) NPCs, either treated
with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box) at 15 distinct
time points. Data are presented as mean±SEM. The additions of NDMA, oligomycin,
FCCP, and rotenone and antimycin A between recordings are denoted with arrows. Bar
charts (model-estimated marginal mean±SEM) show B, C: drug treatment and D, E:
time differences in basal respiration. * indicate p < 0.05.
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Figure 4.16: Neither time nor acute NMDA exposure affect basal NPC ECAR. A:
Traces illustrating extracellular acidification rate (ECAR) over a period of 90 minutes in
control (CaCntrl, in blue) and presenilin-mutant (PSN1, in purple) NPCs, either treated
with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box) at 15 distinct
time points. Data are presented as mean±SEM. The additions of NDMA, oligomycin,
FCCP, and rotenone and antimycin A between recordings are denoted with arrows. Bar
charts (model-estimated marginal mean±SEM) show B, C: drug treatment and D, E:
time differences in basal respiration.
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4.2.8 NMDA treatment shows no effect on NPC metabolic
measures

Despite detection of a mild effect of NMDA on basal respiration in paired analysis,
no statistically significant differences induced by NMDA treatment were observed by
unpaired analysis using a simplified linear mixed-effects model (Measure~Cell_line
+ Drug_treatment + (1|Experiment)) in standard basal respiration (cell line eddect
−0.034∆OCR, p = 0.1480; NMDA treatment −0.005∆OCR, p = 0.6972; PSN1 NMDA
−CaCntrl Control −0.040∆OCR, p=0.1758; Fig. 4.17A), ATP-linked respiration (cell
line effect −0.030∆OCR, p = 0.2336; NMDA treatment −0.006∆OCR, p = 0.6291;
PSN1 NMDA−CaCntrl Control −0.035∆OCR, p = 0.2336; Fig. 4.17B), maximal
respiration (cell line effect −0.125∆OCR, p < 0.0001; NMDA treatment +0.100∆OCR,
p=0.6536; PSN1 NMDA−CaCntrl Control −0.115∆OCR, p=0.0020; Fig. 4.18A),
non-mitochondrial respiration (cell line effect −0.014∆OCR, p < 0.0001; NMDA
treatment +0.005∆OCR, p = 0.8897; PSN1 NMDA−CaCntrl Control −0.013∆OCR,
p < 0.0093; Fig. 4.18B), proton leak (cell line effect −0.006∆OCR, p = 0.0017; NMDA
treatment −0.000∆OCR, p = 0.8334; PSN1 NMDA−CaCntrl Control −0.006∆OCR,
p = 0.0252; Fig. 4.19A), coupling efficiency (cell line effect +0.007∆%, p = 0.7623;
NMDA treatment −0.040∆%, p = 0.5452; PSN1 NMDA−CaCntrl Control −0.032∆%,
p = 0.7466; Fig. 4.19B), spare respiratory capacity (cell line effect −0.089∆OCR,
p < 0.0001; NMDA treatment +0.017∆OCR, p = 0.2480; PSN1 NMDA−CaCntrl Con-
trol −0.071∆OCR, p = 0.0055; Fig. 4.20A), basal ECAR (cell line effect −0.010∆ECAR,
p=0.0579; NMDA treatment +0.005∆ECAR, p = 0.3021; PSN1 NMDA−CaCntrl
Control −0.005∆ECAR, p = 0.3021; Fig. 4.20B), maximal ECAR (cell line ef-
fect −0.019∆ECAR, p=0.0002; NMDa treatment +0.005∆ECAR, p=0.2480; PSN1
NMDA−CaCntrl Control +0.005∆ECAR, p=0.1568; Fig. 4.21A), or glycolytic re-
serve (cell line effect −0.09∆ECAR, p = 0.0212; NMDA treatment +0.001∆ECAR,
p=0.7695; PSN1 NMDA−CaCntrl Control −0.008∆ECAR, p = 0.2053; Fig. 4.21B) in
either cell line.
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Figure 4.17: Acute NMDA exposure has no effect on NPC Basal nor ATP-Linked Respiration in unpaired analysis. Bar charts (model-estimated
marginal mean±SEM) show cell line and drug treatment differences in A: basal and B: ATP-linked respiration in control (CaCntrl, in blue) and
presenilin-mutant (PSN1, in purple) NPCs, either with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box).
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Figure 4.18: Acute NMDA exposure has no effect on maximal or non-mitochondrial respiration in NPCs. Bar charts (model-estimated marginal
mean±SEM) show cell line and drug treatment differences in A: maximal and B: non-mitochondrial respiration in control (CaCntrl, in blue) and
presenilin-mutant (PSN1, in purple) NPCs, either with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box). ** and **** indicate
p < 0.01 and p < 0.0001 respectively.
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Figure 4.19: Acute NMDA exposure has no effect on proton leak or coupling efficiency in NPCs. Bar charts (model-estimated marginal
mean±SEM) show cell line and drug treatment differences in A: proton leak and B: coupling efficiency in control (CaCntrl, in blue) and presenilin-
mutant (PSN1, in purple) NPCs, either with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box). * and ** indicate p < 0.05 and p < 0.01
respectively.
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Figure 4.20: Acute NMDA exposure has no effect on spare respiratory capacity or basal ECAR in NPCs. Bar charts (model-estimated marginal
mean±SEM) show cell line and drug treatment differences in A: spare respiratory capacity and B: basal ECAR in control (CaCntrl, in blue) and
presenilin-mutant (PSN1, in purple) NPCs, either with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box). * and *** indicate p < 0.05
and p < 0.001 respectively.
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Figure 4.21: Acute NMDA exposure has no effect on maximal ECAR or glycolytic reserve in NPCs. Bar charts (model-estimated marginal
mean±SEM) show cell line and drug treatment differences in A: maximal ECAR and B: glycolytic reserve in control (CaCntrl, in blue) and
presenilin-mutant (PSN1, in purple) NPCs, either with 2 µM NMDA (NMDA, dotted boxes) or not (Control, plain box). * and *** indicate p < 0.05
and p < 0.001 respectively.
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4.3 Discussion

PSEN1-mutant iPSC-derived cells exhibited a clear disturbance in calcium home-
ostasis accompanied by a suppressed metabolic phenotype. First, we observed that
basal cytosolic calcium levels were significantly elevated in NPCs harbouring the
PSEN1M139V mutation. This finding is consistent both with our own laboratory’s
previous observations, as well as with reports in the literature using the PSEN1M146V-
expressing 3xTG AD model, likewise leads to increased resting intracellular calcium
(Kaar, Weir, and Rae 2024; Smith et al. 2005). Second, VGCC activity was augmented
in PSN1 NPCs, whereas the duration of intracellular calcium transients was unchanged,
indicating that there was no effect on calcium buffering and clearance. Despite this,
the response amplitude (∆F/F) to ionomycin stimulation did not differ between mu-
tant and control lines, and there was no change in peak fluorescence, suggesting that
total accessible calcium remained similar. The apparent discrepancy between higher
basal intracellular calcium levels and unaltered peak amplitude and the magnitude of
the evoked calcium responses(peak area under the curve) may reflect a maintained
physiological upper limit to the transient paired with and increase in peak area that
failed to reach statistical significance under our experimental conditions. The change in
∆F/F was explained by further investigation of the signal kinetics. There are a couple
of plausible explanations for the faster calcium rise in PSN1 NPCs. Even though the
effects of ionomycin are non-receptor-mediated, local microdomains of higher free
ER Ca2+ can trigger adjacent IP3Rs or RyRs in CICR, which, as discussed previously
(section 1.2), is known to be heightened in AD models (Payne et al. 2013). If ER tubules
are more closely apposed to the cytosol or plasma membrane, ionomycin-opened pores
may empty more directly into cytosolic microdomains, speeding the rise in fluorescent
signal. As noted in section 4.2.3, ionomycin is a relatively ‘blunt’ tool for estimat-
ing the release of intracellular calcium stores, since any measured signal invariably
includes contaminating influx of extracellular Ca2+. Although all experiments were
performed in defined extracellular solutions (Table 2.10), we cannot quantify how
much variability in our measurements arises from this external influx. Precisely assess-
ing calcium levels within specific organellars requires the genetically-encoded calcium
indicators (Olszakier et al. 2025), but such tools were not at the lab’s disposal at the time.

In parallel with altered calcium handling, PSN1 NPCs displayed a suppressed bioener-
getic profile in both Seahorse XF and Resipher assays. Basal and maximal respiration,
as well as spare respiratory capacity, were all significantly reduced relative to controls.
Coupling efficiency, however, remained unchanged, indicating that ATP-synthase func-
tion per se was not impaired. Notably, although we initially predicted that elevated
[Ca2+]i would stimulate mitochondrial dehydrogenases and thereby increase oxidative
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metabolism, we in fact observed the opposite, suggesting a defect downstream of cal-
cium uptake or an adaptive downregulation of respiratory capacity.

To probe whether reducing calcium flux might restore metabolic function, we pre-
treated cells with dantrolene, a RyR antagonist expected to diminish ER calcium release.
Contrary to our initial assumption that dantrolene would further suppress metabolism,
we found that it actually significantly increased both basal and maximal respiration in
PSN1 and control lines (with the exception of proton leak, coupling efficiency, maxi-
mal ECAR, and glycolytic reserve, which were unaffected). Because proton leak was
unchanged, it is unlikely that dantrolene acts via uncoupling at the inner mitochondrial
membrane. Similarly, unchanged glycolytic parameters suggests that there was no
compensatory shift toward glycolysis. Instead, these results imply that in the basal state
PSN1 cells may experience mitochondrial calcium overload; by limiting ER calcium
release, dantrolene may be alleviating this overload, thereby improving mitochondrial
efficiency.

We also examined the effect of NMDAR activation on cellular respiration. Overall,
NMDA had no significant impact on this facet of cellular function, except in paired
analyses of immediate post-treatment oxygen consumption. Although subtle, this trend
aligns with the hypothesis that excessive calcium influx through NMDARs could con-
tribute to transient mitochondrial dysregulation. However, the effect was not robust,
and further work, such as direct measurement of mitochondrial calcium uptake, will be
required to substantiate the evidence for such a mechanism. If the effect we observed
was real, similar to our results with dantrolene, it is the opposite what we initially
predicted, with an NMDAR-mediated increase in [Ca2+]i leading to a decrease in basal
metabolism. This would align with the implication that the cells are already in a state
of calcium overload prior to drug treatment.

Resipher real-time impedance measurements supported the proposal that the PSN1 cells
displayed a suppressed metabolic phenotype compared to controls. The mutant line
showed a steeper initial rise in oxygen consumption followed by an earlier decline
compared to controls, indicating a significantly impaired ability to sustain elevated
oxidative phosphorylation during the growth and expansion phase. This dynamic pro-
file reinforces the static Seahorse data and highlights the functional consequence of
presenilin-linked calcium dysregulation on bioenergetic resilience. However, to disen-
tangle the potential contribution of PSEN1 protein dysfunction to mitotic capacity from
differences in oxygen consumption between the two lines, additional experiments di-
rectly assessing proliferation would be appropriate, for example scratch wound-healing
assays (Labovitz et al. 2026) or continuous in-incubator cell tracking using an IncuCyte
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imaging system (Ahmad, Wood, and Scott 2022).

A methodological limitation that may have reduced the sensitivity of the Seahorse
experiments should be noted. Specifically, we normalized Seahorse data to total protein
content, the only quantification method available in our laboratory at the time. However,
total protein measurements cannot account for any cell loss or death that occurs prior to,
or during, the assay, with washing and pipetting steps introducing additional variability.
Future studies should implement alternative normalization strategies, such as nuclear
staining or cell counting, to improve accuracy (Yoo et al. 2024).

4.4 Conclusion

These results demonstrate that the M139V presenilin mutation perturbs calcium
homeostasis in iPSC-derived neural progenitors, leading to a compromised respiratory
phenotype that may be partially rescued by modulating ER calcium release. These
findings validate insights derived previously from certain AD-animal models in a human
context.
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HSV IN HUMAN NEURONAL TRAFFICKING

Preface to Chapter 5

Previous work that has been conducted seeking to understand the potential role of herpes
simplex viruses in the aetiology of certain neurodegenerative diseases have used animal
models or observational clinical data. As discussed in the general introduction (section
1.3.5), while these data offer significant correlative evidence for HSV’s involvement
in human AD induction they cannot proffer a solid causative link between the two.
HSV’s ability to interact and "hijack" innate neuronal trafficking systems is of particular
interest in our lab. An initial planned component of this thesis work was the use of
human cerebral organoids to study direct effects of HSV infection on human brain
tissue. Due to unforeseen circumstances, this work could not be carried out. However,
the following chapter is a systematic review that was conducted in the early stages of
the project in order to compile the body of current knowledge that had found direct
modulation of human neuronal trafficking components by HSV 1 or 2, and to also
outline measurable variables in any future studies.

Chapter 5 was released as a preprint on medRxiv on January 09 2025:

Direct Evidence of alteration to the human neural intracellular trafficking system
following exposure to HSV: A systematic Review of the Literature

Michael B. Vaughan, Dante J. Bellai & Mark G. Rae
doi: /10.1101/2025.01.09.25320268
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5.1 Introduction

5.1.1 Rationale

Human herpes viruses are a collection of DNA viruses that are defined by their
ability to remain dormant within host cells between periods of symptomatic infection
(Cohen 2020; Davison et al. 2009). Herpes simplex viruses 1 and 2 (HSV-1, HSV-2)
are estimated to infect 66.6% (0-49 years of age) and 13.2% (15-49 years of age) of the
global population respectively (James et al. 2020).

Most commonly associated with the oral or genital lesions that occur during periods of
active infections, both HSV subtypes can survive within sensory neurons for the lifetime
of infected individuals (Fields, Knipe, and Howley 2007–). Following primary infection
of the oral or genital mucosa, viral replicants undergo retrograde microtubule-associated
transport along axons of the sensory ganglia innervating infected tissue (Antinone and
Smith 2010; Hafezi et al. 2012). These neurons then either undergo productive lytic
infection, establish a latent infection, or achieve some intermediate state between the
two (Singh and Tscharke 2020). Lytic infection involves a well characterised process
of viral replication-associated gene expression, while viral latency is a process of near
total viral gene repression (Nicoll, Proença, and Efstathiou 2012; Whitley and Roizman
2001). In recent years there is growing recognition that viral reactivation, observed via

the detection of viral shedding, occurs more commonly than mucosal symptom presen-
tation (Ramchandani et al. 2016; Schiffer et al. 2014). Similarly, it is now appreciated
that rather than the viral genome remaining “silent” within neurons during periods
of latency, there are in fact repeated attempted reactivations that are quelled before
active viral replication commences (Ma et al. 2014; Russell and Tscharke 2016). Such
continuous activity begs the question; what effect does continual pathogen transcription,
replication and suppression have on neurons?

While herpes simplex encephalitis is a recognised rare acute infection of the central
nervous system (1 in 250000 - 500000 cases per year) that is primarily characterised by
inflammation (Rohani et al. 2023; Whitley 2006), the pathology of chronic neurotropic
infection with HSV is not well understood. The possible involvement of differing
herpes viruses in the development of Alzheimer’s disease (AD) is tentatively supported
by recent findings, such as the presence of HSV in amyloid plaques (Wozniak, Mee,
and Itzhaki 2009), the apparent neuroprotective effects of herpesviridae antivirals in
reducing risk of dementia development (Lopatko Lindman et al. 2021; Tzeng et al.

2018), and associations between HSV-1 infection susceptibility and the AD risk factor
allele APOE-ε4 (Bhattacharjee et al. 2008; Burgos et al. 2003; Linard et al. 2021).
Multiple reviews and talks are available outlining the full evidence for and against this
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Herpes-AD hypothesis (Itzhaki 2018, 2021; Wainberg et al. 2021).

Within our lab, the role of intracellular trafficking disruption in the aetiology of certain
neurodegenerative conditions is of particular interest. Several well-known neurode-
generative diseases are caused by protein misfolding or genetic mutations affecting
components of the vesicle trafficking system, such as microtubule integrity and en-
dosome mobility (Lewis 2021)(Fig.5.1 A). For example, AD is characterised by the
accumulation and aggregation of amyloid β (Aβ ) and hyperphosphorylated tau pro-
teins, Parkinson’s disease (PD) is associated with the misfolding of alpha-synuclein, and
Huntington’s disease is caused by a genetic mutation leading to the expansion of CAG
repeats in the HTT gene, resulting in the production of a misfolded huntingtin protein;
Each misfolded protein disrupts intracellular trafficking, leading to neuronal cell death
(Cookson 2009; Li and Li 2004; Selkoe and Hardy 2016). Conversely, amyotrophic
lateral sclerosis, Charcot-Marie-Tooth Disease, and hereditary spastic paraplegia, are
each caused by mutations in genes encoding trafficking components (TDP-43, RAB7A,
and SPG4 respectively) (Blackstone, O’Kane, and Reid 2011; Burkhardt et al. 2013;
Saveri et al. 2020). This is notable as the herpes viruses utilise the intracellular traf-
ficking system for viral entry and egress (Döhner et al. 2002)(Fig.5.1b). This usage of
intracellular components, paired with near ubiquitous population seropositivity and the
lifelong nature of the infections, has led to the belief that repeated disruption of what
will here be termed the human intraneuronal trafficking (HINT) system by HSV over
several decades could instigate neurodegenerative processes.

5.1.2 Objectives

The primary objective of this systematic review of the literature was to investigate
the known/confirmed effects of HSV on the HINT system. The secondary objective
was to identify specific alterations in HINT components induced by HSV for future
studies into the possible relation between viral infection and neurodegenerative diseases.

Given the human-specific nature of neurodegenerative diseases and the limitations
of aetiological discovery in animal studies to date, we have focused exclusively on
primary research assessing the intracellular trafficking system during and following
HSV infection in human neuronal cells.
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Figure 5.1: HINT & Herpes: Commonly recognised intracellular trafficking elements that
are disrupted by neurodegeneration (A) and herpes viruses infection (B). Neurodegenerative
diseases referenced include amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD), and
Parkinson’s disease (PD), alongside herpes simplex virus (HSV), varicella–zoster virus (VZV),
and Epstein–Barr virus (EBV).

5.1.3 Research Question

Is there any evidence of alterations to the neural endosomal network of humans after
exposure to HSV-1 and/or HSV-2 when compared to controls (unaffected cells)?

5.2 Methods

The search strategy was jointly designed by MBV and DJB and agreed upon with
MGR. The search, selection of studies, and data extraction were performed indepen-
dently by both MBV and DJB. Agreement on final report inclusion was achieved after
review of the full-text articles that met eligibility criteria by both MBV and DJB. Final
data synthesis and generation of the current manuscript was carried out by MBV and
MGR in line with Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 guidelines (Page et al. 2021).
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5.2.1 Search Strategy

The initial search strategy design for this study used the population, intervention,
comparison and outcome (PICO) model(Thomas et al. 2019). As such, the PICO terms
for this systematic review were as follows:

P: endosomal/intracellular trafficking network.
I: HSV1 and HSV2.
C: uninfected cells.
O: alteration of the intracellular/endosomal net-

work.

The “O” term herein refers to modifications in the network’s organellar systems, com-
pared to normal, including an increase and/or decrease in the number of organelles, an
increase and/or decrease in organellar signalling proteins, an increase and/or decrease
in the speed at which organelles move within the cell, a change in the concentration
of organelle contents, a difference in the permeability of organelle membrane or an
enlargement and/or shrinking of the organelles in size. During search term testing,
inclusion of C & O terms was overly limiting such that known reports relevant to the
research question were missed. As such, the final searches only used P & I based terms.

The following search terms were used:

endosome*, trans-golgi network, endocyt*, transport vesicles, endoplasmic reticulum,
golgi apparatus, lysosom*, transcytosis, exosom*, exocytos*, pinocytos*, rab gtp-
binding proteins, rab, rab* AND herpes simplex, herpesvirus 1 human, herpesvirus 2,
human, hsv.

For full search term descriptions and database listings see the supplementary informa-

tion.
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5.2.2 Eligibility Criteria

Search results were assessed for any mention of intracellular trafficking components
and HSV-1 and/or HSV-2. Studies were excluded if they were not original primary
research, were not yet peer-reviewed, unavailable in English or did not assess human
neuronal cells (Table 5.1).

Table 5.1: Search Eligibility Criteria.

Inclusion Exclusion
Population Primary or cultured human neuronal

cells. Cell lines that can be reasonably
considered neuronal due to origin or
the presence of neuro-specific cellular
components.

Non-neuronal human cells/tissues.
Non-human cells/tissues.

Intervention Studies specifically assessing HSV-1
and/or HSV-2 infection.

Studies assessing other herpes
viruses, or non-herpetic viral
infection.

Observations Studies presenting primary data on in-
tracellular trafficking components in
response to or in the presence of HSV.

Studies presenting data on any other
cellular component/system in re-
sponse to HSV including intercellu-
lar trafficking/communication.

Publication
type

Any report presenting original pri-
mary research data.

Review articles / experimental pro-
posals / editorials / commentaries

Language Studies published in English. Studies not published in English.

Peer review Studies published in a peer-reviewed
journal.

Studies not published in a peer-
reviewed journal, including pre-
prints.

The Web of Science, Scopus and Medline databases, were searched on the 5th July 2021.
This was repeated on the 28th of December 2021, the 10th of June 2023 and the 18th of
January 2023 to assess any newly published reports. Using our broad search terms, 6292
records were initially identified (Fig.5.2). Following automated duplicate removal by
EndNote software, and manual duplicate removal, 4185 reports were screened by title,
then by abstract content. 48 articles were screened based on their full text. Additional
eligible studies were located by assessing the bibliographies of reports that met final
eligibility criteria during the systematic search.

To address the aims of this study, eligible reports were further screened based upon the
presentation of observations/data of modification of the HINT system (described above
“O search term”) due to HSV1/2 herpes virus infection. Reports that focussed on viral
binding sites, transport mechanisms, or the effects of cellular activity on viral particles
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were excluded from our study.

Figure 5.2: Flow chart of screening, and criteria for inclusion and exclusion of
articles

5.3 Results and Discussion

Our database search produced 13 articles that met the eligibility criteria outlined
in Table 5.3. Of these, only five presented observations/data on effects on HSV on
HINT, and will be assessed separately in detail. Six of the remaining eligible reports
came from contemporary work from two separate labs, both of which worked on under-
standing the mechanisms of HSV transport and assembly within axons (Holland et al.

1999),(Saksena et al. 2006),(Miranda-Saksena et al. 2009) and (Snyder, Wisner, and
Johnson 2006),(Snyder, Polcicova, and Johnson 2008),(Wisner et al. 2011). Movaqar et

al. (2021) described the effect of autophagic activity on viral proliferation(Movaqar
et al. 2021), while Musarrat and colleagues (2021) only presented human cell data
regarding viral binding proteins(Musarrat, Chouljenko, and Kousoulas 2021). It is
notable that in all eligible reports, only HSV-1, not HSV-2 was studied. While these
results are interesting in and of themselves, adding to the body of species-specific viral
understanding, they do not provide actionable HINT data.
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Table 5.3: Summary of Studies Meeting Eligibility Criteria.

Author (Year) Title Cell Type Viral Strain Key Findings

(Acuña-Hinrichsen
et al. 2019)

Herpes Simplex Virus Type 1 Enhances
Expression of the Synaptic Protein Arc
for Its Own Benefit

H4 human neuroglioma,
SH-SY5Y

HSV-1 •Neuronal in vivo and in vitro infection of HSV-1 significantly increased Arc
protein levels dependent on active HSV-1 replication.
•Silencing Arc protein decreased HSV-1 protein and viral progeny levels.

(Holland et al.
1999)

Anterograde transport of herpes simplex
virus proteins in axons of peripheral
human fetal neurons: an
immunoelectron microscopy study

Foetal DRG HSV-1 (CW1) •Along the length of DRG axons nucleocapsid and tegument proteins frequently
colocalized, but rarely associated with glycoproteins gB, gC, and gD.
•No virus detected exiting from the mid-region of the axon.
•Evidence of viral assembly in axon terminus following separate axonal transport
of virus nucleocapsids and glycoproteins.

(Kristen et al. 2018) The lysosome system is severely
impaired in a cellular model of
neurodegeneration induced by HSV-1
and oxidative stress

SK-N-MC human neuroblastoma cells,
human wild-type APP695 (SKAPPwt),
K670N/ M671L (SK-APPswe)

HSV-1 KOS 1.1 •HSV-1 infection increased expression of a set of oxidative stress-regulated genes.
•HSV-1 infection and oxidative stress increased lysosomal load, reduced activity
of separate lysosomal hydrolases, and impaired endocytosis-mediated
degradation of epidermal growth factor receptor.

(Saksena et al.
2006)

Herpes simplex virus type 1
accumulation, envelopment, and exit in
growth cones and varicosities in
mid-distal regions of axons

Foetal DRG HSV-1 (CW1),
HSV-1 vUL37-GFP

•Enveloped and unenveloped capsids observed in axon varicosities and growth
cones.
•These are likely sites of HSV-1 envelopment.

(Miranda-Saksena
et al. 2009)

Herpes Simplex Virus Utilizes the Large
Secretory Vesicle Pathway for
Anterograde Transport of Tegument and
Envelope Proteins and for Viral
Exocytosis from Growth Cones of
Human Fetal Axons

Foetal DRG HSV-1 (CW1),
HSV-1 vUL37-GFP

•Viral tegument and envelope proteins transported independently of viral capsids
within the axon.
•Two types of transport vesicles utilised: tubulovesicular membrane structures
and large dense-cored vesicles.
•Both transport vesicle types derived from the Golgi network.

(Movaqar et al.
2021)

The propagation of HSV-1 in high
autophagic activity

Be2M17 neuroblastoma cells HSV-1 KOS •Beclin-1 induction of autophagy pre- and post- HSV-1 infection reduced viral
load over 48 hours in trialled cell lines.
•3-methyladenine inhibition of autophagy increased viral load over 48 hours in
trialled cell lines.
•Neuroblastoma cells evoked a greater increase in autophagosome formation
following Beclin-1 transfection than HeLa cells.
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Author (Year) Title Cell Type Viral Strain Key Findings

(Musarrat,
Chouljenko, and
Kousoulas 2021)

Cellular and Viral Determinants of
Herpes Simplex Virus 1 Entry and
Intracellular Transport toward the Nuclei
of Infected Cells

SK-N-SH neuroblastoma cell HSV-1
McKrae-GFP

•The Akt pathway was essential for HSV-1 entry to Vero and neuroblastoma cells.
•HSV-1 infection causes phosphorylation of the intermediate dynein chain 1B via
an Akt/PKC-independent pathway.
•Viral capsid protein VP5 interacts directly with the EB1 cofactor and the
dynactins, DCTN1/p150 and DCTN4/p62.

(Salgado et al.
2023)

Herpes Simplex Virus Type 1 Induces
AD-like Neurodegeneration Markers in
Human Progenitor and Differentiated
ReNcell VM Cells

ReNcell VM neural stem cell,
Differentiated ReNcell

HSV-1 KOS1.1 •The ReNcell VM human neural stem cell line can be differentiated into neurons,
astrocytes and oligodendrocytes.
•Differentiated and undifferentiated ReNcell VM cells are susceptible to HSV-1
infection and are viable model systems for the in vitro study of neuro-viral
infection.
•HSV-1 infection induces an Alzheimer’s disease-like phenotype in differentiated
and undifferentiated ReNcell VM cells.

(Santana et al.
2012)

Herpes simplex virus type I induces the
accumulation of intracellular
beta-amyloid in autophagic
compartments and the inhibition of the
non-amyloidogenic pathway in human
neuroblastoma cells

SK-N-MC human neuroblastoma cell,
APP-SK-N-MC,
(SK-LC3)

HSV-1 KOS1.1 •HSV-1 infection induced intracellular accumulation of amyloidβ while
inhibiting amyloidβ secretion.
•HSV-1 specifically induced amyloidβ accumulation within autophagic vesicles,
but fusion of these vesicles with lysosomes was impaired.
•Viral reproduction not required to induce amyloidβ accumulation.

(Snyder, Wisner,
and Johnson 2006)

Herpes simplex virus capsids are
transported in neuronal axons without an
envelope containing the viral
glycoproteins

SK-N-SH human neuroblastomal cells HSV-1 F •HSV glycoproteins and capsids occured in separate transport structures within
observed axons.
•Axonal transport of viral glycoproteins occured in absence of capsids.

(Snyder, Polcicova,
and Johnson 2008)

Herpes Simplex Virus gE/gI and US9
Proteins Promote Transport of both
Capsids and Virion Glycoproteins in
Neuronal Axons

SK-N-SH human neuroblastomal cells HSV-1 F •Removal of gE, gI, or US9 from HSV greatly reduced transport of both viral
capsids and glycoproteins (gB and gD) in axons.
•Capsid transport more sensitive to loss of either gE/gI or US9 than glycoprotein
transport.

(Viloria and Garcia
1976)

Human herpes simplex encephalitis
(cellular events)

Autopsied neural tissue HSV-1 •Herpes encephalitis diagnosis of patient confirmed by morphologic studies and
viral isolation.
•Herpetic lesions confined to central nervous system, primarily the temporal
cortex, hippocampi and dentate nucleus.
•Herpes virus induced disruption of nuclear membrane and dilation of perinuclear
cisternae, replacing endoplasmic reticular and Golgi apparatus membranes.
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Author (Year) Title Cell Type Viral Strain Key Findings

(Wisner et al. 2011) Anterograde Transport of Herpes
Simplex Virus Capsids in Neurons by
both Separate and Married Mechanisms

SK-N-SH neuroblastoma cells HSV-1 YK614 •Both enveloped and individual HSV particles undergo anterograde transport
within axons.
•Culture system selection and imaging method affect ratio of HSV capsids and
enveloped particles during anterograde transport observation.
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5.3.1 HINT Alteration

The five final reports presenting relevant HINT data (see Table 5.5) consisted of
three papers from the group of Aldudo & Bullido which directly investigated the link
between HSV and AD(Kristen et al. 2018; Salgado et al. 2023; Santana et al. 2012),
one independent study investigating the role of HSV-1 in neurodegeneration(Acuña-
Hinrichsen et al. 2019), and one clinical report of herpes simplex encephalitis(Viloria
and Garcia 1976).

5.3.2 Lysosome

The collected works of Kristen, Santana and Salgado, coming from the Alduo
& Bullido group, all report the effects of HSV-1 on lysosomal health: Specifically,
lysosomal function, lysosomal fusion, and lysosomal load.

In 2012 Santana et al.(Santana et al. 2012) reported increased microtubule-associated
protein 1 light chain 3 (LC3)-positive autophagic vesicles within neuroblastoma cell
lines in response to HSV-1 infection, with Aβ observed to co-localize with these au-
tophagic vesicles following infection. The effects were HSV-1 specific as they were not
replicated following neuroblastoma infection with a Sindbis viral construct. Despite
the assumed final merging of autophagic vesicles with lysosomes, no co-localization of
Aβ nor LC3 was observed. They concluded that the reduced proteolytic cleavage of
intracellular Aβ occurs due to reduced maturation of autophagic vesicles, and reduced
fusion with lysosomes.

Using microarray gene expression analysis on oxidative stress regulated genes in HSV-1
infected neuroblastoma, Kristen et al. (2018)(Kristen et al. 2018) revealed five signifi-
cantly enriched genes linked to lysosomal system function; Cathepsin F (CTSF), lipase
A (LIPA); ATPase H+ transporting accessory protein 1 (ATP6AP1); Niemann-Pick
disease, type C1 (NPC1); and lysosomal-associated membrane protein 2 (LAMP2).
Both HSV-1 infection and acute oxidative stress produced an increase in lysosomal load,
defined by increased lysosomotropic probe fluorescence, reflecting acidic lysosomal
compartment signal. Lysosomal load increase typically results from either increased
intake of substrates or diminished degradation within the lysosome. HSV-1 infection
decreased lysosomal cathespin activity, suggesting that the increased load was due to
reduced functionality. Additionally, HSV-1 infection impaired receptor-mediated lyso-
somal degradation of epidermal growth factor receptor (EGFR). While they concluded
that infection induced a great strain on the lysosomal system, they believed that the
lysosomal defects reported in their cell model of infection were not directly related to
altered lysosomal gene expression. The upregulation of lysosomal genes could be a
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protective response to counteract impaired lysosomal function.

Finally, Salgado et al. (2023)(Salgado et al. 2023) assessed differences in HSV-1
infection in cells of differing differentiation state using their ReNcell VM cell model.
Again, HSV-1 infection increased the number of LC3-positive autophagic vesicles in
both differentiated and progenitor ReNcell VM cells, as well as decreasing lysosomal
cathepsin activity in both cell types. Notably, in contrast to the increase in lysosomal
load reported in the neuroblastoma model by Kristen et al., progenitor ReNcell VM
cells displayed a reduction in LysoTracker Red fluorescence following HSV-1 infection,
whereas differentiated cells showed no significant alteration.

Lysosomal dysfunction is proposed to be a key aetiological factor in the pathogenesis
of several neurodegenerative diseases such as AD and PD, specifically with regard to
impaired clearance of disruptive proteins. The accumulation of autophagic vesicles and
impaired degradation pathways observed in HSV-1-infected cells closely mirrors the
lysosomal deficits seen in these conditions (Navarro-Romero, Montpeyó, and Martinez-
Vicente 2020; Zhang et al. 2022). For example, cells harbouring AD-related mutations
in presenilin 2 (PSN2) expressed increased numbers of LC3-positive autophagosomes,
with reduced autophagosome-lysosome fusion (Fedeli et al. 2019).

Neural progenitor cell (NPC) and mature neurons respond differently to viral infections
due to distinct expression profiles of antiviral genes and innate immune responses
(Zhang et al. 2018). NPCs often exhibit higher levels of autophagic activity compared
to differentiated cells in order to facilitate expansive proliferation (Paik et al. 2009;
Renault et al. 2009) and the cytoskeletal remodelling that occurs during differentiation
(Ha et al. 2019; Vázquez et al. 2012).

5.3.3 ER and Golgi

Although the case study of Viloria & Garcia (Viloria and Garcia 1976) is very
obviously an acute infection, it did meet all of the inclusion criteria for our study. The
main observation of interest from this paper that we extracted is the complete ablation
and replacement of the ER and Golgi apparatus following HSV-1.

Corroborating literature exist describing ER and Golgi remodelling by HSV-1 in other
cell models (Lv et al. 2019). For example, infected Vero cells showed temporary ER
enlargement 12 hours post infection, which returned to normal after a further 4 hours
(Sutter et al. 2012). In the same cells, prior to fragmentation, Golgi membranes signifi-
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cantly enlarged at 9, 12 and 16 hours post-infection (Sutter et al. 2012). Infected HEp-2
cells showed ER membrane concentration around the nuclear rim (Maeda et al. 2017).
In these same cell lines (but notably not in human 143TK-cells), the Golgi apparatus
was fragmented and dispersed throughout the cytosol 8 to 12 hours post-infection
(Campadelli et al. 1993).

It is commonly understood that the ER and Golgi are involved in HSV viron assem-
bly within the cell, often through the provision of necessary membrane components
(Albecka et al. 2016; Poliquin, Levine, and Shore 1985; Wild et al. 2018). Disruption
of ER proteostasis by physiological/environmental insults leads to an accumulation of
misfolded proteins, which is an ER stress response. The highly conserved unfolded
protein response (UPR) can detect such ER stress, and attempt to correct it by increasing
the expression of genes that regulate ER folding and degradation (Walter and Ron 2011).
HSV-1, as well as many other viruses, have evolved to disable UPR during infection
(Johnston and McCormick 2019). HSV-1 does so by specifically inhibiting UPR via

the recruitment of protein phosphatase 1 to dephosphorylate eIF2α , thereby blocking
protein kinase R-like ER kinase (PERK) stress signal transduction (Cheng, Feng, and
He 2005; He, Gross, and Roizman 1997). Impaired UPR leads to unchecked protein
synthesis and expansion of the ER membrane to compensate (Borgese, Francolini, and
Snapp 2006; Schuck et al. 2009).

5.3.4 ARC Protein

Activity-regulated cytoskeleton-associated protein (ARC) is the only neuron-specific
element to appear in these results. Rather than being an active trafficking component,
ARC is a hub protein that regulates trafficking components essential for neuronal plas-
ticity(Li et al. 2005). Most notably with regard to AD research, ARC binds directly to
presenilin 1 (PSN1), the primary component of the γ-secretase complex (Myrum et al.

2015; Wu et al. 2011) which is responsible for cleaving full length amyloid precursor
protein into Aβ fragments (Nelson et al. 2010).

Acuña-Hinrichsen et al. (2019)(Acuña-Hinrichsen et al. 2019) investigated whether re-
current HSV-1 viral reactivations at the neuronal level caused neuronal damage/dysfunction
or specifically impacted upon synaptic plasticity. They observed that HSV-1-infected
mouse brains, primary mouse neurons, H4 neuroglioma cells and neuronally-differentiated
SH-SY5Y cells all showed upregulated ARC mRNA expression. Interestingly, within
human cells, ARC protein levels increased during the eighth hour of infection, whereas
expression in mouse cells had increased rapidly by hour two. In both species the effect
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was only transitory.

Within the H4 neuroglioma cells, even though ARC plays a role in α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor (AMPAR) internalization under basal
conditions, during HSV-1 infection, AMPARs are redistributed in an ARC-independent
manner. Results from mouse cells demonstrated the requirement for active viral repli-
cation to induce a sustained increase in ARC levels. Further, ARC distributed in a
similar pattern to the Golgi marker GM130, strongly suggesting that ARC is located at
the Golgi apparatus during infections, and that ARC protein plays a crucial role in the
production of HSV-1 viral progeny.

Further, with regard to HSV-1 mediated effects on ARC, Bergstöm et al., (2021) ob-
served a reduction of ARC mRNA expression in human iPSC-derived cortical neurons
48 hours post-infection (Bergström et al. 2021). They specifically discussed the study of
Acuña-Hinrichsen et al., (2019)(Acuña-Hinrichsen et al. 2019), but only the data related
to primary mouse cortical neurons, and cited experimental design/ species differences
as the possible cause for the discrepancy between their results. However, following a
review of the data from both papers, we suggest that the most likely reason for their
incongruent results was time point selection, as Acuña-Hinrichsen et al., (2019) present
peak ARC mRNA expression at eight hours post-infection followed by decline, whereas
Bergstöm et al., (2021) showed only decreased expression at 48 hours. Therefore, there
may have been a post-HSV-1 increase in ARC mRNA expression that was missed,
followed by a decline to sub-basal levels.
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Table 5.5: Direct Evidence of HSV alteration of HINT System.

Author (Year) Cell Type Viral Strain Viral Dosage Infection Period
(hours)

Post Exposure
Cultivation

HINT Component Alteration Viral Lifecycle stage

(Acuña-Hinrichsen
et al. 2019)

H4 neuroglioma

HSV-1 F 10 pfu/cell 1 1, 4, 8, 24 hrs ARC Protein Increased Likely due to active replication

SH-SY5Y

(Kristen et al.
2018)

SK-N-MC neuroblastoma

HSV-1 KOS 1.1 10 pfu/cell 1 18 hrs

Lysosomal Load Increased

Prior to active replicationSKAPPwt

Lysosomal Function Decreased
SK-APPswe

(Salgado et al.
2023)

ReNcell VM neural stem cell

HSV-1 KOS1.1 1, 3 pfu/cell 1 3, 5, 18 hrs

Tau Protein Phosphorylated

Early but non confirmed

Lysosomal Load Decreased

Lysosomal Function Decreased

Differentiated ReNcell VM

Tau Protein Phosphorylated

Lysosomal Load Unchanged

Lysosomal Function Decreased

(Santana et al.
2012)

SK-N-MC neuroblastoma

HSV-1 KOS1.1 0.1, 1 pfu/cell 1 48 hrs
Autophagosome-Lysosome
Fusion

Decreased Not defined hereAPP-SK-N-MC

SK-LC3

(Viloria and Garcia
1976)

Autopsied neural tissue HSV-1 102.2 TCID50 Patient symptomatic for minimum 19 days
Endoplasmic Reticulum &
Golgi

Abolished Fatal infection
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5.4 Conclusion

Due to the specific nature of the original hypothesis, it is perhaps not too surprising
that the majority of final synthesised results (Table 5.5) focus upon investigating the
role of HSV in neurodegeneration, mainly AD. What is surprising is the sheer dearth
of research investigating the effects of HSV-1 infection on human neuronal tissue as
it is well known that HSV activity differs between species, cell type, and modality.
Even with the limited number of reports presented here, we observed species- and cell
type- specific differences in response to HSV-1 infection, a finding that underscores the
critical need for cell type- and species-specific research rather than extrapolating from
cell line or animal study data.

This systematic review highlights the significant gaps in our understanding of the effects
of HSV infection on human neuronal cells, particularly regarding the intracellular
trafficking system. Despite the extensive history of research on HSV-1, there is insuffi-
cient primary evidence detailing its specific impacts on the neural endosomal network
and intracellular trafficking in human neurons. However, the advent and continuous
improvement of iPSC technologies provides the opportunity to bridge these knowledge
gaps (Takahashi et al. 2016). iPSCs can be differentiated into various neural cell types,
allowing for more accurate and relevant in vitro models of human neurobiology for use
in future viral research.

None of the studies discussed herein adequately contributed to the exploration of chronic
viral infection and repeated viral reactivation and their roles in neurodegeneration. ARC
level increases were likely due to initial active replication, lysosomal/autophagosomal
disruptions occurred in early infection or initially prior to active replication, and ER
and Golgi disruption was only directly observed in a fatal case of encephalitis. If the
hypothesis that long term sub-clinical non-cytotoxic reactivation of HSV can instigate
neurodegenerative disease processes is to be maintained and further posited, new specif-
ically designed experiments need to be conducted.

While current evidence points to significant effects of HSV-1 on neuronal intracellular
trafficking systems, primary evidence is still lacking in detail and scope. Findings
from our review advocate for increased utilization of cell- and species-specific models
to establish more stable foundations for hypotheses regarding HSV involvement in
neurodegeneration and brain ageing.
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5.4.1 Limitations

This systematic review has several limitations that should be considered when in-
terpreting the findings. Firstly, the limitation of investigating only studies written in
English may have constrained the total number of studies assessed, and introduced a
potential bias by excluding relevant research published in other languages, leading to
an incomplete representation of the existing research. Secondly, the heterogeneity of
studies included in this review posed challenges for the final synthesis of results and
hindered a robust comparison of study quality. This possible variability in experimental
rigour could have influenced the overall findings and the strength of the conclusions
drawn.

The most notable limitation of this study is the narrow scope of the findings, due to
the limited number of eligible studies. Although the initial research question was
highly specific, generating truly comprehensive search terms proved challenging given
the broad range of components that can be considered part of the HINT system. For
instance, a publication that was later found to have relevant cell data (Bergström et al.

2021) was not discovered during the systematic search, likely because the components
were reported in the context of ’neuronal plasticity’ rather than ’intracellular transport’.
However, one must note, while the final number of studies presented was small, a large
number of studies were screened but ultimately deemed ineligible.

Lastly, no standard risk of bias assessment could be conducted due to the small number
of final results, the lack of applicable metrics within those results, and the heterogenous
mix of study designs.
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CONCLUSIONS

6.1 Overview of Research Findings

In this thesis, we have investigated the utility of novel stem-cell based technologies
for AD research. Historically, due to the dearth of living human tissue available for
research, in addition to the ethical issues surrounding its acquisition (Carlos et al. 2019),
AD aetiological studies had traditionally relied on the use of animal models. How-
ever, the inability of these models to fully recapitulate the entirety of AD associated
pathologies, highlighted the role of species-specific differences, at least partly, in the
poor translational success of preclinical findings (Banik et al. 2015; Drummond and
Wisniewski 2017). With the advent of iPSC technology, viable human material became
available to the field at large (Cerneckis, Cai, and Shi 2024). Using both 2D and 3D
neural differentiation methods, we focussed on the ability of these culture systems to
validate and extend animal model discoveries in human cell and tissues.

The hippocampus, is a central region involved in memory, and a major site of adult
neurogenesis within the mammalian brain (Abbott and Nigussie 2020; Poo et al. 2016).
During the early stages of AD, the hippocampus undergoes rapid loss of tissue, tauopa-
thy, and amyloid deposition (Ball et al. 1985; Rao et al. 2022; Reitz et al. 2009). Prior
work, in our lab and others, has shown disrupted calcium handling in hippocampal
neurons of mice carrying EOFAD-associated PSEN1 mutations (Chakroborty et al.

2009; Goussakov, Miller, and Stutzmann 2010; Kaar 2019; Kaar, Weir, and Rae 2024).
To translate these findings into a human context, we started generating human-derived
neural cells and tissue from iPSCs. NPCs were produced from healthy control, and
PSEN1M139V-mutant iPSCs. These NPCs expressed expected protein markers, adopted
normal morphology, and were amenable to classic calcium imaging assays.

Next, we devised a novel differentiation protocol to derive DG-specific neurons. By
first expanding NPCs in a monolayer format, cryopreserving them, and then guiding
their maturation, our method shortened the minimum culture period of an experiment
to 28 days. In contrast, previous approaches relied on 3D neurosphere formation and
uninterrupted differentiation from iPSCs to mature neurons requiring at least 60 days in
culture for an experiment (Yu et al. 2014). DGNs produced with our protocol exhibited
mature physiological behaviour and expression of the DG marker PROX1.

During my undergraduate research thesis, we characterised disrupted calcium handling
in hippocampal brain slices from 3xTG mice, corroborating results seen in 2D primary
hippocampal cultures (Vaughan et al. 2018). To again translate these findings into a
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human model and possibly reduce animal use, we generated cerebroids from iPSCs.
These cerebroids expressed expected neural markers, maintained viable tissue architec-
ture, and supported slicing and bulk calcium-dye loading, yielding detectable calcium
signals. However, the variable slice anatomy and immature cytoarchitecture limited
assay reproducibility of low-resolution imaging and required additional post-hoc cell
type confirmation. In more recent years, studies have been published overcoming these
issues, by using iPSCs lines containing genetically-encoded calcium sensor proteins
(Oliva et al. 2024), applying dye imaging techniques to more mature ALI-CO cultures
(Tang et al. 2023), or by substituting calcium imaging with direct electrophysiological
recordings using multi-electrode arrays (Sharf et al. 2022).

Having established NPC cultures as a viable experimental material, we went on to
compare physiological behaviours between a patient-derived PSEN1M139V-mutant line,
and a healthy control. As had been seen previously in primary hippocampal cultures,
and slices, from 3xTG mice (Kaar 2019; Vaughan et al. 2018), PSEN1-mutant cells had
higher basal levels of cytosolic calcium compared to controls. This phenotype is often
attributed to impaired presenilin-mediated passive Ca2+ leak from the ER, resulting
in ER Ca2+ overload and enhanced cytosolic Ca2+ elevations following activation of
release pathways (Bandara, Malmersjö, and Meyer 2013; Tu et al. 2006). The increased
calcium flux in response to elevated K+ and ionomycin also suggest alterations in
calcium handling. With a sensitisation towards primed excitatory states, and possible
eventual excitotoxic cell death (Guo et al. 1999). Observing this alteration in human
progenitor cells reinforces the knowledge that AD pathology likely starts long behaviour
clinical presentation.

Moving on from the calcium hypotheses of AD we investigated the effect of the
PSEN1M139V-mutation on NPC bioenergetics. We found a global suppression of res-
piratory and glycolytic measures in PSEN1M139V-mutant NPCs. The strength of this
suppression is interesting as while 3xTG mouse neurons have deficits in mitochondrial
structure, density and mobility (Cavendish et al. 2019), presenilin-deficient animal
neurons and astrocytes display unaltered mitochondrial phenotypes (Contino et al.

2021). The presence, severity, and direction of the metabolic consequences of presenilin
disruption appear to be strongly mutation-specific (Han et al. 2021). When we assessed
the effect intracellular calcium reduction via dantrolene application, we were surprised
to see an increase in bioenergetic measures (primarily respiratory, not glycolytic),
as opposed to the predicted decrease in metabolic activity. While others have used
end-point OCR measurements to assess metabolic activity, we are some of the first
to present continual monitoring of NPCs within a stable incubator system. Alongside
corroborating the results of the Seahorse assays, we observed a temporal-behavioural
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difference between PSEN1M139V-mutant and healthy control NPCs.

In the late-2010’s interest in the role of HSV in AD re-emerged in the literature (Chen
et al. 2018; Itzhaki et al. 2016; Tzeng et al. 2018), we sought to assess the available
human specific data pertaining to HSV and the HINT system. The endolysosomal
hypothesis presented a compelling mechanism for viral interaction with AD pathology,
outside of acute immune events. Our systematic review found a limited collection
of human-specific evidence for HSV disruption of the HINT system, but was able to
highlight the cell type-, and species- specific nature of viral interactions. We found lyso-
somal overloading, ER and golgi breakdown, activity-regulated cytoskeleton-associated
protein (ARC) mRNA expression as potential metrics of HINT disruption by HSV for
future studies.
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and Gagneur, J. -“OCR-Stats: Robust Estimation and Statistical Testing of Mitochondrial Respiration Activities Using
Seahorse XF Analyzer”. PLoS ONE 13.7 (July 2018), e0199938. ISSN: 1932-6203.

[601] Yoo, I., Ahn, I., Lee, J., and Lee, N. -“Extracellular Flux Assay (Seahorse Assay): Diverse Applications in Metabolic
Research across Biological Disciplines”. Molecules and Cells 47.8 (Aug. 2024), p. 100095. ISSN: 1016-8478.

202



[602] Yoshimura, R., Kishi, T., and Iwata, N. -“Plasma Levels of IL-6 in Patients with Untreated Major Depressive Disorder:
Comparison with Catecholamine Metabolites”. Neuropsychiatric Disease and Treatment 15 (Sept. 2019), pp. 2655–
2661. ISSN: 1176-6328.

[603] Yu, D. X., Di Giorgio, F. P., Yao, J., Marchetto, M. C., Brennand, K., Wright, R., Mei, A., Mchenry, L., Lisuk, D.,
Grasmick, J. M., Silberman, P., Silberman, G., Jappelli, R., and Gage, F. H. -“Modeling Hippocampal Neurogenesis
Using Human Pluripotent Stem Cells”. Stem Cell Reports 2.3 (Feb. 2014), pp. 295–310. ISSN: 2213-6711.

[604] Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., Nie, J., Jonsdottir, G. A.,
Ruotti, V., Stewart, R., Slukvin, I. I., and Thomson, J. A. -“Induced Pluripotent Stem Cell Lines Derived from Human
Somatic Cells”. Science (New York, N.Y.) 318.5858 (Dec. 2007), pp. 1917–1920. ISSN: 1095-9203.

[605] Yun, D. H., Park, Y.-G., Cho, J. H., Kamentsky, L., Evans, N. B., Albanese, A., Xie, K., Swaney, J., Sohn, C. H.,
Tian, Y., Zhang, Q., Drummond, G., Guan, W., DiNapoli, N., Choi, H., Jung, H.-Y., Ruelas, L., Feng, G., and Chung, K.
-“Ultrafast Immunostaining of Organ-Scale Tissues for Scalable Proteomic Phenotyping”. June 2019. (Prepublished).

[606] Zadik-Weiss, L., Ritter, S., Hermush, V., Asher, N., Avital, A., and Or, R. -“Feline Cognitive Dysfunction as a Model
for Alzheimer’s Disease in the Research of CBD as a Potential Treatment—a Narrative Review”. Journal of Cannabis
Research 2.1 (Dec. 2020), p. 43. ISSN: 2522-5782.

[607] Zandi, P. P. and Breitner, J. C. S. -“Do NSAIDs Prevent Alzheimer’s Disease? And, If so, Why? The Epidemiological
Evidence”. Neurobiology of Aging. Neuroinflammation in Alzheimer’s Disease 22.6 (Nov. 2001), pp. 811–817. ISSN:
0197-4580.

[608] Zeng, J., Hu, X.-F., Sun, D.-S., Hong, X.-Y., Ma, J.-Z., and Feng, Q. -“Alzheimer-like Behavior and Synaptic
Dysfunction in 3 × Tg-AD Mice Are Reversed with Calcineurin Inhibition”. Experimental Brain Research 242.6 (June
2024), pp. 1507–1515. ISSN: 1432-1106.

[609] Zhang, B., He, Y., Xu, Y., Mo, F., Mi, T., Shen, Q. S., Li, C., Li, Y., Liu, J., Wu, Y., Chen, G., Zhu, W., Qin, C., Hu, B.,
and Zhou, G. -“Differential Antiviral Immunity to Japanese Encephalitis Virus in Developing Cortical Organoids”. Cell
Death & Disease 9.7 (June 2018), pp. 1–10. ISSN: 2041-4889.

[610] Zhang, H., Sun, S., Herreman, A., Strooper, B. D., and Bezprozvanny, I. -“Role of Presenilins in Neuronal Calcium
Homeostasis”. Journal of Neuroscience 30.25 (June 2010), pp. 8566–8580. ISSN: 0270-6474, 1529-2401.

[611] Zhang, L., Trushin, S., Christensen, T. A., Bachmeier, B. V., Gateno, B., Schroeder, A., Yao, J., Itoh, K., Sesaki, H.,
Poon, W. W., Gylys, K. H., Patterson, E. R., Parisi, J. E., Diaz Brinton, R., Salisbury, J. L., and Trushina, E. -“Altered
Brain Energetics Induces Mitochondrial Fission Arrest in Alzheimer’s Disease”. Scientific Reports 6.1 (Jan. 2016),
p. 18725. ISSN: 2045-2322.

[612] Zhang, S.-C., Wernig, M., Duncan, I., Brüstle, O., and Thomson, J. -“In Vitro Differentiation of Transplantable Neural
Precursors from Human Embryonic Stem Cells”. Nature Biotechnology 19.12 (2001), pp. 1129–1133.

[613] Zhang, W., Xu, C., Sun, J., Shen, H.-M., Wang, J., and Yang, C. -“Impairment of the Autophagy–Lysosomal Pathway
in Alzheimer’s Diseases: Pathogenic Mechanisms and Therapeutic Potential”. Acta Pharmaceutica Sinica B 12.3 (Mar.
2022), pp. 1019–1040. ISSN: 2211-3835.

[614] Zhang, X., Li, Y., Xu, H., and Zhang, Y.-w. -“The γ-Secretase Complex: From Structure to Function”. Frontiers in
Cellular Neuroscience 8 (Dec. 2014), p. 427. ISSN: 1662-5102.

[615] Zhao, Z., Zhang, J., Wu, Y., Xie, M., Tao, S., Lv, Q., and Wang, Q. -“Plasma IL-6 Levels and Their Association with
Brain Health and Dementia Risk: A Population-Based Cohort Study”. Brain, Behavior, and Immunity 120 (Aug. 2024),
pp. 430–438. ISSN: 0889-1591.

[616] Zheng, K., Xiang, Y., Wang, Q., Jin, F., Chen, M., Ma, K., Ren, Z., and Wang, Y. -“Calcium-Signal Facilitates Herpes
Simplex Virus Type 1 Nuclear Transport through Slingshot 1 and Calpain-1 Activation”. Virus Research 188 (Aug.
2014), pp. 32–37. ISSN: 0168-1702.

[617] Zhong, M. Z., Peng, T., Duarte, M. L., Wang, M., and Cai, D. -“Updates on Mouse Models of Alzheimer’s Disease”.
Molecular Neurodegeneration 19.1 (Mar. 2024), p. 23. ISSN: 1750-1326.

[618] Zhou, B., Lin, W., Long, Y., Yang, Y., Zhang, H., Wu, K., and Chu, Q. -“Notch Signaling Pathway: Architecture,
Disease, and Therapeutics”. Signal Transduction and Targeted Therapy 7.1 (Mar. 2022), pp. 1–33. ISSN: 2059-3635.

[619] Zolochevska, O. and Taglialatela, G. -“Non-Demented Individuals with Alzheimer’s Disease Neuropathology: Re-
sistance to Cognitive Decline May Reveal New Treatment Strategies”. Current pharmaceutical design 22.26 (2016),
pp. 4063–4068. ISSN: 1381-6128.

203



Appendices

204



Publications and Abstracts

Original Articles

• Stephenson KA, Xiao Q, Vaughan MB, Peters P, Denley C, O’Meara S, Sheehan
C, Rae MG, O’Malley D (2025). ‘Neuronal hyperexcitability in dystrophin-
deficient mdx hippocampal neurons: the importance of interleukin-6 and GABAer-
gic regulation’ Scientific Reports 15,1;1-21

• Siew K, Nestler, Nelson C, D’Ambrosio V, Zhong C, Li Z, Grillo A, Wan ER,
Patel V, Overbey E, Kim J, Yun S, Vaughan MB, Cheshire C, Cubitt L, Broni-
Tabi J, Al-Jaber MY, Boyko V, Meydan C, Barker P, Arif S, Afsari F, Allen N,
Al-Maadheed M, Altinok S, Bah n, Border S, Brown AL, Burling K, Cheng-
Campbell M, Colón LM, Degoricija L, Figg N, Finch R, Foox J, Faridi P, French
A, Gebre S, Gordon P, Houerbi N, Kahrood HV, Kiffer FC, Klosinska AS, Kubik
A, Lee H, Li Y, Lucarelli N, Marullo AL, Matei I, McCann CM, Mimar S, Naglah
A, Nicod J, O’Shaughnessy KM, De Oliveira LC, Oswalt L, Patras LI, Polo SHL,
Rodríguez-Lopez M, Roufosse C, Sadeghi-Alavijeh O, Sanchez-Hodge R, Paul
AS, Schittenhelm RB, Schweickart A, Scott RT, Lim Kam Sian TCC, da Silveira
WA, Slawinski H, Snell D, Sosa J, Saravia-Butler AM, Tabetah M, Tanuwidjaya E,
Walker-Samuel S, Yang X, Yasmin, Zhang H, Godovac-Zimmermann J, Sarder P,
Sanders LM, Costes SV, Campbell RAA, Karouia F, Mohamed-Alis V, Rodriques
S, Lynham S, Steele JR, Baranzini S, Fazelinia H, Dai Z, Uruno A, Shiba D,
Yamamoto M, Almeida EAC, Blaber E, Schisler JC, Eisch AJ, Muratani M, Zwart
SR, Smith SM, Galazka JM, Mason CE, Beheshti A, Walsh SB (2024). ‘Cosmic
kidney disease: an integrated pan-omic, physiological and morphological study
into spaceflight-induced renal dysfunction’. Nature Communications 15,1:4923

• Siew K, Patel V, Zimmermann J, Vaughan MB, Cheshire C, Kubik A, Finch
R, Li Z, Altinok S, De Silvera W, Rodriques S, Blaber E, Schisler J, Galazka J,
Muratani M, Beheshti A, Walsh SB (2023) ‘Scientific Business Abstracts: 42
The Effect of Microgravity and Galactic Cosmic Radiation on Renal Structure
and Function’. QJM: An International Journal of Medicine hcad072

• Diercks BP, Jensen HH, Chalmers SB, Coode E, Vaughan MB, Tadayon R, Sáez
PJ, Davis FM, Brohus M (2021). ‘The first junior European Calcium Society
meeting: calcium research across scales, Kingdoms and countries’. Biochimica

et Biophysica Acta (BBA)-Molecular Cell Research 1868,6:118999

205



Preprint - Original Articles Under Review

• Hamerlinck L, D’haene E, Van Loon N, Vaughan MB, Del Rocio PBM, Le-
imbacher S, Colombo L, Vantomme L, Daal E, Dheedene A, Goel H, Menten
B, Callewaert B, Vergult S (2025). ‘Non-coding structural variants identify
a commonly affected regulatory region steering FOXG1 transcription in early
neurodevelopment’. medRxiv

• Vaughan MB, Bellai DJ, Rae MG (2025). ‘Direct evidence of alteration to
the human neural intracellular trafficking system following exposure to HSV: A
systematic review’. medRxiv

Oral Communications

• Van Loon N, Vaughan MB, Okkelman I, Vergult S ,Dmitriev RI (2023). ‘Fluo-
rescence Lifetime Imaging Microscopy (FLIM)-assisted analysis of developing
human neural organoids’. 18th Conference on Methods and Applications in
Fluorescence (MAF 2024), September 2024, Valencia, Spain.

• Vaughan MB, Foley C, O’Malley D, Rae MG (2022). ‘Altered calcium home-
ostasis in induced pluripotent stem cell-derived human neural progenitor cells
containing familial presenilin1-linked Alzheimer’s disease mutation, M139V’.
Europhysiology, Acta Physiologica 236, Supplement 725:129, September 2022,
Copenhagen, Denmark.

Poster Communications

• Vaughan MB, Colombo L, Daal E, Beyens A, Vanbelleghem E, Derudder R,
Leimbacher S, D’haene E, Callewaert B, Vergult S (2025). ‘Tissue-Specific 3D
Genome and Splicing Signatures of Clinically Accessible Tissues Inform Sample
Selection for Assessing the impact of Genomic Aberrations in Neurodevelopmen-
tal Disorders’ Neurogenomics 2025, May 2025, Milan, Italy.

• Colombo L, Vaughan MB, Van Loon N, Leimbacher S, Daal E, D’haene E,
Vergult S (2024). ‘Comparison of 3D genome structure between neuronal and
clinically accessible tissues’. M.M. Delacroix Foundation 2024 Autism Research
Workshop, November 2024, Brussels, Belgium.

• Van Loon N, Genbrugge L, Van Wetter E, Godefroy FM, Vaughan MB, Hamer-
linck L, Colombo L, Leimbacher S, Vantomme L, Daal E, Dmitriev RI, Vergult S
(2024). ‘Assessing the effect of aberrant FOXG1 expression in neural organoids’.

206



EMBO Workshop-‘Unlocking human brain complexity using 3D culture and

single-cell omics’, October 2024, Capri, Italy.

• Hamerlinck L, D’haene E, Vaughan MB, Del Rocio PBM, Van Loon N, Van-
tomme L, Menten B, Callewaert B, De Baere E, Vergult S (2024). ‘Structural
variants disrupt a critical regulatory region downstream of FOXG1’. Belgian
Society for Human Genetics (BeSHG) Annual Symposium 2024 : Single Cells :
to care or not to care, April 2024, Leuven, Belgium.

• Van Loon N, Vaughan MB, Dmitriev RI, Vergult S (2023). ‘A comprehensive
comparison of different seeding densities and the use of microscaffolds to estab-
lish a reproducible protocol for unguided neural organoid differentiation’. EMBO
Workshop-‘Gene regulatory mechanisms in neural fate decisions’, September
2023, Alicante, Spain.

• Stephenson KA, Vaughan MB, Denley C, Rae MG, O’Malley D (2022). ‘Interleukin-
6, a pro-inflammatory cytokine that may contribute to hippocampal dysfunction
in dystrophin-deficient mdx mice’. Europhysiology, Acta Physiologica 236,
Supplement 725:483, September 2022, Copenhagen, Denmark.

• Vaughan MB, Rae MG, Dmitriev RI (2019). ‘Development of a human cere-
broid model of Alzheimer’s disease’. BNA Festival of Neuroscience, Brain and

Neuroscience Advances 3, April 2019, Dublin, Ireland.

• Vaughan MB, Kaar A, Mauleon G, Eddington DT, Rae MG (2018). ‘Calcium
homeostasis is significantly disrupted in dentate gyrus neurons of acute, ex vivo
brain slices of a mouse model of Alzheimer’s disease’. New Horizons in Medical
Research, December 2018, Cork, Ireland.

• Vaughan MB, Kaar A, Mauleon G, Eddington DT, Rae MG (2018). ‘Calcium
homeostasis is significantly disrupted in dentate gyrus neurons of acute, ex
vivo brain slices of a mouse model of Alzheimer’s disease’. Europhysiology,
Proceedings of The Physiological Society 41, C086, September 2018, London,
UK.

Invited Membership Article

• Vaughan MB. ‘Thinking a little differently- A member reflects on life as a
neurodivergent physiologist’. Physiology News – Issue 123, September 2022.
doi.org/10.36866/pn.123.44.

207


	Declaration
	Acknowledgements
	Abstract
	Contents
	List of Figures
	List of Tables
	Abbreviations
	General Introduction
	Alzheimer's disease
	Amyloid 
	Tau

	Presenilin
	Presenilins in Mitochondrial Function
	Presenilins in Cellular Timing

	Alternative Aetiological Hypotheses
	The Calcium Hypothesis
	The Endo-Lysosomal Hypothesis
	Mitochondrial Cascade Hypothesis
	Inflammation Hypothesis
	Viral Activation Hypothesis

	Traditional Models of ad
	Transgenic Rodents
	Non-human Primates
	Other Mammals
	Invertebrates

	Human Stem Cell Technology
	Disease Modelling

	Thesis Hypothesis & Aims

	Materials & Methods
	Cell & Tissue Culture
	Cell Lines
	Culture System Design

	Core Laboratory Materials
	Core Equipment
	Core Materials
	Core Reagents

	Induced Pluripotent Stem Cell Culture
	Source Manual & Materials
	Maintenance
	Cryopreservation
	Vial Thaw

	Neural Progenitor Cell Culture
	Source Manual & Materials
	Induction
	Maintenance
	Cryopreservation
	Vial Thaw
	Coverslip Culture

	Mature Human-derived Neuronal Culture
	Source Manual & Materials
	Dentate Gyrus Mature Neuron Induction

	iPSC-derived Cerebroid Culture
	Source Manual & Materials
	Generation

	Air-Liquid Interface Cerebral Organoid Culture
	Calcium Imaging
	Core Imaging Design
	Experimental Design
	Data Analysis

	Metabolic Analysis
	Seahorse Analysis
	BCA Protein Assay Data Normalisation
	OCR Statistical Analysis
	Resipher Live Tracking of Neural Progenitor Cell Respiration

	Immunofluorescent labelling
	Immunocytochemistry
	Confocal Microscopy
	3D Sample Fixation & Labelling
	Multiscale 3D Cerebroid Phenotyping


	Development of Human Neural Tissue for Exploration of Cellular Changes Associated with Alzheimer's Disease
	Introduction
	iPSC-derived human neuronal tissue (2D and 3D)
	Stem cell-derived models investigating AD-related neuronal pathophysiology
	Chapter Hypothesis and Aims

	Results
	Generation of human NPC cultures
	NPCs express maturing neuronal cytoskeletal proteins
	Neural progenitor culture products exhibit physiological functionality
	Generation of human-derived mature dentate gyrus-like neuronal cultures
	Generation and maturation of cerebroid cultures

	Discussion
	Conclusion

	Coupled Dysregulation of Calcium handling and Bioenergetics in a Human Neural Presenilin Model
	Introduction
	Chapter Aims

	Results
	PSEN1 mutant NPCs show increased basal cytosolic calcium
	Voltage-gated calcium entry is increased in PSEN1 mutant NPCs
	Calcium store release is increased in PSEN1 mutant NPCs
	Bioenergetics are suppressed in PSEN1 mutant NPCs
	Real-time OCR measurements corroborate suppressed metabolic state in psn1 npc
	Dantrolene pretreatment differentially alters NPC respiration and glycolysis
	Acute NMDA treatment shows weak effect on baseline NPC metabolic readings
	NMDA treatment shows no effect on NPC metabolic measures

	Discussion
	Conclusion

	HSV in Human Neuronal Trafficking
	Introduction
	Rationale
	Objectives
	Research Question

	Methods
	Search Strategy
	Eligibility Criteria

	Results and Discussion
	HINT Alteration
	Lysosome
	ER and Golgi
	ARC Protein

	Conclusion
	Limitations


	Conclusions
	Overview of Research Findings

	Bibliography
	Appendices
	Publications and Abstracts


